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Index..............................................................................................................................................867	Preface	As	we	prepare	this	fourth	edition	of	our	book,	all	of	us	are	going	through	a	pandemic	caused	by	Covid-19	worldwide.	While	we’ve	all	faced	unprecedented	challenges	this	year	that	we	never	imagined,	this	time	has	underscored	the	importance	of
relationships	and	connectivity,	of	humanity	and	kindness,	and	of	strength	and	resilience.	The	disaster	caused	by	this	virus	in	terms	of	human	lives	lost	and	the	economies	of	so	many	countries	almost	destroyed	has	affected	all	of	us.	Some	of	the	authors	were	personally	affected	as	well.	Despite	these	difficulties	created	by	the	virus,	most	of	the	authors
have	spent	valuable	time	updating	or	writing	new	chapters	in	time.	I	sincerely	appreciate	all	the	hard	work	of	all	the	authors	in	making	this	fourth	edition	possible.	My	sincere	thanks	to	all	the	authors	and	staff	at	the	publisher	Taylor	and	Francis	(Informa	Healthcare).	The	first	edition	of	this	book	was	published	in	1997.	Before	that,	most
pharmaceutics	textbooks	devoted	a	small	portion	to	the	granulation	unit	operation	because	they	were	generally	focused	on	retail	and	hospital	pharmacy	students	and	academia.	As	granulation	is	a	critical	unit	operation	in	the	manufacture	of	solid	dosage	forms,	the	first	edition	of	this	book	gave	comprehensive	treatment	to	the	area	of	granulation	from
an	industrial	perspective.	The	book	appealed	not	only	to	members	of	academia	and	students	of	pharmacy	and	pharmaceutics	but	also	professionals	in	pharmaceutical	and	related	industries,	where	agglomerating	particles	is	one	of	the	critical	unit	operations.	Subsequent	editions	in	2005	and	2009	demonstrated	that	the	book	has	been	able	to	provide
comprehensive	coverage	of	this	critical	unit	operation	by	updating	and	adding	relevant	technologies	that	provide	a	knowledge	base	essential	for	the	pharmaceutics	student,	academia,	researchers,	and	operational	professionals	in	the	industry.	During	these	intervening	years,	the	pharmaceutical	industry	has	endured	considerable	changes	and
challenges.	The	industry	is	under	intense	pressure	to	accelerate	the	drug	development	process,	shorten	the	development	timelines,	and	launch	new	pharmaceutical	products.	Applications	of	continuous	manufacturing,	artificial	intelligence	(AI),	additive	printing,	or	3D	printing	are	starting	to	affect	product	development	and	manufacturing	of
pharmaceutical	dosage	forms.	Concurrently,	there	have	been	rapid	developments	in	the	science	of	granulation,	particle	engineering,	and	process	controls,	that	called	for	publication	of	this	fourth	edition.	The	concept	of	design	space,	process	optimization,	and	harmonization	of	regulations	by	the	global	health	authorities	are	being	implemented	in	the
industry.	The	United	States	and	international	regulatory	bodies	are	restructuring	their	oversight	of	pharmaceutical	quality	regulation	by	developing	a	product	quality	regulatory	system	that	provides	a	framework	for	implementing	quality	by	design,	continuous	improvement,	and	risk	management.	This	edition	addresses	topics	generated	by	these
technologies	as	well	as	regulatory	changes	in	the	unit	operation	of	particle	generation	and	granulation.	After	the	introductory	chapter,	Chapter	2	provides	a	detailed	theory	of	granulation	with	an	emphasis	on	the	engineering	aspect.	Subsequent	chapters	are	divided	into	the	five	following	sections:	Section	one	“Particle	Formation”	contains	chapter
“Drug	Substance	and	Excipient	Characterization,”	which	critically	evaluates	the	techniques,	ranging	from	common	to	state-ofthe-art,	employed	to	analyze	individual	and	bulk	properties	of	particles,	(e.g.,	size,	shape,	surface	area,	density,	solubility,	crystal	form,	flow,	sticking,	and	microstructure).	For	greater	insight,	drug	substance-excipient	physical
(e.g.,	segregation	and	compaction)	and	chemical	(e.g.,	compatibility)	interactions	are	also	discussed.	The	next	chapter	“Binders	in	Pharmaceutical	Granulation”	is	important	because	to	agglomerate	the	primary	particles,	particles	must	bond	together.	The	selection	and	mechanism	of	binder	functionality	are	detailed	in	this	chapter.	Because	excipient
functionality	and	their	variability	can	affect	the	final	product	attributes	as	well	as	a	batch-to-batch	variability,	a	new	chapter	is	added	“Excipients	and	Their	Attributes	in	Granulation,”	which	I	am	sure	the	readers	x	Preface	xi	will	find	very	helpful	in	selecting	the	right	excipient	for	their	formulation.	The	next	updated	chapter	is	on	the	spray	drying
technology,	which	is	a	critical	particle	formation	technology.	In	keeping	to	provide	the	most	comprehensive	research	and	development	and	manufacturing	led	me	to	combine	two	chapters	from	the	third	edition	on	nanotechnology	and	supercritical	technology	to	present	a	new	chapter	“Emerging	Particle	Engineering	Technologies.”	This	chapter
addresses	various	newer	approaches	that	already	have	started	to	have	an	impact	on	the	pharmaceutical	industry	in	general	and	the	dosage	form	developments	and	manufacturing	in	particular.	Electrospinning	has	emerged	as	the	most	viable	approach	for	the	fabrication	of	nanofibers	with	several	beneficial	features	that	are	essential	to	various
applications	ranging	from	the	environment	to	biomedicine.	Along	with	the	nanotechnology,	supercritical	fluid	technology,	the	inclusion	of	3-D	printing,	machine	learning,	and	artificial	intelligence	(AI),	and	their	impact	are	explored	in	this	chapter.	The	nanoparticulate	technology	offers	a	potential	path	to	the	rapid	preclinical	assessment	of	poorly
soluble	drugs.	It	offers	increased	bioavailability,	improved	absorption,	reduced	toxicity,	and	the	potential	for	drug	targeting.	Supercritical	fluids	have	emerged	as	the	basis	of	a	system	that	optimizes	the	physicochemical	properties	of	pharmaceutical	powders.	Three-dimensional	printing	has	set	off	a	true	manufacturing	transformation,	and	chemical
and	pharmaceutical	industries	are	incorporating	the	technology	in	their	research	and	development	activity	as	well	as	commercial	manufacturing	as	can	be	seen	by	the	US	Food	and	Drug	Administration	(FDA)-approved	products	on	the	market	recently.	Machine	learning	and	artificial	intelligence	(AI)	are	in	their	infancy	as	far	as	how	they	affect
particle	generation,	but	I	think	it	is	just	the	beginning	of	their	impact	in	pharmaceutical	processing	since	these	technologies	are	revolutionizing	every	facet	of	our	life	and	have	benefited	other	areas	of	the	pharmaceutical	industry	immensely.	Section	two	“Granulation	Processes”	covers	the	well-established	and	revised	granulation	process	chapters	on
roller	compaction,	fluid	bed	granulation,	single-pot	processing,	extrusion	spheronization	as	a	granulation	technique,	and	continuous	granulation.	The	chapter	on	wet	granulation	was	completely	revised	as	“Advances	in	Wet	Granulation	of	Modern	Drugs”	and	includes	small	molecule	granulations	as	well	as	therapeutic	protein	granulation,	various
formulation	strategies,	and	process	technologies	involved	in	producing	stabilized	granules	or	powdered	therapeutic	proteins.	The	application	of	AI	in	the	process	modeling	of	high-shear	granulation	is	presented	via	several	case	studies	in	the	final	section	of	this	chapter.	Section	three	“Product-Oriented	Granulation”	covers	technologies	specifically
addressing	the	technologies	to	produce	the	various	dosage	forms	with	specific	quality	attributes.	For	example,	chapters	“Effervescent	Granulation,”	“Granulation	of	Plant	Products	and	Nutraceuticals,”	Granulation	Approaches	for	Modified	Release	Products,”	“Granulation	of	Poorly	Water-Soluble	Drugs,”	“Granulation	and	Production	Approaches	of
Orally	Disintegrating	Tablets,”	and	“Melt	granulation”	are	included.	All	these	chapters	are	updated	by	well-known	researchers	and	revised	to	provide	cutting-edge	information	in	these	areas.	Section	four	“Characterization	and	Scale-Up”	provides	a	critical	area	of	understanding	the	product.	Chapter	“Sizing	of	Granulation”	discusses	the	technique	of
producing	the	right	particle	size	for	subsequent	processing.	Next	chapter	“Granulation	Characterization”	provides	how	to	evaluate	the	properties	of	granulation	and	characterize	it.	Chapter	“Bioavailability	and	Granule	Properties”	discusses	the	importance	of	the	ideal	properties	of	granules,	including	its	composition	and	physical	attributes,	and	their
impact	on	the	delivery	of	the	active	ingredient	to	the	“site	of	action.”	Chapter	“Granulation	Process	Modeling”	was	substantially	rewritten	to	bring	together	the	new	material	added	into	the	chapter.	There	are	several	benefits	from	the	use	of	process	modeling,	such	as	an	increased	understanding	of	the	governing	mechanisms	through	endeavoring	to
represent	them	in	the	model	description,	capturing	of	insight	and	knowledge	in	a	mathematically	usable	form,	an	increased	understanding	of	the	relative	importance	of	mechanistic	contributions	to	the	output	of	the	process,	and	application	of	the	models	for	improved	control	performance	and	process	diagnostics.	Chapter	“Scale-Up	Consideration	in
Granulation”	discusses	unique	challenges	in	scaling	up	a	process,	from	a	chemical	engineering	perspective,	and	understanding	through	xii	Preface	considering	granulation	as	a	combination	of	rate	processes.	Chapter	“Advances	in	Process	Controls	and	End-Point	Determination”	explores	various	approaches	for	monitoring	the	process.	End-point
determination	of	a	granulation	process	is	the	most	prominent	concern	of	any	practicing	industry	professional	as	well	as	an	academician.	Advances	on	both	sensors	and	surface	characterization	of	powder	properties	are	presented	in	this	chapter.	Overall,	this	chapter	provides	an	overview	of	the	considerable	refinement	in	our	quantitative	understanding
of	granulation,	based	on	growing	knowledge	on	materials	functionality,	advances	in	measurement	science	that	have	advanced	process	understanding,	and	granulation	techniques	used.	The	revised	chapter	discusses	this	very	important	topic	and	provides	helpful	guidance.	Section	five	“Optimization	Strategies,	Tools,	and	Regulatory	Consideration”
contains	two	chapters,	namely,	“Use	of	Artificial	Intelligence	and	Expert	Systems	in	Pharmaceutical	Applications”	and	“Regulatory	Issues	in	Granulation:	Leading	Next-Generation	Manufacturing”	both	focused	on	optimizing	the	process.	Future	success	in	all	areas	of	pharmaceutical	science	will	depend	entirely	on	how	fast	pharmaceutical	scientists
will	adapt	to	the	rapidly	changing	technology.	It	is	common	in	most	formulation	development	studies	that	the	formulation	scientist	may	have	extensive	knowledge	of	the	active	ingredients	and	yet	still	needs	to	know,	which	excipients	to	select,	and	their	proportions.	At	this	stage,	a	knowledge-based	so-called	an	expert	system	can	be	helpful	to	the
scientist	in	selecting	suitable	excipients.	Another	case	where	such	an	expert	system	could	be	of	use	in	formulation	studies	is	the	determination	of	the	design	space	for	manufacturing	conditions.	Chapter	“Use	of	Artificial	Intelligence	and	Expert	Systems	in	Pharmaceutical	Applications”	(titled	as	“Expert	Systems	and	Their	Use	in	Pharmaceutical
Application”	in	the	previous	edition)	discusses	developments	in	this	emerging	field.	As	a	complement	to	the	US	FDA	regulations	for	Good	Manufacturing	Practices,	chapter	“Regulatory	Issues	in	Granulation:	Leading	Next-Generation	Manufacturing”	(titled	as	“The	Pharmaceutical	Quality	for	the	21st	Century	–	A	Risk-Based	Approach”	in	the	previous
edition),	reflects	the	impact	of	these	regulations.	This	important	topic	is	critical	in	building	and	maintaining	the	desired	quality	of	a	pharmaceutical	product.	It	covers	current	regulatory	guidelines	that	dictate	approaches	one	needs	to	take	to	optimize	granulation	processing,	possibly	using	an	expert	system.	Optimization	of	a	process	has	a	greater
chance	of	success	if	the	product	is	developed	with	Process	Analytical	Technology	(PAT)	tools	(PAT)and	the	following	Quality	by	Design	(QbD),	which	the	chapter	on	QbD	and	PAT	addresses	with	current	approaches	in	the	industry	Over	the	past	10	years	since	the	last	edition	of	the	book	was	published,	there	are	several	changes	in	regulations
worldwide.	This	manuscript	is	completely	revised	to	reflect	these	changes	supporting	next-generation	manufacturing.	Specifically:	•	ICH	Q12	covers	pharmaceutical	product	life	cycle	management.	•	FDA	guidance	on	continuous	manufacturing	issued	in	Feb	2019	is	new	and	ICH	has	also	just	embarked	on	a	similar	guideline.	•	Data	integrity	is
currently	a	hot	topic	with	regulatory	agencies	from	FDA,	EMA,	Japan	PMDA,	and	others.	•	The	book	includes	references	to	guidance	from	regulatory	agencies	such	as	ANVISA	(Brazil)	and	NMPA	(China),	indicating	the	importance	of	emerging	economies	in	global	trade	and	quality/regulatory	expectations.	This	book	is	designed	to	give	readers
comprehensive	knowledge	of	the	subject.	As	in	the	earlier	editions,	all	chapters	include	an	appropriate	level	of	theory	on	the	fundamentals	of	powder	characterization,	granulation,	and	state-of-the-art	technologies,	modeling,	application	of	expert	systems,	and	manufacturing	optimization.	Pharmaceutical	professionals,	such	as	research	and
development	scientists,	manufacturing	management	professionals,	process	engineers,	validation	specialists,	process	specialists,	quality	assurance,	quality	control;	regulatory	professionals;	and	graduate	students	in	industrial	pharmacy	Preface	xiii	and	chemical	engineering	programs	will	find	the	level	of	theory	appropriate	and	the	wealth	of	practical
information	from	renowned	pharmaceutical	professionals	from	respective	industry	and	academia	invaluable.	The	knowledge	provided	will	help	select	the	appropriate	granulation	technology	while	keeping	in	mind	regulatory	requirements	and	cost-effectiveness.	I	feel	very	confident	that	the	assembled	experts	in	their	respective	field	will	give	the
readers	fresh	and	updated	information	in	their	respective	chapters	and	readers	will	be	able	to	use	this	book	as	a	text	or	reference	or	for	troubleshooting	process	problems	they	may	encounter.	I’d	like	to	thank	the	authors	who	contributed	to	this	book	despite	their	busy	schedules.	All	of	them	are	recognized	and	respected	experts	in	the	areas	they
wrote	about.	I	am	also	thankful	to	all	the	equipment	manufacturers	who	graciously	granted	permission	to	use	their	product	information	and	photographs	in	this	book.	The	most	appreciation	goes	to	my	wife,	Leena,	who	endured	many	missing	evenings	and	weekends	while	I	worked	alone	in	the	office.	Finally,	you,	the	readers	are	to	be	thanked	for	your
support	and	comments.	I	trust	you	will	find	that	the	fourth	edition	of	Handbook	of	Pharmaceutical	Granulation	Technology	continues	the	high	standards	as	set	by	its	predecessors.	As	always,	I	welcome	your	comments	and	suggestions	for	new	titles.	I	am	very	thankful	to	Jessica	Poile	and	Hillary	LaFoe	of	Informa	Healthcare	for	their	guidance	and
constant	inspiration	during	this	endeavor.	I	am	also	thankful	to	Ms.	Madhulika	Jain	Project	Manager	at	MPS	and	her	team	for	keeping	this	publication	timeline	on	track	with	planning	and	hard	work.	Dilip	M.	Parikh	Ellicott	City,	MD	USA	Editor	Dilip	M.	Parikh	is	President,	DPharma	Group	Inc.,	Ellicott	City,	Maryland,	USA.	As	a	chemical	and
pharmaceutical	engineer,	he	has	more	than	45	years	of	hands-on	experience	in	product	development,	manufacturing,	process	engineering,	and	executive	operational	management	of	various	pharmaceutical	facilities	in	Canada	and	the	USA.	He	is	an	invited	speaker	globally	on	various	solid	dosage	manufacturing	technologies,	process	troubleshooting
and	optimization	strategies,	regulatory	remediation,	and	PAT	&	QbD	implementation	strategies.	Author	of	many	scientific	journal	articles	and	book	chapters,	including	the	recently	published	book	How	to	Optimize	Fluid	Bed	Processing	Technology	and	is	the	editor	of	the	first,	second,	and	third	editions	of	Handbook	of	Pharmaceutical	Granulation
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largest	category	of	dosage	forms	that	are	clinically	used.	Several	types	of	tablet	solid	dosage	forms	are	designed	to	optimize	the	absorption	rate	of	the	drug,	increase	the	ease	of	administration	by	the	patient,	control	the	rate	and	site	of	drug	absorption,	and	mask	the	taste	of	a	therapeutic	agent.	This	also	applies	to	the	capsules	of	various	sizes	and
various	release	profiles.	The	formulation	of	tablets	and	capsules	involves	the	use	of	several	components,	each	of	which	is	present	to	facilitate	the	manufacture	or	to	control	the	biological	performance	of	the	dosage	form.	The	practice	of	delivering	medicinal	powder	by	hand	rolling	into	a	pill	by	using	honey	or	sugar	has	been	used	for	centuries.	The
delivery	of	some	of	the	botanical	and	herbal	extracts	in	homeopathic	and	ayurvedic	branches	of	medicine	by	rolling	into	a	pill	is	still	practiced	in	India	along	with	allopathic	medicine.	1.2	NEED	FOR	GRANULATING	POWDERS	Processing	powders	in	the	industry	is	a	challenge.	Particularly	in	the	chemical	and	pharmaceutical	industries	as	different
powders	are	mixed	there	to	make	a	solid	dosage	form	such	as	tablets,	capsules,	and	pellets.	It	becomes	even	more	critical	since	the	segregation	of	different	ingredients	can	create	a	dosage	form,	which	may	result	in	variability	in	the	final	product	quality	attributes.	Segregation	of	powders	is	due	primarily	to	differences	in	the	size	or	density	or	flow
properties	of	the	components	of	the	mix.	If	the	product	composition	has	a	desirable	flow	and	non-segregating	properties,	it	can	be	directly	compressed	or	encapsulated.	For	powder	mixture	to	be	homogeneous,	the	composition	of	the	mix	should	have	complementary	physical	properties,	such	as	flow,	particle	size,	and	morphology.	Where	drug
substance	dosage	is	high	and	has	a	poor	flow	property,	and	a	larger	quantity	of	excipients	are	needed	to	facilitate	the	direct	compression,	the	resulting	dosage	form	may	be	larger,	and	thus	may	not	be	normally	unacceptable	due	to	the	difficulty	of	swallowing	such	a	large	tablet.	The	decision	on	whether	to	opt	for	a	granulation	operation	should	also	be
based	on	the	knowledge	of	the	potential	disadvantages	associated	with	employing	the	direct	compression	of	the	powdered	mix.	Failing	these	physical	attributes,	dry	or	wet	granulation	should	be	con	sidered.	Granulation	is	a	process	of	size	enlargement	used	primarily	to	prepare	powders	for	ta	bleting.	It	consists	of	homogeneously	mixing	the	drug	and
excipients	and	then	wetting	them	in	the	presence	of	a	binder	so	that	larger	agglomerates	or	granules	are	formed.	An	ideal	granulation	1	2	Pharmaceutical	Granulation	Technology	should	contain	all	the	constituents	of	the	mix	in	the	correct	proportion	in	each	granule,	thus	the	segregation	of	the	ingredients	will	not	occur.	An	earlier	mention	of
granulating	medicine	cited	in	1773,	by	Thomas	Skinner	in	Duncan’s	Elements	of	Therapeutics	in	1862	as	follows:	“by	the	application	of	art,	it	is	intended	that	medicines	should	be	rendered	more	agreeable,	more	convenient,	safer	and	more	efficacious	than	they	are	in	their	natural	state.	To	obtain	these	ends	is	the	intention	of	pharmacy.”	Skinner
further	describes	the	earlier	method	of	making	granules	by	French	pharmacists	who	had	a	form	of	medication	that	they	call	“poudres	granules.”	Perry’s	Chemical	Engineer’s	Handbook	[1]	defines	the	granulation	process	as	“any	process	whereby	small	particles	are	gathered	into	larger,	permanent	masses	in	which	the	original	particles	can	still	be
identified.”	This	definition	is	appropriate	to	a	pharmaceutical	granu	lation	where	the	rapid	breakdown	of	agglomerates	is	important	to	maximize	the	available	surface	area	and	aid	in	the	solution	of	the	active	drug.	The	granulated	material	can	be	obtained	by	direct	size	enlargement	of	primary	particles	or	size	reduction	from	dry,	compacted	material.
In	the	pharmaceutical	field,	solid	dosage	forms	remain	an	important	part	of	the	overall	drug	market,	despite	the	success	and	the	development	of	new	pharmaceutical	forms.	The	high	risk	of	failure	in	drug	discovery	and	development	throughout	the	pharmaceutical	industry	statistically	shows	that,	on	average,	only	1	in	5000	compounds	screened	in
research	will	reach	the	market.	The	new	drug	approvals	for	2018	and	2019	show	predominant	approvals	are	for	solid	dosages.	For	example	for	2018,	out	of	59	total	approvals	listed	on	the	FDA	website,	31	approvals	are	for	either	tablets,	capsules,	or	powders,	while	for	the	year	2019,	there	were	a	total	of	48	novel	drug	approvals,	with	5	new
formulations	and	7	new	dosage	forms	using	the	technologies	described	in	this	book.	In	2019,	The	Center	for	Drug	Evaluation	and	Research	(CDER)	approved	48	novel	drugs.	The	ten-year	graph	below	shows	that	from	2010	through	2018,	CDER	has	averaged	about	37	novel	drug	approvals	per	year.	A	number	of	these	approvals	are	for	the	solid	dosage
forms	[2],	(Figure	1.1).	CDER	identified	20	of	the	48	novel	drugs	approved	in	2019	(42%)	as	first-in-class,	which	is	one	indicator	of	the	drug’s	potential	for	a	strong	positive	impact	on	the	health	of	the	American	people.	These	drugs	often	have	mechanisms	of	action	different	from	those	of	existing	therapies.	Similarly,	global	spending	on	cancer
medicines	–	both	for	therapeutic	and	supportive	care	use	–	rose	to	$133	billion	globally	in	2017,	up	from	$96	billion	in	2013.	It	is	predicted	that	the	global	market	for	oncology	therapeutic	medicines	will	reach	as	much	as	$200	billion	by	2022	[3].	1.3	GRANULATION	OPTIONS	Several	products	cannot	be	directly	compressed	because	of	the	low	dosage
of	drug	substance,	or	flow	properties	of	the	drug	and	excipient	mixture.	The	formulation	containing	such	a	low	dose	could	be	challenging	to	meet	the	bioavailability	or	content	uniformity.	Several	other	reasons	why	FIGURE	1.1	FDA.	.	Source:	From	Ref.	[2].	Introduction	3	direct	compression	may	not	be	suitable	for	a	wide	array	of	products	include	the
required	flow	properties;	dissimilar	ingredient	physical	attributes,	such	as	particle	size,	morphology,	moisture	content	and	the	content	of	each	excipient	in	the	formulation	form;	requirement	of	densification	to	reduce	the	size	of	the	drug	product,	obtain	the	required	hardness,	friability,	and	disintegration/	dissolution;	and	others.	The	final	quality
attributes	of	the	dosage	form	will	be	based	on	the	process	of	technology	to	be	employed.	The	selection	of	the	process	also	entails	ancillary	equipment	that	could	have	an	impact	on	the	granule	properties;	hence,	characterizing	the	granulation	for	its	flowability,	morphological	properties,	and	impact	on	bioavailability	is	necessary.	Many	researchers
studied	the	influence	of	material	properties	of	the	granulating	powders	and	process	conditions	on	the	granulation	process	in	a	rather	empirical	way.	In	the	1990s,	a	fundamental	approach	to	research	was	started	on	various	topics	in	the	granulation	process,	looking	into	more	detailed	aspects	of	particle	wetting,	mechanism	of	granulation,	material
properties,	and	influence	of	mixing	apparatus	on	the	product.	The	overall	hypothesis	suggested	that	the	granulation	can	be	predicted	from	the	raw	material	properties	and	the	processing	conditions	of	the	granulation	process.	One	of	the	major	difficulties	encountered	in	the	granulation	technology	is	the	incomplete	description	of	the	behavior	of
powders	in	general.	The	ongoing	fundamental	research	on	mixing,	segregation	mechanisms	of	powder,	surface	chemistry,	and	material	science	is	necessary	to	develop	the	theo	retical	framework	of	granulation	technology.	An	excellent	review	of	the	wet	granulation	process	was	presented	by	Iveson	and	coauthors	[4].	They	have	advanced	the
understanding	of	the	granulation	process	by	stating	that	there	are	three	fundamental	sets	of	rate	processes	that	are	important	in	de	termining	wet	granulation	behavior.	These	are	wetting	and	nucleation,	consolidation	and	growth,	and	breakage	and	attrition.	Once	these	processes	are	sufficiently	understood,	then	it	will	be	possible	to	predict	the	effect
of	formulation	properties,	equipment	type,	and	operating	conditions	of	granulation	behavior,	provided	these	can	be	adequately	characterized	according	to	the	reviewers.	The	most	widely	used	granulation	technologies	that	are	used	in	the	industry	are	shown	in	Figure	1.2.	As	can	be	seen,	making	granules	from	powders	provides	several	different
options.	FIGURE	1.2	Granulation	Options	(copyright	DM	Parikh).	4	Pharmaceutical	Granulation	Technology	With	the	development	of	rotary	tablet	presses	in	the	19th	century	initially	and	the	advent	of	high-speed	compression	and	encapsulation	machines	requiring	production	rates,	the	demand	for	free-flowing	powders	and	granules	has	increased
substantially.	In	the	pharmaceutical	industry,	the	simplest	form	of	solid	dosage	form	employs	granules	prepared	from	the	drug	and	other	compo	nents	in	stable	aggregates	in	sizes	large	enough	to	facilitate	the	accurate	formulation	and	dis	pensing	for	the	subsequent	processing.	For	a	pharmaceutical	solid	dosage	form,	the	granulation	process	is	the



first	unit	operation	that	needs	to	be	carefully	planned.	The	excipient	variability	is	well	known	in	the	industry.	All	of	the	excipients	necessary	for	the	robust	formulation	usually	meet	all	the	compendial	requirements,	but	more	often	the	particle	size	and	morphology	consistency	from	batch	to	batch	do	not.	Physical	properties	of	excipient,	as	well	as	API,
should	be	consistent	from	batch	to	batch,	as	one	of	the	requirements	to	develop	a	robust	formulation	that	will	reduce	final	dosage	form	variability.	This	requirement	has	become	even	more	critical	as	the	industry	has	started	to	adopt	continuous	granulation	technology.	Dry	compaction	technique	like	roller	compaction	is	experiencing	a	renewed	interest
in	the	industry.	The	roller	compaction	processes	and	equipment	were	adapted	and	modified	from	other	industries	like	metal,	mineral,	and	recycling	industries.	In	the	early	19th	century,	the	process	was	utilized	in	the	mining	industry	to	crush	rocks	for	easy	extraction	of	desired	precious	material.	In	the	mid-20th	century,	the	process	was	used	to
compress	pharmaceutical	powders.	Several	drug	sub	stances	are	moisture	sensitive.	The	roller	compaction	process	provides	suitable	alternative	tech	nology	for	granulating	these	products.	It	offers	advantages	compared	with	wet	granulation	for	processing	physically	or	chemically	moisture-sensitive	materials	since	a	liquid	binder	and	thus	drying	of
granulation	is	not	required.	This	technology	can	also	be	used	to	produce	effervescent	granulations.	The	current	offering	of	this	technology	is	equipped	with	process	analytical	tools	(PATs)	that	provide	process	monitoring	and	help	in	scale-up	and	optimization.	In	the	wet	granulation	process,	primary	particles	of	drug	and	excipient	mixture	granulated
with	either	water,	alcohol,	or	mixture	of	water	and	alcohol	are	the	choice	of	binder.	Four	key	me	chanisms	outlined	by	Ennis	[5,6]	are	for	the	agglomeration	of	particles,	that	were	subsequently	further	developed	by	Litster	and	Ennis	[7].	These	include	wetting	and	nucleation,	coalescence	or	growth,	consolidation,	and	attrition	or	breakage.	Initial
wetting	of	the	feed	powder	and	existing	granules	by	the	binding	fluid	is	strongly	influenced	by	spray	rate	or	fluid	distribution	as	well	as	feed	formulation	properties,	in	comparison	with	mechanical	mixing.	Early	stages	of	wet	granulation	technology	development	employed	low-shear	mixers,	or	the	mixers/blenders	normally	used	for	dry	blending	such	as
ribbon	mixers.	There	are	several	products	currently	manufactured	using	these	low-shear	granulators.	However,	as	process	control	and	effi	ciency	have	increased	over	the	years;	the	industry	has	embraced	high-shear	granulators	for	wet	granulation	because	of	its	efficient	process	reproducibility	and	modern	process	control	capabilities.	The	high-shear
mixers	have	also	facilitated	new	technologies,	such	as	one-pot	processing,	that	use	the	mixer	to	granulate	and	then	dry	in	the	same	unit,	the	wet	mass,	using	a	vacuum,	gas	stripping/	vacuum,	or	microwave-assisted	vacuum	drying.	The	high-shear	one-pot	system	can	be	utilized	for	granulating	potent	compounds	or	to	produce	effervescent	granulation.
The	one-pot	system	has	an	advantage	especially	where	an	organic	solvent	is	used.	It	reduces	the	footprint	and	minimizes	the	number	of	process	equipment.	The	fluid	bed	processing	of	powders	is	a	well-established	technology.	Previously	fluid	bed	processors	were	used	only	as	a	dryer	but	now	it	has	become	a	multiprocessor,	where	granulation,	drying,
particle	coating,	taste	masking,	and	pelletization	processes	can	be	performed.	1.4	DEVELOPMENTS	IN	PROCESSING	SOLID	DOSAGE	FORMS	For	both	small	molecules	and	biopharmaceuticals,	more	sophisticated	drug	delivery	systems	are	being	developed	to	overcome	the	limitations	of	conventional	forms	of	drug	delivery	systems	(e.g.,	tablets	and
intravenous	[IV]	solutions),	problems	of	poor	drug	absorption,	noncompliance	of	Introduction	5	patients,	and	inaccurate	targeting	of	therapeutic	agents.	Futuristic	drug	delivery	systems	are	being	developed,	which	are	hoped	to	facilitate	the	transport	of	a	drug	with	a	carrier	to	its	intended	destination	in	the	body	and	then	release	it	there.	Liposomes,
monoclonal	antibodies,	and	modified	viruses	are	being	considered	to	deliver	“repair	genes”	by	IV	injection	to	target	the	respiratory	epithelium	in	the	treatment	of	cystic	fibrosis.	These	novel	drug	delivery	systems	not	only	offer	clear	medical	benefits	to	the	patient	but	can	also	create	opportunities	for	commercial	exploitation,	especially	useful	if	a	drug
is	approaching	the	end	of	its	patent	life.	Particle	engineering	is	a	term	coined	to	encompass	means	of	producing	particles	having	a	defined	morphology,	particle	size	distribution,	and	composition.	Particle	engineering	combines	elements	of	many	others,	including	chemistry,	pharmaceutics,	colloid	science,	mass	and	heat	transfer,	aerosol	and	powder
science,	and	solid-state	physics.	Since	the	development	in	the	classical	granulation	technologies	mentioned	earlier,	there	are	numerous	developments	in	the	field	related	to	the	application	of	granulation	processes	to	produce	dosage	form	with	a	specific	application	such	as	modifying	particles,	impart	higher	solubility,	modify	the	release	mechanism,
provide	taste-masking,	or	produce	orally	disintegrating	dosage	form,	among	others.	For	producing	modified-release	products,	several	options	are	available,	for	example,	matrix	granulation	with	polymers,	pelletization	with	extrusion	spheronization	technique,	or	pellets	production	in	a	fluid	bed	processor	using	powder,	solution,	or	suspension	layering
of	drug	substance	and	subsequently	coating	with	a	functional	coat.	Poorly	water-soluble	drugs	present	a	challenge	to	formulators	of	pharmaceutical	oral	solid	dosage	forms	to	improve	the	drug’s	bioavailability	while	maintaining	product	stability,	both	physically	and	chemically,	and	providing	a	robust	commercial	process.	The	molecular	structure	of
new	chemical	entities	that	researchers	are	discovering	is	becoming	more	complex,	leading	to	drugs	with	low	aqu	eous	solubility	and	dissolution	rate,	and	limited	absorption	after	oral	administration,	thus	resulting	in	decreased	bioavailability.	The	reduction	of	particle	size	is	widely	used	to	improve	the	dissolution	rate	of	such	drugs.	Approaches	such	as
complexation,	and	hot-melt	extrusion	to	improve	the	solubility	are	described	in	this	book.	Another	approach	for	improving	the	solubility	of	poorly	soluble	drug	sub	stances	is	by	a	spray	drying	process.	Compounds	that	are	sparingly	soluble	due	to	its	crystalline	morphology	can	be	converted	to	an	amorphous	form	by	spray	drying,	enabling	greater
solubility	and	hence	enhanced	bioavailability.	This	is	possible	because	the	hollow	structure	of	the	spray-dried	particles	increases	the	solubility	and	subsequent	dissolution	rate	of	the	drugs	by	several	folds.	The	rapid	nature	of	the	spray	drying	process	improves	the	stability	of	otherwise	unstable	amorphous	forms.	With	a	polymer	as	a	carrier,	a
molecular	dispersion	is	formed,	or	so-called	glass	solution,	and	crystallization	is	avoided	as	the	nucleation	and	growth	slow	down	or	even	impede.	A	spray	drying	can	be	used	to	produce	a	granulated	product	from	a	composition	of	the	starting	material	made	with	a	suspension	of	drug	and	excipients.	The	desired	attributes	of	the	granule	are	controlled
by	a	combi	nation	of	the	formulation	and	the	process.	Spray	drying	technique	is	now	routinely	used	to	prepare	particles	for	inhalation	dosage	forms.	Aseptic	spray	drying	is	now	used	to	process	vaccines	or	pro	teins.	Recent	interest	in	nanotechnology	research	has	opened	many	avenues	for	creating	newer	drugs.	Various	development	groups	are
working	to	enhance	traditional	oral	delivery	systems	with	nanoengineered	improvements.	There	are	some	areas	where	nano-enhanced	drugs	could	make	a	big	dif 	ference	in	increasing	oral	bioavailability	and	reducing	undesirable	side	effects.	By	increasing	bioa	vailability,	nanoparticles	can	increase	the	yield	in	drug	development	and	more	importantly
may	help	treat	previously	untreatable	conditions.	Nanotechnology	provides	methods	for	targeting	and	releasing	therapeutic	compounds	in	very	defined	regions.	Three-dimensional	(3D)	printing	is	a	manufacturing	method	in	which	objects	are	made	by	fusing	or	depositing	materials	(e.g.,	plastic,	metal,	ceramics,	powders,	liquids,	or	even	living	cells)	in
layers	to	produce	a	3D	object.	The	3D	printing	technology	is	expected	to	play	an	important	role	in	the	trend	toward	personalized	medicine,	through	its	use	in	customizing	nutritional	products,	organs,	and	drugs.	It	is	anticipated	that	3D	printing	will	continue	to	gain	much	attention	in	solid	dosage	forms	as	the	most	popular	drug	dosage	form.	Other
emerging	particle	engineering	approaches	include	supercritical	fluid	technology,	co-crystallization,	6	Pharmaceutical	Granulation	Technology	electrospinning,	and	microbiome-based	therapeutics.	One	of	the	major	areas	on	which	the	research	and	development	of	supercritical	fluids	are	focused	is	particle	design.	There	are	different	concepts	such	as
“rapid	expansion	of	supercritical	solution,”	“gas	antisolvent	recrystallization,”	and	“super	critical	antisolvent”	to	generate	particles,	microspheres,	microcapsules,	liposomes,	or	other	dispersed	materials.	When	the	supercritical	fluid	and	drug	solution	make	contact,	a	volume	expansion	occurs	leading	to	a	reduction	in	solvent	capacity,	an	increase	in
solute	saturation,	and	then	supersaturation	with	associated	nucleation	and	particle	formation.	Several	advantages	are	claimed	by	using	this	platform	technology	such	as	particle	formation	from	nanometers	to	tens	of	micrometers,	low	residual	solvent	levels	in	products,	preparation	of	polymorphic	forms	of	the	drug,	and	so	forth	[8].	Similarly,	machine
learning	and	artificial	intelligence	(AI)	are	promising	potentials	for	precision	and	persona	lized	medicine	in	the	coming	years.	All	these	emerging	particle	engineering	technologies	will	change	the	way	we	develop	and	manufacture	pharmaceutical	dosage	forms	in	the	coming	years.	Over	these	years	of	research,	the	pharmaceutical	granulation	process
is	still	based	on	trial	and	error	by	the	experience	of	scientists	and	production	professionals.	This	constitutes	problems	for	many	and	frequently	changing	formulations	containing	different	compositions	with	widely	varying	properties.	Thus,	new	formulations	always	need	expensive	and	lengthy	laboratory	and	pilot-scale	testing.	Moreover,	even	when
pilot-scale	testing	is	OK,	there	is	still	a	significant	failure	rate	during	scale-up	to	commercial	production	[9].	Over	the	past	decade,	however,	design,	scale-up,	and	operation	of	granulation	processes	have	been	considered	as	quantitative	engineering	and	significant	advances	have	been	made	to	quantify	the	granulation	processes	[10].	Expert	systems
and	math	ematical	modeling	approaches	for	the	granulation	process	have	been	thus	introduced	with	the	aim	both	to	understand	and	underline	the	observed	physical	phenomena,	and	to	propose	predictive	tools	able	to	forecast	granulation	results	in	terms	of	the	size	distribution	of	obtained	granular	materials.	Expert	system	and	process	modeling	is	an
area	that	has	grown	enormously	over	the	past	50	years.	Modeling	is	a	vital	activity	across	the	life	cycle	of	processes	and	products.	It	plays	an	important	role	in	decision	making	around	aspects	of	experimentation	and	the	use	of	fundamental	physico	chemical	phenomena	that	inform	the	design	and	operational	decisions.	Continuous	granulation	with
roller	compaction,	fluid	bed,	twin-screw,	and	continuous	drying	is	becoming	common.	Along	with	the	availability	of	mature	manufacturing	technology,	QbD	and	the	successful	implementation	of	PAT	probes	for	process	monitoring	has	promoted	the	adoption	of	continuous	processing	for	the	manufacturing	of	oral	solid	dosage	forms.	1.5	SCOPE	OF	THIS
BOOK	The	significant	advances	that	have	taken	place	in	pharmaceutical	granulation	technology	are	presented	in	this	book	to	provide	the	readers	with	available	choices.	The	various	discussed	techniques	will	further	help	the	scientists	in	their	understanding	and	selection	of	the	granulation	process	most	appropriate	for	the	drug	in	question.	With
complete	updated	chapters	from	the	previous	edition,	this	book	will	provide	current	scientific	practices	in	the	industry	and	research	labs	worldwide.	There	is	no	substitute	for	good	science.	The	characterization	of	the	drug	substance	along	with	the	knowledge	of	granulation	theory,	identification	of	the	critical	process	parameters,	process	modeling
capability,	in-line	or	on-line	PATs,	process	scale-up	approaches,	expert	systems,	and	modeling	of	the	granulation	process	will	prepare	the	reader	to	explore	the	various	options	presented	in	this	book.	It	can	be	used	as	a	reference	source	and	a	guidance	tool	for	those	working	in	the	pharmaceutical	or	related	industries,	for	example,	chemical,
nutraceutical,	or	biopharmaceu	tical,	as	well	as	academia	and	the	pharmacy	students	who	will	learn	various	technologies	to	produce	particles	and	granules,	or	anyone	seeking	for	an	insight	into	this	subject	area.	The	in	formation	presented	is	essentially	based	on	the	extensive	experiences	of	the	editor	and	contributors	who	are	all	actively	working	in
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technologies	involve	any	process	whereby	small	particles	are	agglomerated,	compacted,	or	otherwise	brought	together	into	larger,	relatively	permanent	structures	in	which	the	original	particles	can	still	be	distinguished.	Granulation	technology	and	size	enlargement	processes	have	been	used	by	a	wide	range	of	industries,	ranging	from
pharmaceutical,	agricultural	chemical,	consumer	products,	or	detergent	production	to	mineral	and	ceramics	processing,	as	well	as	more	recent	advances	in	additive	manufacturing.	Particle	size	enlargement	generally	encompasses	a	variety	of	unit	operations	or	processing	techniques	dedicated	to	particle	agglomeration.	These	processes	can	be	loosely
broken	down	into	agitation	and	compression	methods.	Although	the	terminology	is	industry-specific,	agglomeration	by	agitation	will	be	referred	to	as	granulation,	specifically	wet	granulation.	Here	a	particulate	feed	is	introduced	to	a	process	vessel	and	is	agglomerated	in	the	presence	of	binding	fluid,	either	batch-wise	or	continuously,	to	form	a
granulated	product.	Agitative	processes	include	fluid	bed,	pan	(or	disk),	drum,	and	mixer	granu	lators.	Such	processes	are	also	used	as	coating	operations	for	controlled	release,	taste	masking,	and	cases	where	solid	cores	may	act	as	a	carrier	for	a	drug	coating.	The	feed	typically	consists	of	a	mixture	of	solid	ingredients,	referred	to	as	a	formulation,
which	includes	an	active	or	key	in	gredient,	binders,	diluents,	flow	aids,	surfactants,	wetting	agents,	lubricants,	fillers,	or	end-use	aids	(e.g.,	sintering	aids,	colors	or	dyes,	and	taste	modifiers).	A	closely	related	process	of	spray	drying	is	also	included	here,	but	discussed	in	detail	later	(see	Ref.	9	and	chapter	6).	It	also	includes	in	part	recent	advances	in
the	use	of	additive	manufacturing	to	produce	pharmaceutical	and	other	dosage	forms.	Product	forms	generally	include	agglomerated	or	layered	granules,	coated	carrier	cores,	or	spray-dried	products	consisting	of	agglomerated	solidified	drops.	An	alternative	approach	to	size	enlargement	is	by	agglomeration	by	compression,	or	compaction,	where	the
mixture	of	particulate	matter	is	fed	to	a	compression	device,	which	promotes	agglom 	eration	due	to	pressure.	Both	wet	and	dry	compaction	processes	are	possible.	In	dry	processing,	either	continuous	sheets	of	solid	material	or	some	solid	form	such	as	a	briquette	or	tablet	is	produced.	Typically	in	wet	processing,	wet	extrudate	is	produced,	as
cylindrical	or	rounded	granulate	or	as	extruded	monolithic	structures.	Compaction	processes	range	from	confined	compression	devices,	such	as	tableting,	to	continuous	devices,	such	as	roll	presses	(chapter	8),	briquetting	machines,	and	extruders	(chapter	12).	Some	processes	operate	in	a	semicontinuous	fashion	such	as	ram	extrusion.	Capsule	filling
operations	would	be	considered	a	low-pressure	compaction	process.	In	both	agitative	and	compression	granulation	technologies,	binding	and	carrier	fluids	can	be	introduced	as	aqueous	or	solvent	solutions	by	spraying	or	pumping,	or	they	may	be	created	by	heating	a	melt	activated	binder	(chapter	19).	At	the	level	of	a	manufacturing	plant,	size
enlargement	processes	involve	several	peripheral	unit	operations	such	as	milling,	blending,	drying	or	cooling,	and	classification.	The	combination	of	these	unit	operations	is	referred	to	generically	as	an	agglomeration	circuit	(Figure	2.1).	In	addition,	more	than	one	agglomeration	step	may	be	present.	In	the	case	of	pharmaceutical	granulation,
granulated	material	is	almost	exclusively	an	intermediate	product	form,	which	is	then	followed	by	tableting.	Theory	of	Granulation	11	FIGURE	2.1	A	Typical	Agglomeration	Circuit	Utilized	in	the	Processing	of	Pharmaceuticals	Involving	Both	Granulation	and	Compression	Techniques.	Source:	From	Refs.	[1–3,5,6].	In	addition,	interactions	of	the	unit
operations	are	critical.	In	the	context	of	granulation,	it	is	important	to	understand	compaction	processes	to	establish	desirable	granule	properties	for	ta	bleting	performance.	In	wet	granulation,	it	is	conceptually	important	to	consider	drying	and	cooling	as	an	integral	part	of	the	granulation	process.	As	another	example,	high	recycling	can	readily
destabilize	an	agglomeration	circuit.	Numerous	benefits	result	from	size	enlargement	processes	as	summarized	in	Table	2.1.	A	wide	variety	of	size	enlargement	methods	are	available;	a	classification	of	available	equipment	and	initial	criteria	of	process	selection	is	given	in	Tables	2.2	and	2.3.	A	primary	purpose	of	wet	granulation,	in	the	case	of
pharmaceutical	processing,	is	to	create	free-flowing,	nonsegregating	blends	of	ingredients	of	controlled	strength,	which	may	be	reproducibly	metered	in	subsequent	TABLE	2.1	Objectives	of	Size	Enlargement	Production	of	useful	structural	form	Provision	of	a	defined	quantity	for	dispensing,	with	improved	flow	properties	for	metering	and	tableting
Improved	product	appearance	A	reduced	propensity	to	caking	Increased	bulk	density	for	storage	and	tableting	feeds.	Creation	of	nonsegregating	blends	with	an	ideally	uniform	distribution	of	key	ingredients.	Control	of	solubility,	and	dissolution	profiles.	Control	of	porosity,	hardness,	and	surface	to	volume	ratio	and	particle	size	Source:	From	Refs.	[1–
3,5,6].	12	Pharmaceutical	Granulation	Technology	TABLE	2.2	Process	Selection	Considerations	for	Wet	Granulation	Equipment	Binder	required.	Either	solvent	required,	or	in	some	cases,	heat-activated	binder.	A	maximum	feed	of	500	μm,	smaller	preferred.	Moisture	no	more	than	80%	pore	saturation.	Able	to	process	brittle,	abrasive,	elastic,	most
plastic	materials.	Source:	From	Refs.	[7,8].	Definitions:	✓=Yes,	×=No,	?=Possible	Product	form:	L=Low,	M=Medium,	H=High,	V=Very,	G=Granular,	S=Spherical,	I=Irregular,	T=Tablet	form,	C=Cylindrical	Processing:	C=Classification,	R=Recycle,	B=Blending,	D=Drying,	G=Grinding,	T=Two-stage	Notes:	(1)	Dependent	on	contact	time.	TABLE	2.3
Process	Selection	Considerations	for	Compaction	Equipment	Binder	not	required	except	for	some	hard	materials.	Small	levels	of	moisture	common;	must	be	low	or	compaction	arrested.	A	minimum	feed	of	100	μm,	unless	deaeration/vacuum	provided.	Moisture	no	more	than	80%	pore	saturation.	Extrusion	normally	involves	aqueous	or	solvent	binders,
or	heat	activated	melt	binders.	Nonwettable	material	is	acceptable.	Source:	From	Refs.	[7,8].	Theory	of	Granulation	13	tableting	or	for	vial	or	capsule	filling	operations.	The	wet	granulation	process	must	generally	achieve	desired	granule	properties	within	some	prescribed	range.	These	attributes	depend	on	the	application	at	hand.	However,	common
to	most	processes	is	a	specific	granule	size	distribution	and	granule	voidage.	Size	distribution	affects	flow	and	segregation	properties,	as	well	as	compaction	behavior.	Granule	voidage	controls	strength	and	impacts	capsule	and	tablet	dissolution	behavior,	as	well	as	compaction	behavior	and	tablet	hardness.	Control	of	granule	size	and	voidage	will	be
discussed	in	detail	throughout	this	chapter.	The	approach	taken	here	relies	heavily	on	attempting	to	understand	interactions	at	a	particle	level	and	scaling	to	bulk	effects.	Developing	an	understanding	of	these	micro-level	processes	of	agglom 	eration	allows	a	rational,	engineering	based	approach	to	the	design,	scale-up,	and	control	of	ag	glomeration
processes	(Figures	2.2	and	2.3).	Although	the	approach	is	difficult,	qualitative	trends	are	uncovered	along	the	way,	which	aid	in	formulation	development	and	process	optimization,	and	which	emphasize	powder	characterization	as	an	integral	part	of	product	development	and	process	design	work.	2.1.2	GRANULATION	MECHANISMS	Four	key
mechanisms	or	rate	processes	contribute	to	wet	granulation,	as	originally	outlined	by	Ennis	[4,5],	and	later	developed	further	by	Litster	and	Ennis	[6].	These	include	wetting	and	nucleation,	coalescence	or	growth,	consolidation,	and	attrition	or	breakage	(Figure	2.2).	Initial	wetting	of	the	feed	powder	and	existing	granules	by	the	binding	fluid	is
strongly	influenced	by	spray	rate	or	fluid	distribution,	as	well	as	feed	formulation	properties,	in	comparison	with	mechanical	mixing.	Wetting	promotes	nucleation	of	fine	powders	or	coating	in	the	case	of	feed	particle	size	in	excess	of	drop	size.	In	the	coalescence	or	growth	stage,	partially	wetted	primary	particles	and	larger	nuclei	coalesce	to	form
granules	composed	of	several	particles.	The	term	nucleation	is	typically	applied	to	the	initial	coalescence	of	primary	particles	in	the	immediate	FIGURE	2.2	The	Mechanisms	or	Rate	Processes	of	Agitative	Agglomeration,	or	Granulation,	Which	Include	Powder	Wetting,	Granule	Growth,	Granule	Consolidation,	and	Granule	Attrition.	These	Processes
Combine	to	Control	Granule	Size	and	Porosity,	and	They	May	Be	Influenced	by	Formulation	or	Process	Design	Changes.	Source:	From	Refs.	[4,5,7].	14	Pharmaceutical	Granulation	Technology	vicinity	of	the	larger	wetting	drop,	whereas	the	more	general	term	of	coalescence	refers	to	the	successful	collision	of	two	granules	to	form	a	new	larger
granule.	In	addition,	the	term	of	layering	is	applied	to	the	coalescence	of	granules	with	primary	feed	powder.	Nucleation	is	promoted	from	some	initial	distribution	of	moisture,	such	as	a	drop	or	from	the	homogenization	of	a	fluid	feed	pumped	to	the	bed,	as	with	high-shear	mixing.	As	granules	grow,	they	are	consolidated	by	compaction	forces	due	to
bed	agitation.	This	consolidation	stage	strongly	influences	internal	granule	voidage	or	granule	porosity,	and	therefore	end-use	properties	such	as	granule	strength,	hardness,	or	dissolution.	Formed	granules	may	be	particularly	susceptible	to	attrition	if	they	are	inherently	weak	or	if	flaws	develop	during	drying.	These	rate	mechanisms	can	occur
simultaneously	in	all	processes.	However,	certain	mechan	isms	may	dominate.	For	example,	fluidized-bed	granulators	are	strongly	influenced	by	the	wetting	process,	whereas	mechanical	redispersion	of	binding	fluid	by	impellers	and	particularly	highintensity	choppers	diminish	the	wetting	contributions	to	granule	size	in	high-shear	mixing.	On	the
other	hand,	granule	consolidation	is	far	more	pronounced	in	high-shear	mixing	than	fluidized-bed	granulation.	These	simultaneous	rate	processes	are	taken	as	a	whole—and	sometimes	competing	against	one	another—determine	the	final	granule	size	distribution	and	granule	structure	and	voi	dage	resulting	from	the	process	and,	therefore,	the	final
end-use	or	product	quality	attributes	of	the	granulated	product.	2.1.3	COMPACTION	MECHANISMS	Compaction	is	a	forming	process	controlled	by	mechanical	properties	of	the	feed,	in	relationship	to	applied	stresses	and	strains,	as	well	as	interstitial	gas	or	carrier	fluid	interactions.	Micro-level	processes	are	controlled	by	particle	properties,	such	as
friction,	hardness,	size,	shape,	surface	energy,	elastic	modulus,	and	permeability.	Key	steps,	in	any	compaction	process,	include	(i)	powder	filling,	(ii)	stress	application	and	removal,	and	(iii)	compact	ejection.	Powder	filling	and	compact	weight	variability	are	strongly	influenced	by	bulk	density	and	powder	flowability	[2,3],	as	well	as	any	contributing
segregation	tendencies	of	the	feed.	The	steps	of	stress	application	and	removal	consist	of	several	competing	mechanisms,	as	depicted	in	Figure	2.3.	Powders	do	not	transmit	stress	uniformly.	Wall	friction	impedes	the	applied	load,	causing	a	drop	in	stress	as	one	FIGURE	2.3	The	Mechanisms	or	Micro-Level	Processes	of	Compressive	Agglomeration	or
Compaction.	These	Processes	Combined	Control	Compact	Strength,	Hardness,	and	Porosity.	Source:	From	Refs.	[5,7].	Theory	of	Granulation	15	moves	away	from	the	point	of	the	applied	load	(e.g.,	a	punch	face	in	tableting	or	roll	surface	in	roll	pressing).	Therefore,	the	applied	load	and	resulting	density	are	not	uniform	throughout	the	com 	pact,	and
powder	frictional	properties	control	the	stress	transmission	and	distribution	in	the	compact	[10].	The	general	area	of	study	relating	to	compaction	and	stress	transmission	is	referred	to	as	powder	mechanics	[2,3,10–12].	For	a	local	level	of	applied	stress,	particles	deform	at	their	point	contacts,	including	plastic	deformation	for	forces	in	excess	of	the
particle	surface	hardness.	This	allows	intimate	contact	at	surface	point	contacts,	allowing	cohesion/adhesion	to	develop	between	particles,	and	therefore	interfacial	bonding,	which	is	a	function	of	their	interfacial	surface	energy.	During	the	short	timescale	of	the	applied	load,	any	entrapped	air	must	escape,	which	is	a	function	of	feed	permeability,	and
a	portion	of	the	elastic	strain	energy	will	be	converted	into	permanent	plastic	deformation.	Upon	stress	removal,	the	compact	expands	because	of	the	re	maining	elastic	recovery	of	the	matrix,	which	is	a	function	of	elastic	modulus,	as	well	as	any	expansion	of	remaining	entrapped	air.	This	can	result	in	loss	of	particle	bonding	and	flaw	de	velopment,
and	this	is	exacerbated	for	cases	of	wide	distributions	in	compact	stress	because	of	poor	stress	transmission.	The	final	step	of	stress	removal	involves	compact	ejection,	where	any	re	maining	radial	elastic	stresses	are	removed.	If	recovery	is	substantial,	it	can	lead	to	the	capping	or	delamination	of	the	compact.	For	wet	compaction	such	as	paste	or
melt	extrusion,	wall,	and	screw	powder	friction	remain	important,	in	addition	to	formulation	high	pressure	rheology	and	yield	properties	of	the	binding	fluid,	which	impacts	solid-liquid	phase	separation	and	extrudate	quality.	These	micro-level	processes	of	compaction	control	the	final	flaw	and	density	distribution	throughout	the	compact,	whether	it	is
a	roll	pressed,	extruded,	or	tabletted	product,	and	as	such,	control	compact	strength,	hardness,	and	dissolution	behavior.	Compaction	processes	will	not	be	discussed	further	here,	with	the	remainder	of	the	chapter	focusing	on	wet	granulation	and	agitative	processes	(for	further	discussion	regarding	compaction,	see	chapter	8	and	12	and	Refs.
2,3,7,8,12,13).	2.1.4	FORMULATION	VERSUS	PROCESS	DESIGN	The	end-use	properties	of	granulated	material	are	controlled	by	granule	size	and	internal	granule	voidage	or	porosity.	Internal	granule	voidage	(or	porosity)	εgranule	and	bed	voidage	εbed,	or	voidage	between	granules,	are	related	by:	bulk	=	granule	(1	bed)	=	e	(1	bed)(1	granule)	(2.1)
where	ρbulk,	ρgranule,	and	ρe	are	bulk,	granule	and	envelop	primary	particle	density,	respectively.	Here,	granule	voidage	and	granule	porosity	will	be	used	interchangeably.	Granule	structure	may	also	influence	properties.	To	achieve	the	desired	product	quality	as	defined	by	metrics	of	end-use	properties,	granule	size	and	voidage	may	be
manipulated	by	changes	in	either	process	operating	variables	or	product	material	variables,	which	affect	the	underlying	granulation	and	compaction	mechanisms,	as	initially	outlined	by	Ennis	[4,5],	and	later	developed	further	by	Ennis	and	Litster	[2,3,6].	The	first	approach	is	the	realm	of	traditional	process	engineering,	whereas	the	second	is	product
engineering	or	quality	by	design.	Both	approaches	are	critical	and	must	be	integrated	to	achieve	the	desired	end-point	in	product	quality.	Operating	variables	are	defined	by	the	chosen	granulation	technique	and	peripheral	processing	equipment,	as	listed	for	typical	pharmaceutical	processes	in	Figure	2.4.	In	addition,	the	choice	of	agglomeration
technique	dictates	the	mixing	pattern	of	the	vessel.	Material	variables	include	parameters	such	as	binder	viscosity	or	wet	mass	rheology,	surface	tension,	feed	particle	size	distribution,	powder	friction,	and	the	adhesive	properties	of	the	solidified	binder.	Material	variables	are	specified	by	the	choice	of	ingredients	or	product	formulation.	Both
operating	and	material	variables	together	define	the	kinetic	16	Pharmaceutical	Granulation	Technology	Batch	Fluid-Bed	Granulator	Granulation	time	Batch	High	Shear	Mixer	Granulator	Granulation	time	Liquid	addition,	loading	&	rate	Nozzle	height	Drop	size	Spray	rate	Impeller	&	chopper	design	&	location	Bed	height,	moisture	&	temperature
Impeller	&	chopper	speed	Distributor	design	Bed	weight,	moisture	&	temperature	Gas	velocity,	RH	&	temperature	Subsequent	drying	FIGURE	2.4	Typical	Operating	Variables	for	Pharmaceutical	Granulation	Processes.	Source:	From	Refs.	[2,5,8].	mechanisms	and	rate	constants	of	wetting,	growth,	consolidation,	and	attrition.	Overcoming	a	given	size
enlargement	problem	often	requires	changes	in	both	processing	conditions	and	in	product	formulation.	The	importance	of	granule	voidage	to	final	product	quality	is	illustrated	in	Figures	2.5	and	2.6	for	a	variety	of	formulations.	Here,	bulk	density	is	observed	to	decrease,	and	granule	attrition	to	increase.	Similarly,	the	dissolution	rate	is	known	to
increase	with	an	increase	in	the	granule	voidage	[1,5].	Bulk	density	is	clearly	a	function	of	both	granule	size	distribution,	which	controls	bed	voidage	and	the	voidage	or	porosity	within	the	granule	itself.	The	data	of	Figure	2.5	is	nor	malized	with	respect	to	its	zero	intercept,	or	its	effective	bulk	density	at	zero-granule	voidage.	The	granule	attrition
results	of	Figure	2.6	are	based	on	a	CIPAC	test	method,	which	is	effectively	the	percentage	of	fines	passing	a	fine	mesh	size	following	attrition	in	a	tumbling	apparatus.	Granules	weaken	with	increased	voidage.	All	industries	have	their	own	specific	quality	and	in-process	evaluation	tests.	However,	what	they	have	in	common	are	the	important
contributing	effects	of	granule	size	and	granule	voidage	in	controlling	granule	quality.	The	importance	of	distinguishing	between	the	effects	of	process	versus	formulation	changes	can	be	illustrated	with	the	help	of	Figure	2.6.	Let	us	assume	the	particular	formulation	and	current	process	conditions	produce	a	granulated	material	with	a	given	attrition
resistance	and	dissolution	behavior	(indicted	as	“current	product”).	If	one	desires	instead	to	reach	a	given	“target,”	either	the	formulation	or	process	variable	may	be	changed.	Changes	to	the	process,	or	operating	variables,	generally	readily	alter	granule	voidage.	Examples	to	decrease	voidage	might	include	increased	bed	height,	increased	processing
time,	or	increased	peak	bed	moisture.	However,	only	a	range	of	such	changes	in	voidage	is	possible	for	a	given	formulation.	The	various	curves	are	due	to	changes	in	formulation	properties.	Therefore,	it	may	not	be	possible	to	reach	a	target	change	in	granule	properties	without	changes	in	formulation,	or	material	variables.	Examples	of	key	material
vari	ables	affecting	voidage	would	include	feed	primary	particle	size,	inherent	formulation	bond	strength,	and	binder	solution	viscosity,	as	discussed	in	detail	in	the	following	sections.	This	crucial	interaction	between	operating	and	material	variables	is	crucial	for	the	successful	formulation	and	requires	substantial	collaboration	between	processing	and
formulation	groups	and	a	clear	knowledge	of	the	effect	of	scale-up	on	this	interaction.	Theory	of	Granulation	17	FIGURE	2.5	Impact	of	Granule	Density	on	Bulk	Density.	Normalized	Bulk	Density	as	a	Function	of	Granule	Voidage.	Source:	From	Ref.	[5].	2.1.5	KEY	HISTORICAL	INVESTIGATIONS	A	range	of	historical	investigations	has	been	undertaken
involving	the	impact	of	operating	vari	ables	on	granulation	behavior	[4–6,14–23].	Two	key	pieces	of	historical	investigation	require	mention,	as	the	approach	developed	here	stems	heavily	from	this	work.	The	first	involves	growth	and	breakage	mechanisms	that	control	the	evolution	of	the	granule	size	distribution	[17]	(Figure	2.7).	There	are	strong
interactions	between	these	mechanisms.	In	addition,	various	forms	have	been	incorporated	into	population	balances	modeling	to	predict	granule	size	in	the	work	of	Sastry	and	Kapur	[17–21]	(see	chapter	23	for	details).	Given	the	progress	made	in	connecting	rate	constants	to	formulation	properties,	the	utility	of	population	balance	modeling	has
increased	substantially.	The	second	important	area	of	contribution	involves	the	work	of	Rumpf	and	colleagues	[22–24],	who	studied	the	impact	of	interparticle	force	H,	and	in	detail	for	capillary	forces,	on	granule	static	tensile	strength,	or:	T	=	9	1	8	H	1	=A	2	a	cos	a	with	A	=	9/4	for	pendular	state	A	=	9	for	capillary	state	(2.2)	Forces	of	a	variety	of
forms	were	studied,	including	viscous,	semisolid,	solid,	electrostatic,	and	van	der	Waals	forces	Of	particular	importance	was	the	contribution	of	pendular	bridge	force	arising	from	surface	tension,	and	its	contribution	to	granule	tensile	strength.	Capillary	pressure	deficiency	18	Pharmaceutical	Granulation	Technology	FIGURE	2.6	Impact	of	Granule
Density	on	Strength	and	Attrition.	Illustration	of	Process	Changes	Versus	Formulation	Changes.	Individual	Trendlines	Represent	the	Processing	Range	for	a	Given	Formulation.	Source:	From	Ref.	[5].	FIGURE	2.7	Growth	and	Breakage	Mechanisms	in	Granulation	Processes.	Source:	From	Ref.	[17].	Theory	of	Granulation	19	FIGURE	2.8	Static	Yield
Strength	of	Wet	Agglomerates	Versus	Pore	Saturation.	Source:	From	Refs.	[21,22].	due	to	the	curvature	of	the	pendular	bridge	in	addition	to	a	contact	line	force	results	in	an	interparticle	force,	as	highlighted	in	Figure	2.8	(here,	interparticle	velocity	U	=	0).	This	force	summed	over	the	granule	area	results	in	a	granule	static	strength,	which	is	a
function	of	pore	saturation	S.	The	states	of	pore	filling	have	been	defined	as	pendular	(single	bridges),	fu	nicular	(partial	complete	filling	and	single	bridges),	and	capillary	(nearly	complete	filling	S	~	80–100%),	followed	by	drop	formation	and	loss	of	static	strength.	This	approach	will	be	extended	in	subsequent	sections	to	include	viscous	forces	and
dynamic	strength	behavior	(U	≠	0).	The	approach	taken	in	this	chapter	follows	this	same	vein	of	research	as	originally	established	by	Rumpf	and	Kapur,	namely,	relating	granule	and	particle	level	interactions	to	bulk	behavior	through	the	development	of	the	rate	processes	of	wetting	and	nucleation,	granule	growth	and	consolidation,	and	granule
breakage	and	attrition.	Each	of	these	will	now	be	dealt	with	in	the	subsequent	sections.	2.2	WETTING	2.2.1	OVERVIEW	The	initial	distribution	of	binding	fluid	can	have	a	pronounced	influence	on	the	size	distribution	of	seed	granules,	or	nuclei,	which	are	formed	from	the	fine	powder.	Both	the	final	extent	of	and	the	rate	at	which	the	fluid	wets	the
particulate	phase	are	important.	Poor	wetting	results	in	drop	coalescence,	fewer	larger	nuclei	with	ungranulated	powder,	and	over-wetted	masses,	leading	to	broad	nuclei	distributions.	Granulation	can	retain	a	memory,	with	nuclei	size	distribution	im 	pacting	final	granule	size	distribution.	Therefore,	initial	wetting	can	be	critical	to	uniform	nuclei
formation	and	often	a	narrow,	uniform	product.	Wide	nuclei	distributions	can	lead	to	a	wide	granule	size	distribution.	When	the	size	of	the	particulate	feed	material	is	larger	than	drop	size,	wetting	dynamics	controls	the	distribution	of	coating	material,	which	has	a	strong	influence	on	the	later	stages	of	growth.	Wetting	phenomena	also	influence	the
redistribution	of	individual	ingredients	within	a	granule,	drying	processes,	and	redispersion	of	granules	in	a	fluid	phase.	Other	granule	properties	such	as	voidage,	strength,	and	attrition	resistance	may	be	influenced	as	well.	Preferential	wetting	of	certain	formulation	ingredients	can	cause	component	segregation	across	granule	size	classes.	An
extensive	review	of	wetting	research	may	be	found	in	Parfitt	[25],	Litster	and	Ennis	[6],	and	Hapgood	[26].	20	Pharmaceutical	Granulation	Technology	FIGURE	2.9	Stages	of	Wetting	for	Fine	Powder	as	Wet	by	Comparatively	Larger	Drop	Size.	Source:	From	Refs.	[5,6].	2.2.2	MECHANICS	OF	THE	WETTING	RATE	PROCESS	Wetting	is	the	first	stage	in
wet	granulation	involving	liquid	binder	distribution	onto	the	feed	powder.	There	are	two	extremes:	(i)	liquid	drop	size	is	large	as	compared	to	feed	particle	or	granule	size,	and	(ii)	particle	size	is	large	as	compared	to	the	drop	size.	In	the	first	case,	the	wetting	process	consists	of	several	important	steps	(Figure	2.9).	First,	droplets	are	formed	related	to
spray	dis	tribution	or	spray	flux	defined	as	the	wetting	area	of	the	bed	per	unit	time.	Both	atomization	and	the	rate	of	drops	are	critical.	In	addition	to	binder	viscosity	and	rheology,	important	operating	variables	include	nozzle	position,	spray	area,	spray	rate,	and	drop	size.	Second,	droplets	impact	and	coalesce	on	the	powder	bed	surface	if	mixing	or
wet-in	time	is	slow,	or	the	spray	flux	is	low.	Third,	droplets	spread	and	penetrate	into	the	moving	powder	bed	to	form	loose	nuclei,	again	coalescing	if	wet-in	is	slow	or	mixing	is	slow.	In	the	case	of	high-shear	processes,	shear	forces	breakdown	over-wet	clumps,	also	producing	nuclei.	For	the	second	case	of	small	drop	size	compared	with	the	primary
particle	size,	the	liquid	will	coat	the	particles.	The	coating	is	produced	by	collisions	between	the	drop	and	the	particle	followed	by	the	spreading	of	the	liquid	over	the	particle	surface.	If	the	particle	is	porous,	then	the	liquid	will	also	be	sucked	into	its	pores	by	capillary	action,	lowering	the	effective	moisture	content	promoting	growth	[27].	Wetting
dynamics	control	the	distribution	of	coating	material	on	large	particles	or	formed	granules,	which	has	a	strong	influence	on	the	later	stages	of	growth	as	well	as	coating	quality.	2.2.3	METHODS	OF	MEASUREMENT	Methods	of	characterizing	wetting	consist	of	four	possible	approaches:	(i)	drop	spreading	on	powder	compacts,	(ii)	penetration	of	fluid
into	powder	beds,	(iii)	particle	penetration	into	fluids,	and	(iv)	interfacial	characterization	of	powder	surfaces	[2,5,6].	In	the	first	approach,	the	ability	of	a	drop	to	spread	is	considered	[25,28],	and	it	involves	the	measurement	of	a	contact	angle	θ	of	a	drop	on	a	powder	compact,	given	by	the	Young-Dupré	equation,	or	sv	sl	=	lv	cos	(2.3)	where	γsv,	γsl,
γlv	are	the	solid-vapor,	solid-liquid,	and	liquid-vapor	interfacial	energies,	respec	tively,	and	θ	is	measured	through	the	liquid.	In	the	limit	of	γsv−	γsl	≥	γlv,	the	contact	angle	equals	0°	and	the	fluid	spreads	on	the	solid	and	is	often	referred	to	as	the	spreading	coefficient.	The	extent	of	wetting	is	controlled	by	the	group	γlv	cosθ,	which	is	referred	to	as
adhesion	tension.	Sessile	drop	studies	of	contact	angle	can	be	performed	on	powder	compacts	in	the	same	way	as	on	planar	surfaces.	Methods	involve	(i)	the	direct	measurement	of	the	contact	angle	from	the	tangent	to	the	air-binder	interface,	(ii)	solution	of	the	Laplace-Young	equation	involving	the	contact	angle	as	a	boundary	condition,	or	(iii)
indirect	calculations	of	the	contact	angle	from	measurements	of,	for	example,	drop	height.	The	compact	can	either	be	saturated	with	the	fluid	for	static	measurements,	or	dynamic	measurements	may	be	made	through	a	computer	imaging	goniometer	(Figure	2.10).	Theory	of	Granulation	21	FIGURE	2.10	Characterizing	Wetting	by	Dynamic	Contact
Angle	Goniometry.	Source:	From	Refs.	[5,28].	For	granulation	processes,	the	dynamics	of	wetting	are	often	crucial,	requiring	that	powders	be	compared	on	the	basis	of	a	short	timescale,	dynamic	contact	angle.	In	addition,	spreading	velocity	can	be	measured.	Important	factors	are	the	physical	nature	of	the	powder	surface	(particle	size,	pore	size,
porosity,	environment,	roughness,	pretreatment).	The	dynamic	wetting	process	is,	therefore,	influenced	by	the	rates	of	ingredient	dissolution	and	surfactant	adsorption	and	desorption	kinetics	[29].	The	second	approach	to	characterize	wetting	considers	the	ability	of	the	fluid	to	penetrate	into	a	powder	bed	(Figure	2.11).	It	involves	the	measurement
of	the	extent	and	rate	of	fluid	rise	by	capillary	suction	into	a	column	of	powder,	better	known	as	the	Washburn	test	or	the	Bartell	cell	variant	[30,31].	Considering	the	powder	to	consist	of	capillaries	of	radius	R,	the	equilibrium	height	of	rise	he	is	determined	by	equating	capillary	and	gravimetric	pressures,	or:	he	=	2	lv	cos	gR	(2.4)	where	Δρ	is	the
fluid	density	with	respect	to	air,	and	g	is	gravity.	In	addition	to	the	equilibrium	height	of	rise,	the	dynamics	of	penetration	are	particularly	important.	Ignoring	gravity	and	equating	viscous	losses	with	the	capillary	pressure,	the	rate	(dh/dt)	and	dynamic	height	of	rise	h	are	given	by:	22	Pharmaceutical	Granulation	Technology	FIGURE	2.11
Characterizing	Wetting	by	Washburn	Test	and	Capillary	Rise.	Source:	From	Refs.	[5,28].	R	lv	cos	dh	=	,	or	h	=	dt	4	h	R	lv	cos	2	t	(2.5)	where	t	is	time	and	μ	is	binder	fluid	viscosity	[30].	The	grouping	of	terms	in	brackets	involves	the	material	properties	that	control	the	dynamics	of	fluid	penetration,	namely	average	pore	radius,	or	tortuosity	R	(related
to	particle	size	and	void	distribution	of	the	powder),	adhesion	tension,	and	binder	viscosity.	The	rate	of	capillary	fluid	rise,	or	the	rate	of	binding	fluid	penetration	in	wet	granulation,	increases	with	increasing	pore	radius	(generally	coarser	powders	with	larger	surfacevolume	average	particle	size),	increasing	adhesion	tension	(increased	surface	tension
and	de	creased	contact	angle),	and	decreased	binder	viscosity.	The	contact	angle	of	a	binder-particle	system	itself	is	not	a	primary	thermodynamic	quantity,	but	rather	a	reflection	of	individual	interfacial	energies,	which	are	a	function	of	the	molecular	interactions	of	each	phase	with	respect	to	one	another.	Interfacial	energy	may	be	broken	down	into
its	dispersion	and	polar	components.	These	components	reflect	the	chemical	character	of	the	interface,	with	the	polar	component	due	to	hydrogen	bonding	and	other	polar	interactions	and	the	dispersion	component	due	to	van	der	Waals	interactions.	These	components	may	be	determined	by	the	wetting	tests	described	here,	where	a	variety	of
solvents	are	chosen	as	the	wetting	fluids	to	probe-specific	molecular	interactions	[32].	Interfacial	energy	is	strongly	influenced	by	trace	impurities	that	arise	in	the	crystallization	of	the	active	ingredient,	or	other	forms	of	processing	such	as	grinding.	It	may	be	modified	by	the	judicious	selection	of	surfactants	[32,33].	Charges	can	also	exist	at
interfaces,	as	characterized	by	electrokinetic	studies	[34].	The	total	solid-fluid	interfacial	energy	(i.e.,	both	dispersion	and	polar	components)	is	also	referred	to	as	the	critical	solid	surface	energy	of	the	particulate	phase.	It	is	equal	to	the	surface	tension	of	a	fluid,	which	just	wets	the	solid	with	zero	contact	angle.	This	property	of	the	particle	feed	may
be	determined	by	a	third	approach	to	characterize	wetting,	involving	the	penetration	of	particles	into	a	series	of	fluids	of	varying	surface	tension	[33,35],	or	by	the	variation	of	sediment	height	[36].	The	last	approach	to	characterizing	wetting	involves	chemical	probing	of	properties,	which	control	surface	energy	[34,37].	As	just	described,	these
methods	include	electrokinetic	and	surfactant	adsorption	studies.	Additional	methods	are	moisture	or	solvent	adsorption	studies	Theory	of	Granulation	23	and	inverse	gas	chromatography	(IGC).	A	distinct	advantage	of	IGC	is	reproducible	mea	surements	of	physical	and	chemical	surface	properties	that	control	adhesion	tension.	IGC	uses	the	same
principles	and	equipment	as	standard	gas	chromatography	[38],	however,	the	role	of	the	gas	and	solid	phases	are	reversed.	In	the	case	of	IGC,	the	mobile	phase	consists	of	probe	gas	molecules	that	move	through	a	column	packed	with	the	powder	of	interest,	which	is	now	the	stationary	phase.	As	the	probe	molecules	travel	through	the	column,	they
adsorb	onto	and	desorb	off	the	powder.	The	rate	and	degree	of	this	interaction	are	determined	by	the	surface	chemistry	of	the	powder	and	the	probe	molecules.	Since	the	surface	chemistry	of	the	probe	molecules	is	known,	this	allows	the	calculation	of	the	surface	energies	of	the	powder	with	the	help	of	a	series	of	plots	of	alkane	and	various	polar
probes.	The	strength	of	the	solid/liquid	interactions	determines	the	average	retention	time	of	a	probe,	which	is	converted	into	net	retention	volume	VN.	The	free	energy	of	desorption	is	then	given	by:	G	=	RT	lnVN	+	c	=	2Na	D	D	S	L	+	P	P	S	L	(2.6)	where	R	is	the	universal	gas	constant,	T	is	the	column	temperature,	c	is	a	system	constant,	N	is
Avogadro’s	number,	and	a	is	the	surface	area	of	a	probe	molecule.	As	illustrated	in	Figure	2.12,	a	plot	of	RT	lnVN	versus	a	D	L	should	give	a	straight	line	for	a	series	of	alkanes,	the	slope	of	which	allows	determination	of	the	solid’s	dispersive	surface	energy	RT	lnVN	versus	a	D	L	D	S.	Plotting	for	the	polar	probes	will	give	a	point	that	is	generally
somewhere	above	the	alkane	reference	line.	The	polar	solid	energy	deviations.	2.2.4	GRANULATION	EXAMPLES	OF	P	S	is	then	found	from	a	plot	of	these	WETTING	Wetting	dynamics	have	a	pronounced	influence	on	initial	nuclei	distribution	formed	from	the	fine	powder.	As	an	example,	the	initial	nuclei	size	in	fluid-bed	granulation	is	shown	to
increase	with	FIGURE	2.12	Characterizing	Wetting	by	Inverse	Gas	Chromatography.	Source:	From	Ref.	[5].	24	Pharmaceutical	Granulation	Technology	decreasing	contact	angle,	and	therefore	increasing	adhesion	tension	(Figure	2.13).	The	water	contact	angle	was	varied	by	changing	the	percentages	of	hydrophilic	lactose	and	hydrophobic	salicylic
acid	[39].	Aulton	et	al.	[40]	also	demonstrated	the	influence	of	surfactant	concentration	on	shifting	nuclei	size	due	to	changes	in	adhesion	tension.	Figure	2.14A	illustrates	an	example	of	dynamic	imaging	of	drop	wetting,	where	a	time	series	of	drop	profiles	are	imaged	as	a	drop	wets	into	a	formulation.	Note	that	the	timescale	of	wetting,	in	this	case,	is
two	seconds,	with	nearly	complete	wet-in	occurring	in	one	second.	This	particular	formulation	was	granulated	on	a	continuous	pan	system	in	excess	of	2	ton/hr.	Figure	2.14B	compares	differences	in	lots	of	the	formulation.	Note	that	a	second	lot—referred	to	as	problem	active—experiences	significantly	degraded	granule	strength	and	required
production	rates	to	be	substantially	reduced.	This	is	associated	with	nearly	twice	the	initial	contact	angle	(120°)	and	a	slower	spreading	velocity	when	compared	with	the	good	active.	Poor	wetting	in	practice	can	translate	into	reduced	production	rates	to	compensate	for	increased	time	for	drops	to	work	into	the	powder	bed	surface.	Weaker	granules
are	also	often	observed,	since	poor	wet	phase	interfacial	behavior	translates,	in	part,	to	poor	solid	bond	strength	and	high	granule	voidage.	Note	that	dif 	ferences	in	the	lots	are	only	observed	over	the	first	one-fourth	to	half	a	second,	illustrating	the	importance	of	comparing	dynamic	behavior	of	formulations,	after	which	time	surfactant	adsorp-
tion/desorption	reduces	contact	angle.	As	an	example	of	Washburn	approaches,	the	effect	of	the	rate	and	extent	of	fluid	penetration	on	granule	size	distribution	for	drum	granulation	were	shown	by	Gluba	[41].	Increasing	penetration	rate,	as	reflected	by	(2.5)	increased	granule	size	and	decreased	asymmetry	of	the	granule	size	distribution	(Figure
2.15).	FIGURE	2.13	The	Influence	of	Contact	Angle	on	Nuclei	Size	Formed	in	the	Fluid-Bed	Granulation	of	Lactose/Salicylic	Acid	Mixtures.	Powder	Contact	Angle	Determined	by	Goniometry	and	Lactose	Percentage	of	Each	Formulation	is	Given	in	Parentheses.	Source:	From	Ref.	[39].	Theory	of	Granulation	25	FIGURE	2.14	Dynamic	Imaging	of	Drop
Wetting	and	its	Impact	on	Continuous	Pan	Granulation.	(a)	Dynamic	Image	of	a	Drop	Wetting	into	a	Formulation	with	a	Good	Active	Ingredient.	(b)	Comparison	of	Surface	Spreading	Velocity	and	Dynamic	Contact	Angle	Versus	Time	for	Good	and	Problem	Active	Ingredients	or	Technical.	Problem	Active	Required	Reduced	Production	Rates.	Source:
From	Ref.	[5].	FIGURE	2.15	Influence	of	Capillary	Penetration	on	Drum	Granule	Size.	Increasing	Penetration	Rate,	as	Reflected	by	(2.5)	Increases	Granule	Size	and	Decreases	Asymmetry	of	the	Granule	Size	Distribution.	Source:	From	Ref.	[41].	2.2.5	REGIMES	OF	NUCLEATION	AND	WETTING	The	mechanisms	of	nucleation	and	wetting	may	be
determined	from	a	wetting	regime	map	(Figure	2.16),	and	is	controlled	by	two	key	parameters.	The	first	is	the	time	required	for	a	drop	to	wet	into	the	moving	powder	bed,	in	comparison	to	the	circulation	time	of	the	process.	As	26	Pharmaceutical	Granulation	Technology	FIGURE	2.16	A	Possible	Regime	Map	of	Nucleation,	Relating	Spray	Flux,	Solids
Mixing	(Solids	Flux	and	Circulation	Time),	and	Formulation	Properties.	Source:	From	Refs.	[5–7,26,42].	discussed	previously,	this	wet-in	time	is	strongly	influenced	by	formulation	properties	[(2.5)].	The	second	parameter	is	the	actual	spray	rate	or	spray	flux,	in	comparison	with	solids	flux	moving	through	the	spray	zones.	Spray	flux	is	strongly
influenced	by	process	design	and	op	eration.	If	wet-in	is	rapid	and	spray	fluxes	are	low,	individual	drops	will	form	discrete	nuclei	somewhat	larger	than	the	drop	size	in	a	droplet-controlled	regime.	At	the	other	extreme,	if	drop	penetration	is	slow	and	spray	flux	is	large,	drop	coalescence	and	pooling	of	binder	material	will	occur	throughout	the	powder
bed.	Shear	forces	due	to	solids	mixing	must	then	breakdown	overwet	masses	or	clumps	in	a	mechanical	dispersion	regime,	independent	of	drop	distribution.	Drop	overlap	and	coalescence	occur	to	varying	extents	in	a	transitional	intermediate	regime,	with	an	increasingly	wider	nucleation	distribution	being	formed	for	increasing	spray	flux	and
decreasing	wet-in	time.	To	better	understand	the	impact	of	process	design	and	scale-up,	we	will	consider	drop	pene	tration	time	and	spray	flux	in	greater	detail.	Small	penetration	time	is	desirable	for	dropletcontrolled	nucleation.	Dimensionless	drop	penetration	time	Tp	is	given	by	Hapgood	[26]:	Tp	=	tp	tc	where	t	p	=	1.35	Vd2/3	2	eff	(2.7)	Reff	cos
Note	the	similarity	with	the	Washburn	relation	(2.5).	Dimensionless	drop	wet-in	time	decreases	with	increasing	pore	radius	Reff,	decreasing	binder	viscosity	μ,	increasing	adhesion	tension	γ	cosθ,	decreasing	drop	volume	Vd,	increasing	bed	porosity	εeff,	and	increasing	process	circulation	time	tc.	Circulation	time	is	a	function	of	mixing	and	bed	weight
and	can	change	with	scale-up.	Effective	pore	radius	Reff	is	related	to	the	surface-volume	average	particle	size	d32,	particle	shape	ϕ,	bed	porosity	ε,	tapped	porosity	εtap,	and	effective	porosity	εeff	by:	Reff	=	d32	3	1	eff	eff	eff	=	tap	1+	+	tap	(2.8)	To	remain	within	a	droplet-controlled	regime	of	nucleation,	the	penetration	time	tp	should	be	less	than
the	characteristic	circulation	time	tc	of	the	granulator	in	question.	Now	turning	attention	to	spray	distribution,	the	dimensionless	spray	flux	Ψd	is	the	ratio	of	the	rate	at	which	drops	cover	a	given	spray	area	ψd	to	the	rate	at	which	solids	move	through	this	same	zone	ψs	and	is	a	measure	of	the	density	of	drops	falling	on	the	powder	surface.	The	Theory
of	Granulation	27	volumetric	spray	rate	V′	and	drop	size	dd	determine	the	number	of	drops	formed	per	unit	time,	and,	therefore,	both	the	area	occupied	by	a	single	drop	and	the	total	drop	coverage	area	per	unit	time,	or	ψd	=	3V′/2dd.	The	dimensionless	spray	flux	is	then	given	as	follows:	d	=	d	s	=	3	V	2	dd	(2.9)	s	As	with	drop	penetration	time,	spray
flux	plays	a	role	in	defining	the	regimes	of	nucleation	(Figures	2.16	and	2.17)	[5,6,26].	For	small	spray	flux	(Ψd	<	0.1),	drops	will	not	overlap	on	contact	and	will	form	separate	discrete	nuclei	if	the	drops	also	have	fast	penetration	time.	For	large	spray	flux	(Ψd	>	.5),	however,	significant	drop	overlap	occurs,	forming	nuclei	much	larger	than	drop	size,
and	in	the	limit,	independent	of	drop	size.	Spray	flux	is	strongly	influenced	by	process	design.	For	the	case	of	random	drop	deposition	described	by	a	Poisson’s	distribution	(Figure	2.18),	Hapgood	[26]	showed	the	fraction	of	surface	covered	by	spray:	FIGURE	2.17	Monte-Carlo	Simulations	of	Drop	Coverage	on	a	Powder	Bed:	(A)	Ψd	=	0.26,	(B)	Ψd	=
0.59,	and	(C)	Ψd	=	2.4.	Source:	From	Refs.	[6,24].	FIGURE	2.18	Effect	of	Spray	Drop	Distribution	at	Low	Spray	Flux	on	Nuclei	Distribution.	Lactose	Feed	Powder	in	the	Spinning	Granulator.	Source:	From	Refs.	[33,42].	28	Pharmaceutical	Granulation	Technology	fsingle	=	1	exp(	d)	(2.10)	In	addition,	the	fraction	of	single	drops	forming	individual
nuclei	(assuming	rapid	drop	penetra	tion)	versus	the	number	of	agglomerates	formed	was	given	as	follows:	fsingle	=	exp(	4	d	)	(2.11)	and	fagglom	=	1	exp(	4	d	)	(2.12)	Examples	of	the	above	as	applied	to	nucleation	are	described	by	Litster	et	al.	[42].	Here,	nuclei	distribution	was	studied	as	a	function	of	drop	size	and	spray	flux.	For	a	moderate,
intermediate	spray	flux	of	Ψd	=	0.22,	a	clear	relationship	is	seen	between	nuclei	size	and	spray	distribution,	with	nuclei	formed	somewhat	larger	than	the	drop	size	(Figure	2.18).	In	addition,	the	nuclei	distribution	widens	with	the	increasing	formation	of	agglomerates	for	increasing	spray	flux	(Figure	2.19),	as	given	by	(2.12),	for	the	case	of	rapid	drop
penetration.	The	spray	flux	captures	the	impact	of	equipment	operating	variables	on	nucleation	and	wetting,	and	as	such	is	very	useful	for	scale-up	if	nucleation	rates	and	nuclei	sizes	are	to	be	maintained	constant	(Figure	2.16).	A	droplet-controlled	nucleation	regime	occurs	when	there	is	both	low	spray	flux—relatively	few	drops	overlap;	and	fast
droplet	penetration—drops	wet	into	the	bed	completely	before	bed	mixing	allows	further	drop	contact.	Nuclei	will	be	formed	of	somewhat	larger	than	the	drop	size.	A	mechanical	dispersion	regime	occurs	at	the	other	extreme	of	high	spray	flux—giving	large	drop	overlap	and	coalescence,	and	large	drop	penetration	times,	promoted	by	poor	wet-in
rates	and	slow	circulation	times,	and	poor	mixing.	In	this	regime,	nucleation	and	binder	dispersion	occurs	by	mechanical	agitation.	Viscous,	poorly	wetting	binders	are	slow	to	flow	through	pores	in	the	powder	bed	in	the	case	of	poor	penetration	time.	Drop	coalescence	on	the	powder	surface	occurs	(also	known	as	“pooling”)	creating	very	broad	nuclei
size	distributions.	Binder	solution	delivery	method	(drop	size,	nozzle	height)	typically	has	minimal	effect	on	the	nuclei	size	distribution,	though	interfacial	properties	may	affect	nuclei	and	final	granule	strength.	An	intermediate	regime	exists	for	moderate	drop	FIGURE	2.19	Agglomerate	Formation	with	Lactose,	Water,	and	HPLC	Spray	Solutions.
Source:	From	Refs.	[42].	Theory	of	Granulation	29	penetration	times	and	moderate	spray	flux,	with	the	resulting	nuclei	regime	narrowing	with	decreases	in	both.	There	are	several	implications	with	regard	to	the	nucleation	regime	map	in	the	troubleshooting	of	wetting	and	nucleation	problems.	If	drop	penetration	times	are	large,	making	adjustments
to	spray	may	not	be	sufficient	to	narrower	granule	size	distributions	if	remaining	in	the	mechanical	regime.	Significant	changes	to	wetting	and	nucleation	occur	only	if	changes	take	the	system	across	a	regime	boundary.	This	can	occur	in	an	undesirable	way	if	processes	are	not	scaled	with	due	attention	to	remaining	in	the	drop	controlled	regime,	or
alternatively,	within	the	mechanical	dis	persion	regime.	For	example,	scale-up	may	cause	a	granulation	process	to	move	from	one	regime	of	wetting	to	another,	resulting	in	unexpected	behavior	and	an	entirely	different	dependence	of	atomization	method	and	mixing.	2.2.6	EXAMPLE	OF	WETTING	REGIME	CALCULATION	As	an	example	of	wetting
calculations	[78],	consider	an	idealized	powder	bed	shown	in	Figure	2.20	of	width	B	=	0.10	m,	moving	past	a	flat	spray	of	spray	rate	dV/dt	=	100	mL/min	as	a	solids	velocity	of	w	=	1.0	m/sec.	For	a	given	spray	rate,	the	number	of	drops	is	determined	by	drop	volume	or	diameter	dd	=	100	μm,	which,	in	turn,	defines	the	drop	area	a	per	unit	time,	which
will	be	covered	by	the	spray,	giving	a	spray	flux	ψd	of:	d	=	dd2	3	(dV	/dt	)	3	(100	×	10	6	/60	m/s)	=	=	=	0.025	m2/s	4	2	dd	2	(100	×	10	6	m)	da	dV	/dt	=	dt	Vd	(2.13)	As	droplets	contact	the	powder	bed	at	a	certain	rate,	the	powder	moves	past	the	spray	zone	at	its	own	velocity,	or	at	solids	flux	ψs	given	for	this	simple	example	by:	s	=	dA	=	Bw	=	0.1	m	×
1.0	m/s	=	0.1	m2/	sec	dt	(2.14)	This	gives	a	dimensionless	spray	flux	of:	d	=	d	s	=	0.025	m2/	sec	=	0.25	0.1	m2/	sec	FIGURE	2.20	Idealized	Flat	Spray	Zone	in	a	Spinning	Riffle	Granulator.	Source:	From	Refs.	[6,24].	(2.15)	30	Pharmaceutical	Granulation	Technology	This	is	at	the	limit	of	allowable	spray	flux	to	remain	within	a	droplet-controlled	regime.
If	double	the	spray	rate	is	required,	wetting	and	nucleation	would	occur	within	the	mechanical	dispersion	regime,	diminishing	the	need	for	spray	nozzles.	To	lower	the	spray	rate	by	a	factor	of	two,	as	safety	for	droplet-controlled	nucleation,	either	two	nozzles	spread	well	apart,	double	the	solids	velocity,	or	half	the	spray	rate	would	be	needed	(e.g.,
doubling	the	spray	cycle	time).	Alternately,	smaller	drops	might	prove	helpful.	The	last	requirement	for	droplet-controlled	growth	would	be	a	short	drop	penetration	time.	For	a	lactose	powder	of	d32	=	20	μm,	and	loose	and	tapped	voidage	of	ε	=	0.60	and	εtap	=	0.40,	the	effective	voidage	and	pore	radius	are	given	by:	eff	=	Reff	=	tap	1	d32	3	1	+	eff
tap	=	eff	=	0.4(1	0.6	+	0.4)	=	0.32	0.9	×	20	0.32	3	1	0.32	=	2.8	m	(2.16)	(2.17)	The	penetration	time	should	be	no	more	than	10%	of	the	circulation	time.	For	water	with	a	viscosity	of	μ	=	1,	cp	=	0.001	Pa/sec,	and	adhesion	tension	of	γ	cosθ	=	.033	N/m,	we	obtain	a	penetration	time	of	tp	=	1.35	Vd2/3	2	eff	Reff	cos	=	1.35	(100	×	10	6	/6)2/3	0.322
0.001	2.8	×	10	6	×	0.033	=	0.0009	sec	(2.18)	Note	that	the	penetration	time	is	a	strong	function	of	drop	size	(	dd2	)	and	viscosity.	For	a	100fold	increase	in	viscosity	representative	of	a	typical	binding	solution	and	twice	the	drop	size,	the	penetration	time	would	increase	to	0.4	seconds.	This	time	could,	in	fact,	be	short	when	compared	with	the
circulation	times	of	high-shear	systems,	suggesting	a	move	toward	mechanical	dispersion.	2.3	GRANULE	GROWTH	AND	CONSOLIDATION	2.3.1	MECHANICS	OF	GROWTH	AND	CONSOLIDATION	The	evolution	of	the	granule	size	distribution	is	controlled	by	several	mechanisms.	The	nucleation	of	fine	powders	and	coating	of	existing	granules	by	the
fluid	phase	has	already	been	discussed	in	the	previous	section.	Breakage	mechanisms	will	be	treated	in	the	following.	Here,	we	focus	particularly	on	growth	and	consolidation	mechanisms.	Granule	growth	includes	the	coalescence	of	existing	granules	as	well	as	the	layering	of	fine	powder	onto	previously	formed	nuclei	or	granules.	The	breakdown	of
wet	clumps	into	a	stable	nuclei	distribution	can	also	be	included	among	coa	lescence	mechanisms.	As	granules	grow	by	coalescence,	they	are	simultaneously	compacted	by	consolidation	mechanisms,	which	reduce	internal	granule	voidage	or	porosity,	which	impacts	granule	strength	and	breakage.	There	are	strong	interactions	between	growth	and
consolidation,	as	illustrated	in	Figure	2.21.	For	fine	powder	feed,	granule	size	often	progresses	through	rapid,	exponential	growth	in	the	initial	nucleation	stage,	followed	by	linear	growth	in	the	transition	stage,	finishing	with	very	slow	growth	in	a	final	balling	stage.	Simultaneously	with	growth,	granule	porosity	is	seen	to	decrease	with	time	as	the
granules	are	compacted.	Granule	growth	and	consolidation	are	intimately	connected;	Theory	of	Granulation	31	FIGURE	2.21	Granule	Porosity	and	Mean	(Pellet)	Size.	Typical	Regimes	of	Granule	Growth	and	Consolidation,	Shown	for	Drum	Granulation	of	Fine	Limestone.	Source:	From	Refs.	[18–21].	increases	in	granule	size	are	shown	here	to	be
associated	with	a	decrease	in	granule	porosity.	This	is	a	dominant	theme	in	wet	granulation.	As	originally	outlined	in	Ennis	[4],	these	growth	patterns	are	common	throughout	the	fluidized	bed,	drum,	pan,	and	high-shear	mixer	processes	for	a	variety	of	formulations.	Specific	mechanisms	of	growth	may	dominate	for	a	process—sometimes	to	the
exclusion	of	others,	with	the	prevailing	mechanisms	dictated	by	the	interaction	of	formulation	properties,	which	control	granule	deformability,	and	operating	variables,	which	control	the	local	level	of	shear,	or	bed	agitation	intensity.	For	two	colliding	granules	to	coalesce	rather	than	break	up,	the	collisional	kinetic	energy	must	first	be	dissipated	to
prevent	rebound	as	illustrated	in	Figure	2.22.	In	addition,	the	strength	of	the	bond	must	resist	any	subsequent	breakup	forces	in	the	process.	The	ability	of	the	granules	to	deform	during	processing	may	be	referred	to	as	the	formulation’s	deformability,	and	deformability	has	a	large	effect	on	the	growth	rate,	as	well	as	granule	consolidation.	Increases
in	deformability	increase	the	bonding	or	contact	area,	thereby	dissipating	and	resisting	breakup	forces.	From	a	balance	of	binding	and	separating	forces	and	torque	acting	within	the	area	of	granule	contact,	Ouchiyama	and	Tanaka	[43]	derived	a	critical	limit	of	size	above	which	coalescence	becomes	impossible	or	a	maximum	growth	limit	is	given	by:
Dc	=	(AQ3/2K3/2	T	)1/4	plastic	deformation(K	(AQK3/2	1/3	T)	elastic	deformation(K	1/H	)	1/	E2/3)	(2.19)	Here,	K	is	deformability,	a	proportionality	constant	relating	the	maximum	compressive	force	Q	to	the	deformed	contact	area,	A	is	a	constant	with	units	of	[L3/F]	and	σT	is	the	tensile	strength	of	the	granule	bond.	Depending	on	the	type	of	collision,
deformability	K	is	a	function	of	either	hardness	H,	or	reduced	elastic	modulus	E*.	Granules	are	compacted	as	they	collide.	This	expels	pore	fluid	to	32	Pharmaceutical	Granulation	Technology	FIGURE	2.22	Mechanisms	of	Granule	Coalescence	for	Low	and	High	Deformability	Systems.	Rebound	Occurs	for	Average	Granule	Sizes	Greater	than	the
Critical	Granule	Size	Dc.	K	=	Deformability.	Granule	Structures	Resulting	From	(a)	Low-	and	(b)	High-Deformability	Systems,	Typical	for	Fluid-Bed	and	High-Shear	Mixer	Granulators,	Respectively.	Source:	From	Refs.	[1,2,4,5,7].	the	granule	surface,	thereby	increasing	local	liquid	saturation	in	the	contact	area	of	colliding	granules.	This	surface	fluid
(i)	increases	the	tensile	strength	of	the	liquid	bond	σT,	and	(ii)	increases	surface	plasticity	and	deformability	K.	The	degree	of	granule	deformation	taking	place	during	granule	collisions	defines	possible	growth	mechanisms	(Figure	2.22).	If	little	deformation	takes	place,	the	system	is	referred	to	as	a	low-deformability/low-shear	process.	This	generally
includes	fluid	bed,	drum,	and	pan	granulators.	Growth	is	largely	controlled	by	the	extent	of	any	surface	fluid	layer	and	surface	deformability,	which	act	to	dissipate	collisional	kinetic	energy	and	allow	permanent	coalescence.	Growth	gen	erally	occurs	at	a	faster	timescale	than	overall	granule	deformation	and	consolidation.	This	is	depicted	in	Figure
2.22,	where	smaller	granules	can	still	be	distinguished	as	part	of	a	larger	granule	structure,	or	a	popcorn-type	appearance	as	often	occurs	in	fluid-bed	granulation.	Note	that	such	a	structure	may	not	be	observed	if	layering	or	nucleation	alone	dominates.	Granules	may	also	be	compacted,	becoming	smoother	over	time	because	of	the	longer-timescale
process	of	consolida	tion.	Granule	coalescence	and	consolidation	have	less	interaction	than	they	do	with	high	de	formability	systems,	making	low-deformability/	low-shear	systems	easier	to	scale-up	and	control,	for	systems	without	high	recycling.	For	high-shear	rates,	large	granule	deformation	occurs	during	collisions,	and	granule	growth	and
consolidation	occur	on	the	same	timescale.	Such	a	system	is	referred	to	as	a	deformable/highshear	process,	and	includes	a	continuous	pin	and	plow	shear-type	mixers,	as	well	as	batch	highshear	pharmaceutical	mixers.	In	these	cases,	kinetic	energy	is	dissipated	through	the	deformation	of	the	wet	mass	composing	the	granule.	Rather	than	the	sticking
together	mechanism	of	lowdeformability	processes	such	as	a	fluid-bed,	granules	are	smashed	or	kneaded	together,	and	smaller	granules	are	not	distinguishable	within	the	granule	structure	(Figure	2.22).	High-shear	and	highdeformable	processes	generally	produce	denser	granules	than	their	low-deformability	counterpart.	In	addition,	the	combined
and	competing	effects	of	granule	coalescence	and	consolidation	make	high-shear	processes	difficult	to	scale-up.	Although	these	extremes	of	growth	are	still	the	subject	of	much	research	investigation,	a	general	model	has	emerged	to	help	process	engineers	unravel	the	impact	of	operating	variables	and	process	selection.	Two	key	dimensionless	groups
control	growth.	As	originally	defined	by	Ennis	[4]	and	Theory	of	Granulation	33	Tardos	and	Khan	[44],	these	are	the	viscous	and	deformation	Stokes	numbers	are	given,	respec	tively,	by:	St	v	=	St	def	=	u2	y	4	u	d	9	(impact)	or	(2.20)	(du	/dx	)2	d	2	y	(shear)	(2.21)	The	viscous	Stokes	number	Stv	is	the	ratio	of	kinetic	energy	to	viscous	work	due	to
binding	fluid	occurring	during	granule/particle	collisions.	Low	Stv	or	low	granule	energy	represents	an	increased	likelihood	of	granule	coalescence	and	growth,	and	this	occurs	for	small	granule	or	particle	size	(d	is	the	harmonic	average	of	granule	diameter),	low	relative	collision	velocity	uo	or	granule	density	ρ,	and	high	binder	phase	viscosity	μ.	The
deformation	Stokes	number	represents	the	amount	of	granule	deformation	taking	place	during	collisions	and	is	similarly	a	ratio	of	kinetic	energy	to	wet	mass	yield	stress,	a	measure	of	granule	deformability.	Bed	agitation	intensity	is	controlled	by	mechanical	variables	of	the	process	such	as	fluid-bed	excess	gas	velocity	or	mixer	impeller	and	chopper
speed.	Agitation	intensity	controls	the	relative	collisional	and	shear	velocities	of	granules	within	the	process	and	therefore	growth,	breakage,	consolidation,	and	final	product	density.	Figure	2.23	summarizes	typical	characteristic	velocities,	agitation	intensities,	and	compaction	pressures,	and	product	relative	densities	achieved	for	a	variety	of	size
enlargement	processes.	FIGURE	2.23	Classification	of	Agglomeration	Processes	by	Agitation	Intensity	and	Compaction	Pressure.	Source:	From	Refs.	[1,3].	34	Pharmaceutical	Granulation	Technology	Note	that	the	process	or	formulation	itself	cannot	define	whether	it	falls	into	a	low	or	high	agitation	intensity	process.	As	discussed	more	fully	further,	it
is	a	function	of	both	the	level	of	shear	as	well	as	the	formulation	deformability.	A	very	stiff	formulation	with	low	deformability	may	behave	as	a	low-deformability	system	in	a	high-shear	mixer,	or	a	very	pliable	formulation	may	act	as	a	high-deformable	system	in	a	fluid-bed	granulator.	Granule	consolidation	or	densification	is	also	controlled	by	Stokes
numbers,	and	typically	in	creases	for	all	processes	with	increasing	residence	time,	shear	levels,	bed	height,	bed	moisture	or	granule	saturation,	particle	feed	size	or	pore	radius,	surface	tension,	and	decreasing	binding	fluid	viscosity.	Simultaneous	drying	or	reaction	usually	acts	to	arrest	granule	densification.	2.3.2	INTERPARTICLE	FORCES
Interstitial	fluid	and	resulting	pendular	bridges	play	a	large	role	in	both,	granule	growth	and	granule	deformability.	As	shown	previously,	they	control	the	static	yield	stress	of	wet	ag	glomerates	[Figure	2.8,	(2.2)].	Pendular	bridges	between	particles	of	which	a	granule	is	com 	posed	give	rise	to	capillary	and	viscous	interparticle	forces,	which	allows
friction	to	act	between	point	contacts	(Figure	2.24).	Interparticle	forces	due	to	pendular	bridges	and	their	impact	on	deformability	warrant	further	attention.	Note	that	capillary	forces	for	small	contact	angles	attract	particles	(but	repel	for	θ	>	90o),	whereas	viscous	and	frictional	forces	always	act	to	resist	the	direction	of	motion.	As	originally
developed	by	Ennis	[4],	consider	two	spherical	particles	of	radius	as	separated	by	a	gap	distance	2ho	approaching	one	another	at	a	velocity	U	(Figure	2.24).	The	particles	could	represent	two	primary	particles	within	the	granule,	in	which	case	we	are	concerned	about	the	contribution	of	interparticle	forces	on	granule	strength	and	deformability.	Or
they	could	represent	two	colliding	granules,	in	which	case	we	are	concerned	with	the	ability	of	the	pendular	bridge	to	dissipate	granule	kinetic	energy	and	resist	breakup	forces	in	the	granulation	process.	The	two	particles	are	bound	by	a	pendular	bridge	of	viscosity	μ,	density	ρ,	and	surface	tension	γ.	The	pendular	bridge	consists	of	the	binding	fluid



in	the	process,	which	includes	the	added	solvent	and	any	solubilized	components.	In	some	cases,	it	may	also	be	desirable	to	also	include	very	fine	solid	components	within	the	definition	of	the	binding	fluid,	and,	therefore,	consider	instead	a	suspension	viscosity	and	surface	tension.	These	material	parameters	vary	on	a	local	level	throughout	the
process	and	are	also	time-dependent	and	a	function	of	drying	conditions.	FIGURE	2.24	Interparticle	Forces	and	Granule	Deformability.	Interparticle	Forces	Include	Capillary	Forces,	Viscous	Lubrication	Forces,	and	Frictional	Forces.	Source:	From	Ref.	[4].	Theory	of	Granulation	35	For	the	case	of	a	static	liquid	bridge	(i.e.,	U	=	0)	with	perfect	wetting,
surface	tension	induces	an	attractive	capillary	force	between	the	two	particles	due	to	a	three-phase	contact	line	force	and	a	pressure	deficiency	arising	from	interfacial	curvature.	(For	a	poorly	wetting	fluid,	the	capillary	pressure	can	be	positive	leading	to	a	repulsive	force.)	The	impact	of	this	static	pendular	bridge	force	on	static	granule	strength	has
been	studied	and	reported	extensively	[3,22–24].	It	is	important	to	recognize	that	in	most	processes,	however,	the	particles	are	moving	relative	to	one	another	and,	therefore,	the	bridging	liquid	is	in	motion.	This	gives	rise	to	viscous	resistance	forces,	which	can	contribute	significantly	to	the	total	bridge	strength.	The	strengths	of	both	Newtonian	and
non-Newtonian	pendular	bridges	have	been	studied	extensively	[4,45,46].	For	Newtonian	fluids	[4,38,45],	the	dimensionless	dynamic	strength	was	shown	to	be	given	by:	F	a	=	Fcap	+	Fvis	=	F	+	3Ca	Fcap	=	(2	2H	)sin2	where	Fvis	=	3Ca/	Ca	=	U	/	(2.22)	Forces	have	been	made	dimensionless	with	respect	to	a	measure	of	the	capillary	force,	or	πγa.	Ca
is	the	capillary	dimensionless	group	given	as	the	ratio	of	viscous	to	static	capillary	forces.	Fcap	is	the	strength	of	a	static	capillary	bridge,	which	is	a	function	of	air-fluid	interfacial	curvature	Ho	and	the	filling	angle	φ.	In	dimensional	form,	it	is	given	by:	Fcap	=	a	(2	2H	)sin2	(2.23)	Fvis	is	the	strength	of	a	viscous,	dynamic	bridge,	and	is	equivalent	to
the	force	between	two	spheres	approaching	one	another	in	an	infinite	fluid.	This	force	is	a	function	of	binder	viscosity	μ,	and	the	collision	velocity	U.	Here,	ε	=	2ho/a	is	gap	distance	and	not	granule	voidage.	In	dimensional	form,	the	viscous	force	is	given	by:	Fvis	=	6	Ua	/	(2.24)	From	(2.22),	one	finds	that	the	dynamic	bridge	force	begins	with	the	static
bridge	strength,	which	is	a	constant	independent	of	velocity	(or	Ca),	and	then	increases	linearly	with	Ca,	which	is	a	capillary	number	representing	the	ratio	of	viscous	(μUa)	to	capillary	(γa)	forces	and	is	proportional	to	velocity.	This	is	confirmed	experimentally	as	illustrated	in	Figure	2.25	for	the	case	of	two	spheres	approaching	axially.	Extensions	of
the	theory	have	also	been	conducted	for	nonNewtonian	fluids	(shear	thinning),	shearing	motions,	particle	roughness,	wettability,	and	time-dependent	drying	binders.	The	reader	is	referred	to	Ennis	[4,45]	for	additional	details.	For	small	velocities,	small	binder	viscosity,	and	large	gap	distances,	the	strength	of	the	bridge	will	approximate	a	static
pendular	bridge,	or	Fcap,	which	is	proportional	to	and	increases	with	increasing	surface	tension.	This	force	is	equivalent	to	the	static	pendular	force	previously	given	in	(2.23)	as	studied	by	Rumpf	[22–24].	On	the	other	hand,	for	large	binder	viscosities	and	velocities,	or	small	gap	distances,	the	bridge	strength	will	approximately	be	equal	to	Fvis,	which
increases	with	increasing	binder	viscosity	and	velocity.	This	viscous	force	is	singular	in	the	gap	distance	and	increases	dramatically	for	the	small	separation	of	the	particles.	It	is	important	to	note	that	as	granules	are	consolidated,	resulting	in	decreases	in	effective	interparticle	gap	dis	tance,	and	binders	dry,	resulting	in	large	increases	in	binder
viscosity,	that	the	dynamic	bridge	strength	can	exceed	the	static	strength	by	orders	of	magnitude.	Lastly,	the	role	of	interparticle	friction	can	be	large,	though	rigorous	experimental	studies	of	the	interaction	between	particle	friction,	granule	porosity,	and	binder	viscosity,	and	surface	tension	in	controlling	bulk	dynamic	yield	stress	have	not	been
undertaken.	36	Pharmaceutical	Granulation	Technology	FIGURE	2.25	Maximum	Strength	of	a	Liquid	Bridge	Between	Two	Axial	Moving	Particles	as	a	Function	of	Ca	for	Newtonian	and	Shear-Thinning	Fluids.	Source:	From	Refs.	[4,43].	2.3.3	DYNAMIC	WET	MASS	RHEOLOGY	AND	GRANULE	DEFORMABILITY	Granule	deformability	and	the	maximum
critical	size	D	c	are	strong	functions	of	moisture.	Figure	2.26A	illustrates	the	low-shear	rate,	stress-strain	behavior	of	agglomerates	during	compression	as	a	function	of	liquid	saturation.	Deformability	K	is	related	to	both	the	yield	strength	of	the	material	σy,	that	is,	the	ability	of	the	material	to	resist	stresses,	and	the	ability	of	the	surface	to	be	strained
without	degradation	or	rupture	of	the	granule,	with	this	max	imum	allowable	critical	deformation	strain	denoted	by	(ΔL/L)	c.	In	general,	high	deform 	ability	K	requires	low	yield	strength	σ	y	and	high	critical	strain	(ΔL/L)c,	which	is	a	measure	of	plastic	versus	brittle	deformation.	Increasing	granule	saturation	increases	deformability	by	lowering
interparticle	frictional.	In	most	cases,	granule	deformability	increases	with	in	creasing	moisture	(or	granule	saturation	to	be	more	precise),	decreasing	binder	viscosity,	decreasing	surface	tension,	decreasing	interparticle	friction,	and	increasing	average	particle	size	(specifically	d	sv,	or	the	surface-volume	mean	size),	as	well	as	increasing	bed
agitation	intensity.	Figure	2.26A	illustrates	yield	stress	behavior	for	slow	yielding.	However,	the	dependence	of	interparticle	forces	on	shear	rate	impact	wet	mass	rheology	and,	therefore,	deformability.	Figure	2.26B	demonstrates	that	the	peak	flow	or	dynamic	yield	stress	increases	proportionally	with	compression	velocity	[47].	In	fact,	in	a	similar
fashion	to	dynamic	liquid	bridge	forces,	the	peak	flow	stress	of	wet	unsaturated	compacts	is	seen	to	also	increase	with	bulk	capillary	number	Ca	(Figure	2.27	ahead):	Peak	y	/a	=	¯	B	where	+	ACa	=	5.0	5.3	A	=	280	320,	B	=	0.58	¯	=	a/	Ca	0.64	(2.25)	There	are	several	important	points	worth	noting.	First	is	the	similarity	between	the	yield	strength	of
the	compact	[(2.25)]	and	the	strength	of	the	individual	dynamic	pendular	bridge	[(2.22)];	both	curves	are	similar	in	shape	with	a	capillary	number	dependency.	As	with	the	pendular	bridge,	Theory	of	Granulation	37	FIGURE	2.26	(A)	The	Influence	of	Sample	Saturation	S	on	Deformation	Strain	(ΔL/L)	and	Yield	Strength	σy.	Dicalcium	Phosphate	with	15
wt.%	Binding	Solution	of	PVP/PVA	Kollidon®	VA64.	Fifty	Percent	Compact	Porosity.	(B)	Typical	Compact	Stress	Response	for	Fast	Compression	Versus	Crosshead	Compression	Velocity	for	Glass	Ballotini	(d32	=	35	μm).	Source:	From	Refs.	[45,47].	two	regions	may	be	defined.	In	region	1,	for	a	bulk	capillary	number	of	Ca	<	10−4,	the	strength	or	yield
stress	of	the	compact	depends	on	the	static	pendular	bridge,	and	therefore	on	surface	tension,	particle	size,	and	liquid	loading.	In	region	2,	for	Ca	>	10−4,	the	strength	depends	on	the	dynamic	pendular	bridge,	and	therefore	on	binder	viscosity	and	strain	rate,	in	addition	to	par	ticle	size.	1.0	E+3	Dimensionless	flow	stress,	Str	*	(-)	Best	Fit:	Str*	=	5.3
+	280	CA	0.58	1.0	E+2	1.0	E+1	Region	I	1.0	E+0	1.0	E–10	1.0	E–8	Region	II	1.0	E–6	1.0	E–4	Bulk	capillary	number,	Ca(-)	1.0	E–2	1.0	E–0	Water	Glycerol	0.01	Pa.s	Oil	0.1	Pa.s	Oil	1	Pa.s	Oil	60	Pa.s	Oil	FIGURE	2.27	Dimensionless	Peak	Flow	Stress	of	Figure	2.26B	Versus	Bulk	Capillary	Number,	for	Various	Binder	Solutions.	Source:	From	Ref.	[40].	38
Pharmaceutical	Granulation	Technology	FIGURE	2.28	Distribution	of	Energy	Dissipation	During	Agglomerate	Collisions,	with	Granular	Simulations	of	Wall	Impact	for	128	μsec	Duration	for	Inviscid	and	Viscous	Binder	Agglomerates.	Source:	From	Refs.	[2,46].	The	important	contributions	of	binder	viscosity	and	friction	to	granule	deformability	and
growth	are	illustrated	by	fractions	of	energy	dissipated	during	a	granule	collision	as	depicted	in	Figure	2.28.	Note	that	60%	of	the	energy	is	dissipated	through	viscous	losses,	with	the	majority	of	the	remainder	through	interparticle	friction.	Very	little	is	lost	because	of	capillary	forces	controlled	by	surface	tension.	Therefore,	modern	approaches	to
granule	coalescence	rest	in	understanding	the	impact	of	granule	deformability	on	growth,	rather	than	the	original	framework	put	for	by	Rumpf	[22–24]	regarding	pendular	and	funicular	liquid	bridge	forces	alone.	Second,	Figure	2.28	does	not	explicitly	depict	the	role	of	saturation	and	compact	porosity,	these	properties	are	known	to	affect	strength.	A
decrease	in	compact	porosity	generally	increases	compact	yield	stress	through	increases	in	interparticle	friction,	whereas	increases	in	saturation	lower	yield	stress	(Figure	2.26)	[48,49].	Hence,	the	curve	of	Figure	2.28	should	be	expected	to	shift	with	these	variables.	Third,	the	static	granule	or	assembly	strength	[(Eq.	2)]	as	originally	developed	by
Rumpf	[22]	and	given	by	Eq.	(2)	is	captured	by	the	constant,	low	Ca	value	of	the	yield	stress,	with	this	yield	stress	depending	linearly	on	yPeak	(	/	a	)	or:	Peak	y	(	/a)	9	1	8	Fcap	a2	9	1	4	cos	(	/	a)	for	Ca	<	10	4	(2.26)	Fourth,	the	mechanism	of	compact	failure	depends	on	the	strain	rate	and	allowable	critical	strain	rate	(ΔL/L)c.	Figure	2.28	illustrates
schematically	the	crack	behavior	observed	in	compacts	as	a	function	of	capillary	number.	At	low	Ca,	compacts	fail	by	a	brittle	fracture	with	macroscopic	crack	propagation,	whereas	at	high	Ca,	compacts	fail	by	plastic	flow.	Large	critical	strain	helps	promote	plastic	flow	without	rupture,	referred	to	as	the	squish	test	among	process	operators.	Within
the	context	of	granulation,	small	yield	stresses	at	low	Ca	may	result	in	unsuccessful	growth	when	these	yield	stresses	are	small	compared	with	breakup	forces.	With	increased	yield	stress	not	only	comes	stronger	granules	but	also	decreased	deformability.	Therefore,	high	strength	might	Theory	of	Granulation	39	imply	a	low-deformability	growth
mechanism	for	low-shear	processes	such	as	a	fluid	bed.	On	the	other	hand,	it	might	imply	smaller	growth	rates	for	high-shear	processes	that	are	able	to	overcome	this	yield	stress	and	bring	about	kneading	action	and	plastic	flow	in	the	process.	Therefore,	it	is	important	to	bear	in	mind	that	increased	liquid	saturation	may	initially	lower	yield	stress,
allowing	more	plastic	deformation	during	granules	collisions.	However,	as	granules	grow	and	consolidate	and	decrease	in	voidage,	they	also	strengthen	and	rise	in	yield	stress,	becoming	less	deformable	with	time	and	withstanding	shear	forces	in	the	granulator.	Hence,	the	desired	granule	strength	and	deform 	ability	is	linked	in	a	complex	way	to
granulator	shear	forces	and	consolidation	behavior.	2.3.4	LOW-SHEAR,	LOW-DEFORMABILITY	GROWTH	For	those	low-shear	processes	or	formulations	that	allow	little	granule	deformation	during	granule	collisions,	consolidation	of	the	granules	occurs	at	a	much	slower	rate	than	growth,	and	granule	deformation	can	be	ignored	to	a	first
approximation.	The	growth	process	can	be	modeled	by	the	collision	of	two	nearly	stiff	granules,	each	coated	by	a	liquid	layer	of	thickness	h,	as	illustrated	in	Figure	2.29.	For	the	case	of	zero	plastic	deformation,	as	developed	by	Ennis	[4,50],	successful	coalescence	requires	that	the	viscous	Stokes	number	Stv	be	less	than	St*,	or:	St	v	=	4	u0	a	1	<	St
where	St	=	1	+	ln(h	/	ha	)	9	er	(2.27)	where	St*	is	a	critical	Stokes	number	representing	the	energy	required	for	a	rebound,	u0	is	the	relative	collisional	velocity	of	the	granules,	and	a	is	the	harmonic	average	of	granule	diameter.	The	Stokes	number	is	one	measure	of	normalized	bed	agitation	energy,	representing	the	ratio	of	granule	collisional	kinetic
energy	to	viscous	binder	dissipation.	The	binder	layer	thickness	h	is	related	to	liquid	loading,	er	is	the	coefficient	of	restitution	of	the	granules,	and	ha	is	a	measure	of	surface	roughness	or	asperities.	This	critical	condition,	given	by	(2.27),	controls	the	growth	of	lowdeformability	systems.	This	criterion	has	also	been	extended	to	capillary	coalescence
[4],	and	for	cases	of	small	plastic	deformation	[51].	Binder	viscosity,	μ,	is	a	function	of	local	temperature,	strain	rate	(for	non-Newtonian	binders),	and	binder	concentration	dictated	by	drying	rate	and	local	mass	transfer	and	local-bed	moisture.	It	can	be	controlled	as	discussed	earlier	through	the	judicious	selection	of	binding	and	surfactant	agents
and	measured	by	standard	rheological	techniques	[52].	The	collisional	velocity	is	a	function	of	process	design	and	operating	variables,	and	is	related	to	bed	agitation	intensity	and	FIGURE	2.29	Collisions	Between	Surface	Wet	Granules,	Beginning	with	Granule	Approach,	and	Ending	with	Granule	Rebound	and	Separation.	Note	that	no	Plastic
Deformation	Takes	Place	in	the	Original	Stokes	Model.	Source:	From	Refs.	[4,50].	40	Pharmaceutical	Granulation	Technology	FIGURE	2.30	Median	Granule	Diameter	for	Fluid-Bed	Granulation	of	Ballotini	with	Binders	of	Different	Viscosity	Indicating	Regimes	of	Growth.	CMC	-	Carboxymethyl	Cellulose,	PVP	-	Polyvinylpyrrolidone.	Source:	From	Refs.
[4,49].	mixing.	Three	regimes	of	granule	growth	may	be	identified	for	low-shear/low-deformability	processes	[4,50],	as	shown	for	fluid-bed	granulation	in	Figure	2.30.	a)	Noninertial	Regime	For	small	granules	or	high	binder	viscosity	lying	within	a	noninertial	regime	of	granulation,	all	values	of	Stv	will	lie	below	the	critical	value	St*	and	all	granule
collisions	result	in	successful	growth,	provided	binder	is	present.	The	growth	rate	is	independent	of	granule	kinetic	energy,	particle	size,	and	binder	viscosity	(provided	other	rate	processes	are	constant).	Distribution	of	binding	fluid	and	degree	of	mixing	then	control	growth,	and	this	is	strongly	coupled	with	the	rate	process	of	wetting	described	in	the
previous	section.	As	shown	in	Figure	2.30,	both	binders	have	the	same	initial	growth	rate	for	similar	spray	rates,	independent	of	binder	viscosity.	(Note	that	binder	viscosity	can	affect	atomization	and	therefore	nuclei	distribution	through	the	wetting	process.)	Increases	in	bed	moisture	(e.g.,	spray	rate	and	drop	rate)	and	increases	in	granule	col	lisions
in	the	presence	of	binder	will	increase	the	overall	rate	of	growth.	Bear	in	mind,	however,	that	there	is	a	100%	success	of	these	collisions	since	the	dissipation	of	energy	far	exceeds	the	collisional	kinetic	energy	required	for	breakup/rebound.	b)	Inertial	Regime	As	granules	grow	in	size,	their	momentum	increases,	leading	to	localized	regions	in	the
process	where	Stv	exceeds	St*.	In	this	inertial	regime	of	granulation,	granule	size,	binder	viscosity,	and	collision	velocity	determine	the	proportion	of	the	bed	in	which	granule	rebound	is	possible.	Increases	in	binder	viscosity	and	decreases	in	agitation	intensity	increase	the	extent	of	granule	growth—that	is,	the	largest	granule	that	can	be	grown	[Dc
of	(2.19)].	This	is	confirmed	in	Figure	2.30	with	the	carboxymethyl	cellulose	binder	(CMC)	continuing	to	grow	whereas	the	polyvinylpyrrolidone	binder	(PVP)	system	with	lower	viscosity	slows	in	growth.	Note	that	the	rate	of	growth,	however,	is	controlled	by	binder	distribution	and	mixing,	and	not	binder	viscosity.	Increasing	binder	viscosity	will	not
affect	growth	rate	or	initial	granule	size	but	will	result	in	an	increased	growth	limit.	Adetayo	et	al.	[53]	provides	a	detailed	example	of	the	limit	or	extent	of	granule	growth	as	a	function	of	binder	viscosity	and	bed	moisture,	as	well	as	granule	growth	versus	drum	revolutions	for	varying	binder	systems.	Theory	of	Granulation	41	c)	Coating	Regime	When
the	spatial	average	of	Stv	exceeds	St*,	growth	is	balanced	by	granule	disruption	or	breakup,	leading	to	the	coating	regime	of	granulation.	Growth	continues	by	the	coating	of	granules	by	binding	fluid	alone.	The	PVP	system	with	lower	viscosity	is	seen	to	reach	its	growth	limit	and	therefore	coating	regime	in	Figure	2.30.	The	exact	transitions	between
granulation	regimes	depend	on	bed	hydrodynamics.	As	de	monstrated	by	Ennis	et	al.	[4,5,50],	granulation	of	initially	fine	powder	may	exhibit	characteristics	of	all	three	granulation	regimes	as	time	progresses,	since	Stv	increases	with	increasing	granule	size.	Implications	and	additional	examples	regarding	the	regime	analysis	are	highlighted	by	Ennis
[4,5,50].	Increases	in	fluid-bed	excess	gas	velocity	exhibit	a	similar	but	opposite	effect	on	growth	rate	to	binder	viscosity;	namely,	it	is	observed	to	not	affect	growth	rate	in	the	initial	inertial	regime	of	growth,	but	instead	lowers	the	growth	limit	in	the	inertial	regime.	2.3.5	HIGH-SHEAR,	DEFORMABLE	GROWTH	For	high	agitation	processes	involving
high-shear	mixing	or	for	readily	deformable	formula	tions,	granule	deformability,	plastic	deformation,	and	granule	consolidation	can	no	longer	be	neglected	as	they	occur	at	the	same	rate	as	granule	growth.	Typical	growth	profiles	for	highshear	mixers	are	illustrated	in	Figure	2.31.	Two	stages	of	growth	are	evident,	which	reveal	the	possible	effects	of
binder	viscosity	and	impeller	speed,	as	shown	for	data	replotted	versus	impeller	speed	in	Figure	2.32.	The	initial,	nonequilibrium	stage	of	growth	is	controlled	by	granule	deformability	and	is	of	most	practical	significance	in	manufacturing	for	high-shear	mixers.	Increases	in	St	due	to	lower	viscosity	or	higher	impeller	speed	increase	the	rate	of	growth
since	the	system	becomes	more	deformable	and	easier	to	kneed	into	larger	granule	structures.	These	effects	are	contrary	to	what	is	predicted	from	the	viscous	Stokes	analysis	based	on	rigid,	low-deformability	granules,	where	high	viscosity	and	low	velocity	increase	the	growth	limit.	Growth	continues	until	disruptive	and	growth	forces	are	balanced	in
the	process.	This	last	equilibrium	stage	of	growth	represents	a	balance	between	dissipation	and	collisional	kinetic	en	ergy,	and	so	increases	in	St	decrease	the	final	granule	size.	Note	that	the	equilibrium	granule	diameter	decreases	with	the	inverse	square	root	of	the	impeller	speed,	as	it	should	be	based	on	Stv	=	St*,	with	u0	=	a(du/dx)=ɷa.	The
viscous	Stokes	analysis	is	used	to	determine	the	effect	of	operating	variables	and	binder	viscosity	on	equilibrium	growth,	where	disruptive	and	growth	forces	are	balanced.	In	the	early	stages	of	growth	for	high-shear	mixers,	the	Stokes	analysis,	in	its	present	form,	is	inapplicable.	Freshly	formed,	uncompacted	granules	are	easily	deformed,	and	as
growth	proceeds	and	con	solidation	of	granules	occur,	they	will	surface	harden	and	become	more	resistant	to	deformation.	This	increases	the	importance	of	the	elasticity	of	the	granule	assembly.	Therefore,	in	later	stages	of	growth,	older	granules	approach	the	ideal	Stokes	model	of	rigid	collisions.	In	addition,	the	Stokes	number	controls,	in	part,	the
degree	of	deformation	occurring	during	a	collision	since	it	represents	the	importance	of	collision	kinetic	energy	in	relation	to	viscous	dissipation,	although	the	exact	dependence	of	deformation	on	Stv	is	presently	unknown.	The	Stokes	coalescence	criterion	of	(2.27)	must	be	generalized	to	account	for	substantial	plastic	deformation	occurring	during
the	initial	nonequilibrium	stages	of	growth	in	high-shear	systems.	In	this	case,	granule	growth	and	deformation	are	controlled	by	a	generalization	of	Stv,	or	a	de	formation	Stokes	number	Stdef,	as	originally	defined	by	Tardos	and	colleagues	[4,44,55]:	St	def	=	u2	y	(impact)	or	(du	/dx	)2	d	2	y	(shear)	(2.28)	42	Pharmaceutical	Granulation	Technology
FIGURE	2.31	High-Shear	Mixer	Granulation,	Illustrating	the	Influence	of	Deformability	on	Growth.	Increasing	Binder	Viscosity	and	Impeller	Speed	Indicated	by	Arrows.	(a)	Ten-Liter	Melt	Granulation,	Lactose,	15	wt.%	Binder,	1400	rpm	Impeller	Speed,	Two	Different	Viscosity	Grades	of	Polyethylene	Glycol	Binders.	(b)	Ten-Liter	Wet	Granulation,
Dicalcium	Phosphate,	15	wt.%	Binder	Solution	of	PVP/PVA	Kollidon®	VA64,	Liquid	Loading	of	16.8	wt.%,	and	a	Chopper	Speed	of	1000	rpm	for	Varying	Impeller	Speed.	Source:	From	Refs.	[53,54].	FIGURE	2.32	Granule	Diameter	Versus	Impeller	Speed	for	Both	Initial	Nonequilibrium	and	Final	Equilibrium	Growth	Limit	for	High-Shear	Mixer
Granulation.	Source:	From	Ref.	[14].	Theory	of	Granulation	43	Viscosity	has	been	replaced	by	a	generalized	form	of	plastic	deformation	controlled	by	the	yield	stress	σy,	which	may	be	determined	by	compression	experiments.	As	shown	previously,	the	yield	stress	is	related	to	the	deformability	of	the	wet	mass	and	is	a	function	of	shear	rate,	binder
viscosity,	and	surface	tension,	primary	particle	size	and	friction,	and	saturation	and	granule	por	osity.	Critical	conditions	required	for	granule	coalescence	may	be	defined	in	terms	of	the	viscous	and	deformation	Stokes	number,	or	Stv	and	Stdef,	respectively.	These	represent	a	complex	gen	eralization	of	the	critical	Stokes	number	given	by	(2.27)	and
are	discussed	in	detail	elsewhere	[6,51].	In	general	terms,	as	the	yield	stress	of	a	material	decreases,	there	is	a	relative	increase	in	Stdef,	which	leads	to	an	increase	in	the	critical	Stokes	number	St*	required	for	granule	rebound,	leading	to	an	increase	in	maximum	achievable	granule	size	Dc.	An	overall	view	of	the	impact	of	deformability	of	growth
behavior	may	be	gained	from	Figure	2.33,	where	types	of	granule	growth	are	plotted	versus	deformability	in	a	regime	map,	and	yield	stress	has	been	measured	by	compression	experiments	[56].	The	growth	mechanism	depends	on	the	competing	effects	of	high-shear	promoting	growth	by	deformation	on	one	hand,	and	the	breakup	of	granules	giving	a
growth	limit	on	the	other.	For	high	velocities	and	low	yield	stress	(high	Stdef),	growth	is	not	possible	by	deformation	due	to	high	shear,	and	the	material	remains	in	a	crumb	state.	For	low	pore	saturation,	growth	is	only	possible	by	initial	wetting	and	nucleation,	with	the	surrounding	powder	remaining	ungranulated.	At	intermediate	levels	of	moisture,
growth	occurs	at	a	steady	rate	for	moderate	deformability	but	has	a	delay	in	growth	for	low	deformability.	This	delay	or	induction	time	is	related	to	the	time	required	to	work	moisture	to	the	surface	to	promote	growth.	For	high	moisture,	very	rapid,	potentially	unstable	growth	occurs.	The	current	regime	map,	as	presented,	requires	considerable
development.	Overall	growth	depends	on	the	mechanics	of	local	growth,	as	well	as	the	overall	mixing	pattern	and	local/overall	moisture	distribution.	Levels	of	shear	are	poorly	understood	in	high-shear	processes.	In	addition,	growth	by	both	deformation	and	the	rigid	growth	model	is	possible.	Lastly,	deformability	is	intimately	linked	to	both	granule
porosity	and	moisture.	They	are	not	constant	for	a	formation	but	depend	on	time	and	the	growth	process	itself	through	the	interplay	of	growth	and	consolidation.	2.3.6	EXAMPLE:	HIGH-SHEAR	MIXER	GROWTH	An	important	case	study	for	high	deformability	growth	was	conducted	by	Holm	et	al.	[49]	for	highshear	mixer	granulation.	Lactose,
dicalcium	phosphate,	and	dicalcium	phosphate/starch	mixtures	(15%	and	45%	starch)	were	granulated	in	a	Fielder	PMAT	25	VG	laboratory-scale	mixer.	Granule	size,	porosity,	power	level,	temperature	rise,	and	fines	disappearance	were	monitored	during	liquid	addition	and	wet	massing	phases.	Impeller	and	chopper	speeds	were	kept	constant	at	250
and	3500	rpm,	respectively,	with	7.0	to	7.5	kg	starting	material.	Liquid	flow	rates	and	the	amount	of	binder	added	were	varied	according	to	the	formulation.	Power	profiles	and	resulting	granule	size	and	porosity	are	depicted	in	Figures	2.34	and	2.35,	respectively.	Note	that	wet	massing	time	(as	opposed	to	total	process	time)	is	defined	as	the	amount
of	time	following	the	end	of	liquid	addition,	and	the	beginning	of	massing	time	is	indicated	in	Figure	2.36.	Clear	connections	may	be	drawn	between	granule	growth,	consolidation,	power	consumption,	and	granule	deformability.	Noting	from	Figures	2.34	and	2.36	for	lactose,	there	is	no	further	rise	in	power	following	the	end	of	water	addition
(beginning	of	wet	massing),	and	this	corresponds	to	no	further	changes	in	granule	size	and	porosity.	In	contrast,	dicalcium	phosphate	continues	to	grow	through	the	wet	massing	stage,	with	corresponding	continual	increases	in	granule	size	and	porosity.	Lastly,	the	starch	formulations	have	power	increases	for	approximately	two	minutes	into	the	wet
massing	stage,	corresponding	to	the	two	minutes	of	growth;	however,	growth	ceased	when	power	consumption	levels	off.	Therefore,	power	clearly	tracks	growth	and	consolidation	behavior.	Lastly,	power	levels	and	granule	size	also	tracked	the	temperature	rise	of	the	bowl	and	the	level	of	remaining	ungranulated	fine	powder.	44	Pharmaceutical
Granulation	Technology	FIGURE	2.33	Regime	Map	of	Growth	Mechanisms,	Based	on	Moisture	Level	and	Deformability	of	Formulations.	Source:	From	Ref.	[56].	FIGURE	2.34	Power	Consumption	for	Lactose,	Dicalcium	Phosphate,	and	Dicalcium	Phosphate/Starch	Mixtures	(15%	and	45%	Starch)	Granulated	in	a	Fielder	PMAT	25	VG.	Source:	From
Refs.	[5,49].	Theory	of	Granulation	45	FIGURE	2.35	Granule	Size	and	Porosity	Versus	Wet	Massing	Time	for	Lactose,	Dicalcium	Phosphate	and	Dicalcium	Phosphate/Starch	Mixtures	(15%	and	45%	Starch)	Granulated	in	a	Fielder	PMAT	25	VG.	Source:	From	Refs.	[5,49].	Further	results	connecting	power	and	growth	to	compact	deformability	and
rheology	are	pro	vided	in	Holm	[49].	The	deformability	of	lactose	compacts,	as	a	function	of	saturation	and	por	osity,	is	shown	to	increase	with	moisture	in	astable	fashion	toward	reaching	a	large	critical	strain	(ΔL/L)c	required	for	plastic	deformation.	Therefore,	growth	rates	and	power	rise	do	not	lag	behind	spray	addition,	and	growth	ceases	with	the
end	of	spraying.	Dicalcium	phosphate	compacts,	on	the	other	hand,	remain	undeformable	until	critical	moisture	is	reached,	after	which	they	become	ex	tremely	deformable	and	plastic.	This	unstable	behavior	is	reflected	by	an	inductive	lag	in	growth	and	power	after	the	end	of	spray	addition,	ending	with	unstable	growth	and	bowl	sticking	as	moisture
is	finally	worked	to	the	surface.	2.3.7	POWER,	DEFORMABILITY,	AND	SCALE-UP	OF	GROWTH	In	the	work	of	Holm	[49],	split	lots	of	lactose	and	dicalcium	phosphate	exhibited	reproducible	power	curves,	suggesting	the	use	of	power	as	a	control	variable.	While	it	is	true	that	power	is	reflective	of	the	growth	process,	it	is	a	dependent	variable	in	many
respects.	For	small	variations	in	physical	feed	properties,	specific	power	may	be	used	for	batch	control,	or	scale-up,	to	the	extent	that	the	entire	bowl	is	activated.	In	practice,	however,	different	lots	of	a	formulation	can	possess	different	yield	properties	and	deformability,	and	a	different	dependence	on	moisture.	Therefore,	there	may	not	be	a	unique
relationship	between	power	and	growth,	or	more	speci	fically,	unique	enough	to	use	power	level	to	compensate	for	physical	property	variations	of	the	feed	that	the	control	rate	processes.	Specific	power	is	required	for	scale-up,	where	power	is	normalized	by	the	active	portion	of	the	powder	bed.	The	impact	of	scale-up	on	mixing	and	distribution	of
power	in	a	wet	mass,	however,	is	only	partly	understood	at	this	point.	In	many	commercial,	vertical	high-shear	designs,	the	active	portion	of	the	bowl	changes	greatly	with	scale,	and	geometric	similarity	is	not	maintained	with	scale-up.	This	is	much	less	of	a	concern	with	horizontal	plow	shear	designs.	Growth	by	a	high-deformable	mechanism	requires
deformation	of	wet	mass,	and	therefore	work	input.	Work	provides	a	more	natural	variable	than	time,	demonstrated	in	Figure	2.35,	for	plantscale	wet	granulation	of	an	NSAID	product	with	power	curves	versus	time	are	replotted	versus	46	Pharmaceutical	Granulation	Technology	FIGURE	2.36	High-Shear	Mixer	Granulation	of	NSAID	Product,	Plant
Scale,	Nominal	300	kg	Batches,	1000	L.	Impeller	Power	Versus	(a)	Wet	Mass	Time,	and	(b)	Total	Work	Input	(Inset,	Varying	Batch	Size	and	Scale,	1–1000	L).	Source:	From	Refs.	[5,49].	work	input.	Power	curves	from	mixer	scales	of	1–1000	L	also	collapse	onto	one	curve	when	replotted	versus	specific	work.	This	is	consistent	with	the	work	of	Holm
[50],	where	granule	size	tracked	thermodynamic	temperature	rise	of	the	mixer	bowl,	a	measure	of	work	input.	The	work	concept	is	taken	a	step	further	by	Ennis	[80]	and	Cuitino	and	Bridgwater	[57],	by	plotting	growth	curves	versus	specific	energy	(or	work)	normalized	by	yield	stress	of	each	for	mulation,	again	with	growth	profiles	collapsing	onto	a
common	line	(Figures	2.36	and	2.37).	These	trials	used	a	high-shear	horizontal	pin	mixer,	of	varying	mixer	speed,	temperature,	and	moisture	content.	Note	the	equivalence	between	this	normalized	energy	or	work	input,	and	the	deformation	number	of	Tardos,	or	stdef	=	u02	/	y	~	(E	/	M	)/	y	.	2.3.8	DETERMINATION	OF	STOKES	NUMBER,	(ST*)	The
extent	of	growth	is	controlled	by	some	limit	of	granule	size,	either	reflected	by	the	critical	Stokes	number,	St*,	or	by	the	critical	limit	of	granule	size,	Dc.	There	are	several	possible	methods	Theory	of	Granulation	47	FIGURE	2.37	High-Shear	Horizontal	Mixer	Granulation.	Varying	Binder	Content,	Mixer	Speed,	and	Temperature.	Initial	Mean	Particle
Size	200	μm.	(a)	Mean	Particle	Size	Versus	Residence	Time,	and	(b)	Mean	Particle	Size	Versus	Normalized	Specific	Work.	E/M,	Specific	Energy	Input;	σy,	Yield	Stress.	Figure	Courtesy	Paul	Mort	[57].	to	determine	this	critical	limit.	The	first	involves	measuring	the	critical	rotation	speed	for	the	survival	of	a	series	of	liquid	binder	drops	during	drum
granulation	[5].	A	second	refined	version	involves	measuring	the	survival	of	granules	in	a	Couette-fluidized	shear	device	[44,55].	Both,	the	onset	of	granule	deformation	and	complete	granule	rupture	are	determined	from	the	dependence	of	granule	shape	and	the	number	of	surviving	granules,	respectively,	on	shear	rate.	The	critical	shear	rate
describing	complete	granule	rupture	defines	St*,	whereas	the	onset	of	deformation	and	the	beginning	of	granule	breakdown	defines	an	additional	critical	value.	The	third	approach	is	to	measure	the	deviation	in	the	growth	rate	curve	from	random	exponential	growth	[58].	The	de	viation	from	random	growth	indicates	a	value	of	w*	or	the	critical
granule	diameter	at	which	noninertial	growth	ends.	This	value	is	related	to	Dc	(Figure	2.38).	The	last	approach	is	through	the	direct	measurement	of	the	yield	stress	through	compression	experiments.	2.3.9	SUMMARY	OF	GROWTH	PATTERNS	Figure	2.39	summarizes	possible	ideal	profiles	of	the	evolution	of	the	granule	size	distribution	and	the
impact	of	the	discussed	growth	mechanisms	[7].	For	nondeformable	growth	typical	of	a	fluidbed	or	drum	granulation,	there	is	an	increase	in	granule	size,	which	is	independent	of	energy	and	viscous	dissipation,	and	primarily	a	function	of	spray	rate	and	contacting	(e.g.,	mixing	frequency).	For	fluid	beds,	this	increase	is	often	linear;	whereas,	for
drums,	exponential	growth	is	possible	on	the	basis	of	contact	frequency.	The	demarcation	between	linear	and	exponential	growth	likely	depends	on	the	spray	rate	versus	the	mixing	rate.	Here,	attrition	has	been	neglected.	In	addition,	bimodal	distributions	are	possible,	with	part	of	the	distribution	related	to	ungranulated	powder,	and	the	other	portion
to	the	granule	phase.	For	nuclei	less	than	Dc,	the	granule	size	distribution	starts	at	some	nuclei	distribution,	which	is	a	function	of	the	wetting	regime,	and	then	widens	with	time	in	the	nucleation	regime.	Variance	increasing	in	proportion	to	average	granule	diameter	under	the	conditions	of	self-preserving	growth,	as	shown	in	the	inset	Figure	2.39a
[59,60].	When	the	largest	granules	reach	the	limiting	granule	size	Dc	[(2.27)	and	(2.29)],	they	slow	down	substantially	in	their	rate	of	growth	as	a	balling	regime	is	reached,	now	only	able	to	grow	by	sticking	to	the	smallest	granules	of	the	distribution	(based	on	a	harmonic	average	granule	size	less	than	Dc).	However,	the	smaller	size	portions	of
granules	may	grow	with	all	granule	size	classes.	The	distribution,	therefore,	narrows,	as	it	pushes	48	Pharmaceutical	Granulation	Technology	FIGURE	2.38	Determination	of	Critical	Granule	Growth	Limit	From	Evolution	Granule	Size.	Source:	From	Ref.	[58].	up	against	Dc,	as	shown	in	the	inset	Figure	2.39b.	The	limit	of	growth	increases	with
lowering	shear	rates	and	collisional	velocities	or	raising	binder	viscosity,	or	increasing	bed	moisture	in	this	nondeformable	growth	regime	governed	by	the	viscous	Stokes	number	Stv.	(Here,	we	have	as	sumed	Stdef	=	0.)	As	the	yield	stress	of	materials	decreases,	for	example,	by	the	introduction	of	more	moisture,	or	shear	rates	increase,	the
deformation	Stokes	number	Stdef	increases	as	we	enter	deformable	growth.	FIGURE	2.39	Typical	Evolution	of	Mean	Granule	Size	and	Variance	for	Different	Growth	Mechanisms	in	Batch	or	Ideal	Plug	Flow	Systems.	(a)	Shows	Granule	Size	Distribution	Variance	Increasing	in	Proportion	to	Average	Granule	Diameter.	(b)	Shows	Increase	in	Narrow
Granule	Size	Distribution	with	Increase	in	Smaller	Granules	as	It	Pushes	up	Against	Critical	Granule	Size	Limit	(Dc).	Source:	From	Ref.	[7].	Theory	of	Granulation	49	The	growth	rate	increases	as	Stdef	increases,	as	illustrated	in	Figure	2.39.	However,	two	features	remain	for	this	growth	mechanism.	First,	a	growth	limit	is	to	be	expected,	depending	on
the	yield	properties	of	the	formulation.	Second,	both	widening	and	narrowing	regions	for	the	granule	var	iance	are	possible,	depending	on	the	critical	growth	limit	for	the	process.	Lastly,	for	the	very	stiff	formulation,	an	induction	period	of	no	growth	is	possible,	as	discussed	previously.	2.3.10	GRANULE	CONSOLIDATION	Consolidation	of	granules
determines	granule	porosity	or	voidage,	and	hence	granule	density	[4].	Granules	may	consolidate	over	extended	times	and	achieve	high	densities	if	there	is	no	simulta	neous	drying	to	stop	the	consolidation	process.	The	extent	and	rate	of	consolidation	are	determined	by	the	balance	between	the	collision	energy	and	the	granule	resistance	to
deformation.	The	voidage	ε	may	be	shown	to	depend	on	time	as	follows:	min	0	min	=	exp(	t	)	where	=	fn	(y	,	St,	St	def	)	(2.29)	Here,	y	is	liquid	loading,	ε0	and	εmin	are,	respectively,	the	beginning	and	final	minimum	por	osity	[61].	The	effect	of	binder	viscosity	and	liquid	content	are	complex	and	interrelated.	For	low-viscosity	binders,	consolidation
increases	with	liquid	content	as	shown	in	Figure	2.40	[62].	This	is	the	predominant	effect	for	the	majority	of	granulation	systems,	with	liquid	content	related	to	peak	bed	moisture	on	average.	Increased	drop	size	and	spray	flux	are	also	known	to	increase	consolidation.	Drying	affects	peak	bed	moisture	and	consolidation	by	varying	moisture	levels	as
well	as	binder	viscosity.	For	very	viscous	binders,	consolidation	decreases	with	increasing	liquid	content	[61].	As	a	second	important	effect,	decreasing	feed	particle	size	decreases	the	rate	of	consolidation	because	of	the	high-specific	surface	area	and	low	permeability	of	fine	powders,	thereby	decreasing	granule	voidage.	Lastly,	increasing	agitation
intensity	and	process	residence	time	increases	the	degree	of	consolidation	by	increasing	the	energy	of	collision	and	compaction.	The	exact	combined	effect	of	formulation	properties	is	determined	by	the	balance	between	viscous	dissipation	and	particle	frictional	losses,	and,	therefore,	the	rate	is	expected	to	depend	on	the	viscous	and	deformation
Stokes	numbers	[61].	FIGURE	2.40	Effect	of	Binder	Liquid	Content	and	Primary	Feed	Particle	Size	on	Granule	Porosity	for	the	Drum	Granulation	of	Glass	Ballotini.	Decreasing	Granule	Porosity	Corresponds	to	the	Increasing	Extent	of	Granule	Consolidation.	Source:	From	Ref.	[61].	50	Pharmaceutical	Granulation	Technology	2.4	GRANULE	STRENGTH
AND	BREAKAGE	2.4.1	OVERVIEW	Dry	granule	strength	impacts	three	key	areas	of	pharmaceutical	processing.	These	include	physical	attrition	or	breakage	of	granules	during	the	granulation	and	drying	processes,	breakage	of	granules	in	subsequent	material	handling	steps,	such	as	conveying	or	feeding,	and	lastly,	deformation	and	breakdown	of
granules	in	compaction	processes,	such	as	tableting.	Modern	approaches	to	granule	strength	rely	on	fracture	mechanics	[62].	In	this	context,	a	granule	is	viewed	as	a	nonuniform	physical	composite	possessing	certain	macroscopic	mechanical	properties,	such	as	generally	ani	sotropic	yield	stress,	as	well	as	an	inherent	flaw	distribution.	Hard	materials
may	fail	in	tension,	with	the	breaking	strength	being	much	less	than	the	inherent	tensile	strength	of	bonds	because	of	the	existence	of	flaws,	which	act	to	concentrate	stress.	Bulk	breakage	tests	of	granule	strength	measure	both	inherent	bond	strength	and	granule	flaw	distribution	and	voidage	[3,4,63].	Figure	2.6,	presented	previously,	illustrates
granule	attrition	results	for	a	variety	of	formulations.	Granule	attrition	clearly	increases	with	increasing	voidage;	note	that	this	voidage	is	a	function	of	granule	consolidation	discussed	previously.	Different	for	mulations	fall	on	different	curves,	because	of	inherently	differing	interparticle	bond	strengths.	It	is	often	important	to	separate	the	impact	of
bond	strength	versus	voidage	on	attrition	and	granule	strength.	Processing	influences	flaw	distribution	and	granule	voidage,	whereas	inherent	bond	strength	is	controlled	by	formulation	properties.	The	mechanism	of	granule	breakage	is	a	strong	function	of	the	material	properties	of	the	granule	itself,	as	well	as	the	type	of	loading	imposed	by	the	test
conditions	[64].	Ranking	of	the	product	breakage	resistance	by	ad	hoc	tests	may	be	test	specific,	and	in	the	worst-case	differ	from	actual	process	conditions.	Instead,	material	properties	should	be	measured	by	standardized	mechanical	property	tests	that	minimize	the	effect	of	flaws	and	loading	conditions	under	well-defined	geo	metries	of	internal
stress,	as	described	in	the	next	section.	2.4.2	MECHANICS	OF	THE	BREAKAGE	Fracture	toughness,	Kc,	defines	the	stress	distribution	in	the	body	just	before	fracture	and	is	given	by:	Kc	=	Y	f	c	(2.30)	Where	is	f	the	applied	fracture	stress,	c	is	the	length	of	the	crack	in	the	body,	and	Y	is	a	calibration	factor	introduced	to	account	for	different	body
geometries	(Figure	2.41).	The	elastic	stress	increases	dramatically	as	the	crack	tip	is	approached.	In	practice,	however,	the	elastic	stress	cannot	exceed	the	yield	stress	of	the	material,	implying	a	region	of	local	yielding	at	the	crack	tip.	Irwin	[65]	proposed	that	this	process	zone	size,	rp,	be	treated	as	an	effective	increase	in	crack	length	δc.	Fracture
toughness	is	then	given	by:	Kc	=	Y	f	(c	+	c	)	with	c	rp	(2.31)	The	process	zone	is	a	measure	of	the	yield	stress	or	plasticity	of	the	material	in	comparison	with	its	brittleness.	Yielding	within	the	process	zone	may	take	place	either	plastically	or	by	diffuse	mi	crocracking,	depending	on	the	brittleness	of	the	material.	For	plastic	yielding,	rp	is	also	referred
to	as	the	plastic	zone	size.	The	critical	strain	energy	release	rate	Gc	=	K	2c	/E	is	the	energy	equivalent	to	fracture	toughness,	first	proposed	by	Griffith	[66].	Theory	of	Granulation	51	FIGURE	2.41	Fracture	of	a	Brittle	Material	by	Crack	Propagation.	Source:	From	Ref.	[63].	2.4.3	FRACTURE	MEASUREMENTS	To	ascertain	fracture	properties	in	any
reproducible	fashion,	specific	test	geometries	must	be	used	as	it	is	necessary	to	know	the	stress	distribution	at	predefined,	induced	cracks	of	known	length	[4,63].	Three	traditional	methods	are:	(i)	the	three-point	bend	test,	(ii)	indentation	fracture	testing,	and	(iii)	Hertzian	contact	compression	between	two	spheres	of	the	material.	Figures	2.42	and
2.43	illustrate	a	typical	geometry	and	force	response	for	the	case	of	a	three-point	bend	test.	By	breaking	a	series	of	dried	formulation	bars	under	three-point	bend	loading	of	varying	crack	length,	fracture	toughness	is	determined	from	the	variance	of	fracture	stress	on	crack	length,	as	given	by	(2.31)	[63].	In	the	case	of	indentation	fracture,	one
determines	hardness,	H,	from	the	area	of	the	residual	plastic	impression	and	fracture	toughness	from	the	lengths	of	cracks	propagating	from	the	indent	as	a	function	of	indentation	load,	F	[67].	Hardness	is	a	measure	of	the	yield	strength	of	the	material.	Toughness	and	hardness	in	the	case	of	indentation	are	given	by:	Kc	=	E	F	E	and	H	~	3/2	H	c	A
FIGURE	2.42	Three-Point	Bend	and	Indentation	Testing	for	Fracture	Properties.	Source:	From	Ref.	[63].	(2.32)	52	Pharmaceutical	Granulation	Technology	FIGURE	2.43	Typical	Force-Displacement	Curve	for	Three-Point	Bend	Semistable	Failure.	Source:	From	Refs.	[4,63].	Table	2.4	compares	the	typical	fracture	properties	of	agglomerated	materials.
Fracture	toughness,	K	c,	is	seen	to	range	from	0.01	to	0.6	MPa/m	1/2	,	less	than	that	typical	for	polymers	and	ceramics,	presumably	due	to	the	high	agglomerate	voidage.	Critical	strain	energy	release	rates	Gc	from	1	to	200	J/m2	,	typical	for	ceramics	but	less	than	that	for	polymers.	Process	zone	sizes,	δc,	are	seen	to	be	large	and	of	the	order	of	0.1–1
mm,	values	typical	for	polymers.	Ceramics,	on	the	other	hand,	typically	have	process	zone	sizes	less	than	1	μm.	Critical	displacements	required	for	a	fracture	may	be	estimated	by	G	c/E,	which	is	an	indication	of	the	brittleness	of	the	material.	This	value	was	of	the	order	of	10	−7	to	10	−8	mm	for	polymer-glass	agglomerates,	similar	to	polymers,	and	of
the	order	of	10	−9	mm	for	herbicide	bars,	similar	to	ceramics.	In	summary,	granulated	materials	behave	similarly	to	brittle	ceramics	that	not	only	have	small	critical	displacements	and	yield	strains	but	also	are	similar	to	ductile	polymers	that	have	large	process,	or	plastic	zone	sizes.	2.4.4	MECHANISMS	OF	BREAKAGE	The	process	zone	plays	a	large
role	in	determining	the	mechanism	of	granule	breakage	[63],	with	such	mechanisms	previously	presented	in	Figure	2.7.	Agglomerates	with	process	zones	smaller	in	comparison	with	granule	size	break	by	a	brittle	fracture	mechanism	into	smaller	fragments,	or	fragmentation	or	fracture.	On	the	other	hand,	for	agglomerates	with	process	zones	of	the
order	of	their	size,	there	is	an	insufficient	volume	of	agglomerates	to	concentrate	enough	elastic	energy	to	propagate	gross	fracture	during	a	collision.	The	mechanism	of	breakage	for	these	materials	is	one	of	wear,	erosion,	or	attrition	brought	about	by	diffuse	microcracking.	In	the	limit	of	very	weak	bonds,	agglomerates	may	also	shatter	into	small
fragments	or	primary	particles.	Each	mechanism	of	breakage	implies	a	different	functional	dependence	of	breakage	rate	on	material	properties.	Granules	generally	have	been	found	to	have	large	process	zones,	which	suggests	granule	wear	as	a	dominant	mechanism	or	breakage	or	attrition.	For	the	case	of	abrasive	Theory	of	Granulation	53	TABLE
2.4	Fracture	Properties	of	Agglomerated	Materials	Material	Id	®a	Bladex	60	Bladex	90®a	Glean®a	B60	B90	Kc	(Mpa/m1/2)	Gc	(J/m2)	δc	(μm)	E	(MPa)	Gc/E	(m)	0.070	0.014	3.0	0.96	340	82.7	567	191	5.29e–09	5.00e–09	G	0.035	2.9	787	261	1.10e–08	Glean®	Ageda	CMC-Na	(M)b	GA	CMC	0.045	0.157	3.2	117.0	3510	641	465	266	6.98e–09	4.39e–07
Klucel	GFb	KGF	0.106	59.6	703	441	1.35e–07	PVP	360Kb	CMC	2%	1KNb	PVP	C2/1	0.585	0.097	199.0	16.8	1450	1360	1201	410	1.66e–07	4.10e–08	CMC	2%	5KNb	C2/5	0.087	21.1	1260	399	5.28e–08	CMC	5%	1KNb	C5/1	0.068	15.9	231	317	5.02e–08	Notes	a	DuPont	corn	herbicides.	b	50	μm	glass	beads	with	polymer	binder.Source:	From	Ref.	[63].
wear	of	ceramics	due	to	surface	scratching	by	loaded	indentors,	Evans	and	Wilshaw	[68]	de	termined	a	volumetric	wear	rate,	V,	of:	V=	di1/2	P	5/4l	A1/4	Kc3/4	H1/2	(2.33)	where	di	is	indentor	diameter,	P	is	applied	load,	l	is	wear	displacement	of	the	indentor	and	A	is	an	apparent	area	of	contact	of	the	indentor	with	the	surface.	Therefore,	the	wear	rate
depends	in	versely	on	fracture	toughness.	For	the	case	of	fragmentation,	Yuregir	et	al.	[69]	have	shown	that	the	fragmentation	rate	of	organic	and	inorganic	crystals	is	given	by:	V~	H	2	ua	Kc2	(2.34)	where	a	is	crystal	length,	ρ	is	crystal	density,	and	u	is	impact	velocity.	Note	that	hardness	plays	an	opposite	role	for	fragmentation	than	for	wear,	since	it
acts	to	concentrate	stress	for	fracture.	The	fragmentation	rate	is	a	stronger	function	of	toughness	as	well.	Drawing	on	analogies	with	this	work,	the	breakage	rates	by	wear,	Bw,	and	fragmentation,	Bf,	for	the	case	of	fluid-bed	granulation	and	drying	processes	should	be	of	the	form:	Bw	=	d	01/2	hb5/4	(U	Kc3/4	H1/2	Bf	~	H	(U	Kc2	Umf	)	Umf	)2	a	(2.35)
(2.36)	54	Pharmaceutical	Granulation	Technology	FIGURE	2.44	Bar	Wear	Rate	and	Fluid-Bed	Erosion	Rate	as	a	Function	of	Granule	Material	Properties.	Kc	is	Fracture	Toughness	and	H	is	Hardness.	Source:	From	Ref.	[63].	where	d	is	granule	diameter,	d0	is	primary	particle	diameter,	(U	−	Umf)	is	fluid-bed	excess	gas	velocity,	and	hb	is	bed	height.
Figure	2.44	illustrates	the	dependence	of	erosion	rate	on	material	properties	for	bars	and	granules	undergoing	a	wear	mechanism	of	breakage,	as	governed	by	(2.31)	and	(2.35),	respectively.	2.5	CONTROLLING	GRANULATION	PROCESSES	2.5.1	AN	ENGINEERING	APPROACH	TO	GRANULATION	PROCESSES	Future	advances	in	our	understanding
of	granulation	phenomena	rest	heavily	on	engineering	process	design.	A	change	in	granule	size	or	voidage	is	akin	to	a	change	in	chemical	species,	and	so	analogies	exist	between	granulation	growth	kinetics	and	chemical	kinetics	and	the	unit	operations	of	size	enlargement	and	chemical	reaction	[5].	These	analogies	are	highlighted	in	Figure	2.45,
where	several	scales	of	analysis	must	be	considered	for	successful	process	design.	Let	us	begin	by	considering	a	small	volume	element	of	material	A	within	a	mixing	process	as	shown	in	Figure	2.46,	and	consider	either	the	molecular	or	the	primary	particle/single	granule	scale.	On	the	granule	scale	of	scrutiny,	the	design	of	chemical	reactors	and
granulation	processes	differ	con	ceptually	in	that	the	former	deals	with	chemical	transformations	whereas	the	latter	deals	primarily	with	physical	transformations	controlled	by	mechanical	processing1	[70–72].	Here,	the	rate	processes	of	granulation	are	controlled	by	a	set	of	key	physicochemical	inter	actions.	These	rate	processes	have	been	defined
in	the	proceeding	sections,	including	wetting	and	nucleation,	granule	growth	and	consolidation,	and	granule	attrition	and	breakage.	We	now	consider	a	granule	volume	scale	of	scrutiny,	returning	to	our	small	volume	ele	ment	of	material	A	of	Figure	2.46.	Within	this	small	volume	for	the	case	of	chemical	kinetics,	we	generally	are	concerned	with	the
rate	at	which	one	or	more	chemical	species	is	converted	into	a	product.	This	is	generally	dictated	by	a	reaction	rate	constant	or	kinetic	constant,	which	is,	in	turn,	a	local	function	of	temperature,	pressure,	and	the	concentration	of	feed	species,	as	was	established	from	previous	physicochemical	considerations.	These	local	variables	are,	in	turn,	a
function	of	overall	heat,	mass,	and	momentum	transfer	of	the	vessel	controlled	by	mixing	and	heating/cooling.	The	chemical	conversion	occurring	within	a	local	volume	ele	ment	may	be	integrated	over	the	entire	vessel	to	determine	the	chemical	yield	or	extent	of	Theory	of	Granulation	55	FIGURE	2.45	Changes	in	a	State	as	Applied	to	Granulator
Kinetics	and	Design.	Source:	From	Ref.	[5].	conversion	for	the	reactor	vessel;	the	impact	of	mixing	and	heat	transfer	is	generally	con	sidered	in	this	step	at	the	process	volume	scale	of	scrutiny.	In	the	case	of	a	granulation	process,	an	identical	mechanistic	approach	exists	for	design,	where	chemical	kinetics	is	re	placed	by	granulation	kinetics.	The
performance	of	a	granulator	may	be	described	by	the	extent	of	granulation	of	a	species.	Let	(x1,	x2,	…,	xn)	represent	a	list	of	attributes	such	as	average	granule	size,	porosity,	strength,	and	any	other	generic	quality	metric	and	associated	variances.	Alternatively,	(x1,	x2,	…,	xn)	might	represent	the	concentrations	or	numbers	of	certain	granule	size	or
density	classes,	just	as	in	the	case	of	chemical	reactors.	The	proper	design	of	a	chemical	reactor	or	a	granulator	then	relies	on	understanding	and	controlling	the	evolution	(both	time	and	spatial)	of	the	feed	vector	X	to	the	desired	product	vector	Y.	Inevitably,	the	reactor	or	granulator	is	contained	within	a	larger-plant-scale	process	chain,	or
manufacturing	circuit,	with	overall	plant	performance	being	dictated	by	the	interaction	56	Pharmaceutical	Granulation	Technology	FIGURE	2.46	Granulation	Within	a	Local	Volume	Element,	as	a	Subvolume	of	a	Process	Granulator	Volume,	Which	Controls	Local	Size	Distribution.	Source:	From	Ref.	[5].	between	individual	unit	operations.	At	the	plant
scale	of	scrutiny,	understanding	interactions	between	unit	operations	can	be	critical	to	plant	performance	and	product	quality.	These	in	teractions	are	far	more	substantial	with	solids	processing	than	with	liquid-gas	processing.	Ignoring	these	interactions	often	leads	processing	personnel	to	misdiagnose	sources	of	poor	plant	performance.	Tableting	is
often	affected	by	segregation	or	poor	mixing.	Segregation	becomes	vital	for	preferential	wetting	and	drug	assay	variation	per	size	class,	which	can	be	influenced	by	trace	impurities	in	the	production	of	drugs	or	excipients.	Theory	of	Granulation	57	There	are	several	important	points	worth	noting	concerning	this	approach.	First,	the	en	gineering
approach	to	the	design	of	chemical	reactors	is	well	developed	and	an	integral	part	of	traditional	chemical	engineering	education	[73].	At	present,	only	the	most	rudimentary	elements	of	reaction	kinetics	have	been	applied	to	granulator	design.	Much	more	is	expected	to	be	gleaned	from	this	approach	over	the	coming	decade.	Examples	might	include
staged	addition	of	in	gredients,	micronization	of	processes,	and	tailored	process	designs	based	on	specific	formulation	properties.	Second,	an	appreciation	of	this	engineering	approach	is	absolutely	vital	to	properly	scale-up	granulation	processes	for	difficult	formulations.	Lastly,	this	perspective	provides	a	logical	framework	with	which	to	approach
and	unravel	complex	processing	problems,	which	often	involve	several	competing	phenomena.	Significant	progress	had	been	made	with	this	ap	proach	in	crystallization	[74]	and	grinding	[75].	Many	complexities	arise	when	applying	the	results	of	the	previous	sections	detailing	granula	tion	mechanisms	to	granulation	processing.	The	purpose	of	this
section	is	to	summarize	approaches	to	controlling	these	rate	processes	by	placing	them	within	the	context	of	actual	granulation	systems	and	granulator	design.	Additional	details	of	modeling	and	granulator	design	can	be	found	in	chapters	23	and	24.	2.5.2	SCALE	OF	A	GRANULE	SIZE	AND	PRIMARY	FEED	PARTICLES	When	considering	a	scale	of
scrutiny	of	the	order	of	granules,	we	ask	what	controls	the	rate	processes,	as	presented	in	detail	in	the	previous	sections.	This	key	step	links	formulation	or	ma	terial	variables	to	the	process	operating	variables,	and	successful	granulator	design	hinges	on	this	understanding.	Two	key	local	variables	of	the	volume	element,	A,	include	the	local-bed
moisture	and	the	local	level	of	shear	(both	shear	rate	and	shear	forces).	These	variables	play	an	analogous	role	of	species	concentration	and	temperature	in	controlling	kinetics	in	a	chemical	reaction,	with	the	caveat	that	granulation	mechanisms	are	primarily	path	functions	in	the	thermodynamic	sense,	with	work	input	as	opposed	to	time	controlling
deformation	mechanisms.	In	the	case	of	chemical	reaction,	increased	temperature	or	concentration	of	a	feed	species	generally	increases	the	reaction	rate.	For	the	case	of	granulation	considered	here,	increases	in	shear	rate	and	moisture	result	in	increased	granule/powder	collisions	in	the	presence	of	binding	fluid,	resulting	in	an	increased	frequency
of	successful	growth	events	and	increases	in	granule	growth	rate.	Increases	in	shear	forces	also	increase	the	granule	consolidation	rate	and	aid	growth	for	deformable	formulations.	In	the	limit	of	very	high	shear	(e.g.,	due	to	choppers),	they	promote	wet	and	dry	granule	breakage	or	limit	granule	growth.	In	the	case	of	simultaneous	granulation	and
drying,	bed	and	gas-phase	moisture,	temperature	control,	heat	and	mass	transfer,	and	the	impact	of	drying	kinetics	on	currrent	bed	moisture	should	be	considered.	2.5.3	SCALE	OF	A	GRANULE	VOLUME	ELEMENT	Next	consider	a	scale	of	scrutiny	of	the	level	of	a	small	bulk	volume	of	granules,	or	volume	element	of	material,	A,	in	Figure	2.45.	This
volume	element	has	a	particular	granule	size	dis	tribution	controlled	by	the	local	granulation	rate	processes	as	shown	pictorially	in	Figure	2.46.	In	the	wetting	and	nucleation	rate	process,	droplets	interact	with	a	fine	powder	to	form	initial	nuclei,	either	directly	or	through	the	mechanical	breakdown	of	pooled	over-wetted	regions.	It	is	generally	useful
to	consider	the	initial	powder	phase	and	drop	phase	as	independent	feed	phases	to	the	granule	phase.	In	addition,	the	granule	phase	can	be	broken	down	into	separate	species,	each	species	corresponding	to	a	particular	granule	mesh	size	cut.	Nucleation,	therefore,	results	in	a	loss	of	powder	and	drop	phases,	and	the	birth	of	granules.	Granules	and
initial	nuclei	collide	within	this	volume	element	with	each	other	and	with	the	surrounding	powder	phase,	resulting	in	both	granule	growth	and	consolidation	due	to	compaction	forces.	Granule	growth	by	coalescence	results	in	the	discrete	birth	of	granules	to	a	new	granule	size	class	or	species,	as	well	as	loss	or	58	Pharmaceutical	Granulation
Technology	death	of	granules	from	the	originating	size	classes.	This	is	a	rapid,	often	exponential	mechanism,	with	a	widening	of	the	distribution	when	below	the	limiting	granule	size.	On	the	other	hand,	granule	growth	by	layering	and	granule	consolidation	results	in	a	slow	differential	increase	and	decrease	in	granule	size,	respectively.	Granule
breakage	by	fracture	and	attrition	(or	wear)	act	in	a	similar,	but	opposite,	fashion	to	granule	coalescence	and	layering,	increasing	the	powder	phase	and	species	of	smaller	granules.	Lastly,	this	volume	element	of	granules	interacts	with	the	surrounding	material	of	the	bed,	as	granulated,	powder,	and	drop	phases	flow	to	and	from	surrounding	volume
elements.	The	rate	processes	of	granulation	and	the	flows	or	exchanges	with	surrounding	elements	combine	to	control	the	local	granule	size	distribution	and	growth	rate	within	this	small	volume	element.	As	illustrated	in	Figure	2.47,	conducting	an	inventory	of	all	granules	entering	and	leaving	a	given	size	class	n(x)	by	all	possible	granulation
mechanisms	leads	to	a	microlevel	population	balance	over	the	volume	element	given	by:	na	+	(na	ui	)	=	Ga	=	Ba	t	xi	Da	(2.37)	where	n(x,t)	is	the	instantaneous	granule	size	distribution,	which	varies	with	time	and	position.	G,	B,	and	D	are	growth,	birth,	and	death	rates	due	to	granule	coalescence	and	granule	fracture.	The	second	LHS	term	reflects
contributions	to	the	distribution	from	layering	and	wear,	as	well	as	interchanges	of	granules	from	surrounding	volume	elements.	The	nucleation	rate	would	be	con	sidered	a	boundary	condition	of	(2.37),	providing	a	source	of	initial	granules.	(2.37)	governs	the	local	growth	rate	within	volume	element	A.	Solutions	to	this	population	balance	are
described	in	greater	detail	in	chapter	23,	as	well	as	in	Refs.	[6,74,75].	Analytical	solutions	are	only	possible	in	the	simplest	of	cases.	Although	actual	processes	would	require	specific	examination,	some	general	comments	are	warranted.	Beginning	FIGURE	2.47	The	Population	Balance	over	a	Sieve	Class	or	Specific	Granule	Size	Class.	Source:	From
Ref.	[5].	Theory	of	Granulation	59	with	nucleation,	in	the	case	of	fast	drop	penetration	into	fine	powders	and	for	small	spray	flux,	new	granules	will	be	formed	of	the	order	of	the	drop	size	distribution,	and	contribute	to	those	particular	size	cuts	or	granule	species.	If	the	spray	is	stopped	at	low	moisture	levels,	one	will	obtain	a	bimodal	distribution	of
nuclei	size	superimposed	on	the	original	feed	distribution.	Very	little	growth	may	occur	for	these	low	moisture	levels.	This	should	not	be	confused	with	induction	type	growth,	which	is	a	result	of	low	overall	formulation	deformability.	In	fact,	the	moisture	level	of	the	nuclei	themselves	will	be	found	to	be	high	and	nearly	saturated.	Moisture,	however,	is
locked	up	within	these	nuclei,	surrounded	by	large	amounts	of	fine	powder.	Therefore,	it	is	important	not	to	confuse	granule	moisture,	local	moisture,	and	the	overall	average	peak	bed	moisture	of	the	process;	they	are	very	much	not	the	same	but	all	are	influenced	by	proper	vessel	design	and	operation.	As	moisture	levels	increase	and	the
concentration	of	the	ungranulated	powder	phase	decreases,	the	portion	of	the	granule	phase	increases.	As	granules	begin	to	interact	more	fully	because	of	de	creased	surrounding	powder	and	greater	chances	to	achieve	wet	granule	interaction,	granule	coalescence	begins	to	occur.	This,	in	turn,	results	in	a	decrease	in	granule	number,	and	a	rapid
often	exponential	increase	in	granule	size	as	previously	demonstrated.	Coalescence	generally	leads	to	an	initial	widening	of	the	granule	size	distribution	until	the	granule	growth	limit	is	reached,	discussed	in	detail	in	section	“Summary	of	Growth	Patterns”	(Figure	2.39).	As	larger	granules	begin	to	exceed	this	growth	limit,	they	can	no	longer	coalesce
with	granules	of	similar	size.	Their	growth	rate	drops	substantially	as	they	can	only	continue	to	grow	by	coalescence	with	fine	granules	or	by	layering	with	any	remaining	fine	powder.	At	this	point,	the	granule	size	distribution	generally	narrows	with	time.	This	provides	a	local	description	of	growth,	whereas	the	overall	growth	rate	of	the	process
depends	greatly	on	mixing	described	next,	as	controlled	by	process	design.	2.5.4	SCALE	OF	THE	GRANULATOR	VESSEL	The	local	variables	of	moisture	and	shear	level	vary	with	volume	element,	or	position	in	the	granulator,	which	leads	to	the	kinetics	of	nucleation,	growth,	consolidation,	and	breakage	being	dependent	on	position	in	the	vessel,
leading	to	a	scale	of	scrutiny	of	the	vessel	size.	As	shown	in	Figure	2.46,	moisture	levels	and	drop	phase	concentration	and	nucleation	will	be	high	at	position	D.	Significant	growth	will	occur	at	position	B	because	of	increased	shear	forces	and	granule	deformation,	as	well	as	increased	contacting.	Significant	breakage	can	occur	at	position	C	in	the
vicinity	of	choppers.	Each	of	these	positions	or	volume	elements	will	have	its	own	specific,	local	granule	size	distribution	at	any	moment	in	time.	Solids	mixing	[3,76]	impacts	the	overall	granulation	in	several	ways.	First,	it	controls	the	local	shear.	Local	shear	rates	and	forces	are	a	function	of	shear	stress	transfer	through	the	powder	bed,	which	is,	in
turn,	a	function	of	mixer	design	and	bed	bulk	density,	granule	size	distribution,	and	frictional	properties.	Local	shear	rates	determine	granule	collisional	velocities.	This	first	area	is	possibly	one	of	the	least	understood	areas	of	powder	processing	and	requires	additional	research	to	establish	the	connection	between	operating	variables	and	local	shear
rates	and	forces.	It	is	also	a	very	important	scale-up	consideration,	as	discussed	in	chapter	24	[3,6,76].	Second,	solids	mixing	controls	the	interchange	of	moisture,	powder	phase,	and	droplet	phases	among	the	local	volume	elements.	Third,	it	controls	the	interchange	of	the	granulated	phase.	Within	the	context	of	reaction	kinetics	[73],	one	generally
considers	extremes	of	mixing	between	well-mixed	continuous,	plug	flow	continuously,	or	well-mixed	batch	processes.	The	impact	of	mixing	on	reaction	kinetics	is	well	understood,	and	similar	implications	exist	for	the	impact	of	mixing	on	granulation	growth	kinetics.	In	particular,	well-mixed	continuous	pro	cesses	would	be	expected	to	provide	the
widest	granule	size	distribution	(deep	continuous	fluidized	beds	are	an	example),	whereas	plug	flow	or	well-mixed	batch	processes	should	result	in	narrower	distributions.2	In	addition,	it	is	possible	to	narrow	the	distribution	further	by	purposely	segregating	the	bed	by	granule	size,3	or	staging	the	addition	of	ingredients,	though	this	is	a	less	explored
area	of	granulator	design.	Lastly,	it	should	be	possible	to	predict	the	60	Pharmaceutical	Granulation	Technology	effects	of	dispersion,	back-mixing,	and	dead/stagnant	zones	on	granule	size	distribution	on	the	basis	of	previous	work	regarding	chemical	reaction	kinetics.	(2.37)	reflects	the	evolution	of	granule	size	distribution	for	a	particular	volume
element.	When	integrating	this	equation	over	the	entire	vessel,	one	is	able	to	predict	the	granule	size	distribution	versus	time	and	position	within	the	granulator.	Lastly,	it	is	important	to	understand	the	com 	plexities	of	scaling	rate	processes	on	a	local	level	to	the	overall	growth	rate	of	the	granulator.	If	such	considerations	are	not	made,	misleading
conclusions	with	regard	to	granulation	behavior	may	be	drawn.	Wide	distributions	in	moisture	and	shear	level,	as	well	as	granule	size,	and	how	this	interacts	with	scale-up	must	be	kept	in	mind	when	applying	the	detailed	description	of	rate	pro	cesses	discussed	in	the	previous	sections.	With	this	phenomenological	description	of	granulation	in	place,
we	will	now	discuss	controlling	wetting,	growth	and	consolidation,	and	breakage	in	practice,	as	well	as	the	implications	for	two	of	the	more	common	pharmaceutical	granulation	processes,	namely	fluid-bed	and	high-shear	mixer	granulation.	2.5.5	CONTROLLING	PROCESSING	IN	PRACTICE	Table	2.5	summarizes	operating	variables	and	their	impact
on	fluid-bed	and	high-shear	mixer	granulation	[5].	From	a	processing	perspective,	we	begin	with	the	uniformity	of	the	process	in	terms	of	solids	mixing.	Approaching	a	uniform	state	of	mixing	as	previously	described	will	ensure	equal	moisture	and	shear	levels	and,	therefore,	uniform	granulation	kinetics	throughout	the	bed;	on	the	other	hand,	poor
mixing	will	lead	to	differences	in	local	kinetics.	If	not	accounted	for	in	a	design,	these	local	differences	will	lead	to	a	wider	distribution	in	granule	size	distribution	and	properties	than	is	necessary,	and	often	in	unpredictable	fashions—particularly	with	scale-up.	Fluidized	beds	can	be	one	of	the	most	uniform	processes	in	terms	of	mixing	and
temperature.	Powder	frictional	forces	are	overcome	as	drag	forces	of	the	fluidizing	gas	support	bed	weight,	and	gas	bubbles	promote	rapid	and	intensive	mixing.	Increasing	fluid-bed	excess	gas	velocity	(U	−	Umf)	will	increase	solids	flux	and	decrease	circulation	time.	This	can	potentially	narrow	nuclei	distribution	for	intermediate	drop	penetration
times.	Growth	rates	will	be	minimally	affected	be	cause	of	increased	contacting;	however,	the	growth	limit	will	decrease.	There	will	be	some	in	crease	in	granule	consolidation,	and	potentially	a	large	increase	in	attrition.	Lastly,	initial	drying	kinetics	will	increase.	With	regard	to	bed	weight,	forces	in	fluid	beds	and,	therefore,	consolidation	and	granule
density	generally	scale	with	bed	height.	Impeller	speed	in	mixers	will	play	a	similar	role	in	increasing	solids	flux.	However,	initial	growth	rates	and	granule	consolidation	are	likely	to	increase	substantially	with	an	increase	in	impeller	speed.	The	growth	limit	will	decrease,	partly	controlled	by	chopper	speed.	In	the	case	of	mixers,	impeller	speed,	in
comparison	with	bed	mass,	promotes	mixing,	with	choppers	eliminating	any	gross	maldistribution	of	moisture	and	overgrowth.	As	a	gross	rule	of	thumb,	ideally,	the	power	input	per	unit	mass	should	be	maintained	with	mixer	scale-up,	related,	in	part,	to	swept	volume	per	unit	time,	as	studied	by	Kristensen	and	coworkers.	However,	cohesive	powders
can	be	ineffective	in	transmitting	stress,	meaning	that	only	a	portion	of	the	bed	may	be	activated	with	shear	at	a	large	scale,	whereas	the	entire	bowl	may	be	in	motion	at	a	lab	scale.	Therefore,	mixing	may	not	be	as	uniform	in	mixers	as	it	is	in	fluidized	beds.	Equipment	design	also	plays	a	large	role,	including	air	distributor	and	impeller/chopper
design	for	fluid	bed	and	mixers,	respectively.	Increasing	bed	moisture	and	residence	time	increases	overall	growth	and	consolidation.	However,	it	also	increases	the	chances	of	bed	defluidization	or	over	massing/bowl	buildup	in	fluid	beds	and	mixers,	respectively.	Increasing	bed	temperature	normally	acts	to	lower	bed	moisture	due	to	drying.	This	acts
to	raise	effective	binder	viscosity	and	lower	granule	consolidation	and	density,	as	well	as	initial	growth	rates	for	the	case	of	high-shear	mixers.	This	effect	of	temperature	and	drying	generally	offsets	the	inverse	relationship	between	viscosity	and	temperature.	Theory	of	Granulation	61	TABLE	2.5	Impact	of	Key	Operating	Variables	in	Pharmaceutical
Granulation	Source:	From	Ref.	[5]	Effect	of	Changing	Key	Process	Variables	Fluidized	Beds	(Including	coating	&	drying)	High	Shear	Mixers	Increasing	solids	mixing,	solids	flux,	and	bed	agitation	Increasing	excess	gas	velocity:	Improves	bed	uniformity	Increases	solids	flux	Increasing	impeller/chopper	speed:	Improves	bed	uniformity	Increases
Increasing	bed	weight	Decreases	solids	circulation	time	solids	flux	Decreases	solids	Potentially	improves	nucleation	No	effect	on	noninertial	growth	rate	circulation	time	Potentially	improves	nucleation	Increases	growth	rate	Lowers	growth	limit	Some	increase	in	Lowers	growth	limit	Increases	granule	consolidation	Increases	granule	attrition
Increases	initial	granule	consolidation	Increases	granule	attrition	impeller/chopper	drying	kineticsDistributor	design:	design:	Improvements	needed	to	Impacts	attrition	and	defluidization	improve	shear	transmission	for	cohesive	powders.	Increasing	bed	height:	Increases	granule	consolidation,	density,	and	strength	Increasing	bed	weight:	Generally
lowers	power	per	unit	mass	in	most	mixers,	lowering	growth	rate.	Also	increasing	non-uniformity	of	cohesive	powders,	and	lowers	solids	flux,	and	increases	circulation	time.	Increasing	bed	moisture	(Note:	Increases	rates	of	nucleation,	growth,	Increases	rates	of	nucleation,	growth,	Increasing	bed	temperature	normally	acts	to	lower	bed	and
consolidation	giving	larger,	denser	granules	with	generally	a	and	consolidation	giving	larger,	denser	granules	with	generally	a	moisture	due	to	drying.)	wider	distribution.	Distribution	can	wider	distribution.	Distribution	can	Increasing	residence	time	narrow	if	the	growth	limit	is	reached.	Increases	chances	of	narrow	if	the	growth	limit	is	reached.
Increases	chances	of	over	defluidization	Increasing	spray	distribution:Lower	liquid	feed	Largely	effected	Wettable	powders	and	short	penetration	times	generally	massing	and	bowl	buildup.	Less	effectedPoorly	wetting	powders	and	longer	penetration	time	possible	or	spray	rateLower	drop	required	for	fast	penetration:	for	fast	penetration:	Decreases
growth	sizeIncrease	number	of	nozzlesIncrease	air	pressure	(2-	Decreases	growth	rate	Decreases	spread	of	size	distribution	rate	Decreases	spread	of	size	distribution	decreases	granule	density	fluid	nozzles)Increase	solids	decreases	granule	density	and	strength	and	strength	for	slow	mixing	(above)	for	slow	penetration:	Poor	process
choiceDefluidization	likely	penetration:	Mechanical	dispersion	of	fluid	little	effect	of	distribution,	however,	slowing	rate	of	addition	Increasing	feed	particle	size	(Can	be	controlled	by	milling)	Requires	increase	in	excess	gas	velocity	minima	effect	of	a	growth	rate	minimizes	lag	in	growth	rate.	Increase	in	a	growth	rate	increase	in	granule	consolidation
and	density	increase	in	granule	consolidation	and	density	Spray	distribution	generally	has	a	large	effect	in	fluid	beds,	but	in	many	cases,	a	small	effect	in	mixers.	In	fact,	fluid-bed	granulation	is	only	practical	for	wettable	powders	with	short	drop	pe	netration	time,	since	otherwise	defluidization	of	the	bed	would	be	promoted	by	local	pooling	of	fluid.
Mechanical	dispersion	counteracts	this	in	mixers.	There	may	be	a	benefit,	however,	to	slowing	the	spray	rate	in	mixers	for	formulation	with	inductive	growth	behavior,	as	this	will	minimize	the	lag	between	spray	and	growth,	as	discussed	previously.	62	Pharmaceutical	Granulation	Technology	In	summary	for	the	case	of	fluid-bed	granulation,	the
growth	rate	is	largely	controlled	by	spray	rate	and	distribution	and	consolidation	rate	by	bed	height	and	peak	bed	moisture.	For	the	case	of	mixers,	growth	and	consolidation	are	controlled	by	impeller	and	chopper	speed.	From	a	for	mulation	perspective,	we	now	turn	to	each	rate	process.	2.5.6	CONTROLLING	WETTING	IN	PRACTICE	Typical	changes
in	material	and	operating	variables	that	improve	wetting	uniformity	are	sum 	marized	in	detail	elsewhere	[1,3].	Improved	wetting	uniformity	generally	implies	a	tighter	granule	size	distribution	and	improved	product	quality.	(2.7)	and	(2.9)	provide	basic	trends	of	the	impact	of	material	variables	on	wetting	dynamics	and	extent,	as	described	by	the
dimensionless	spray	flux	and	drop	penetration	time.	Since	drying	occurs	simultaneously	with	wetting,	the	effect	of	drying	can	substantially	modify	the	expected	impact	of	a	given	process	variable	and	this	should	not	be	overlooked.	In	addition,	simultaneously	drying	often	implies	that	the	dynamics	of	wetting	are	far	more	important	than	the	extent.
Adhesion	tension	should	be	maximized	to	increase	the	rate	and	extent	of	both	binder	spreading	and	binder	penetration.	Maximizing	adhesion	tension	is	achieved	by	minimizing	the	contact	angle	and	maximizing	the	surface	tension	of	the	binding	solution.	These	two	aspects	work	against	one	another	as	a	surfactant	is	added	to	a	binding	fluid,	and	in
general,	there	is	an	optimum	surfactant	concentration	for	the	formulation	[33].	Surfactant	type	influences	ad	sorption	and	desorption	kinetics	at	the	three-phase	contact	line.	Inappropriate	surfactants	can	lead	to	Marangoni	interfacial	stresses,	which	slow	the	dynamics	of	wetting	[30].	Additional	variables,	which	influence	adhesion	tension	include	(i)
impurity	profile	and	particle	habit/	morphology	typically	controlled	in	the	particle	formation	stage	such	as	crystallization,	(ii)	temperature	of	granulation,	and	(iii)	technique	of	grinding,	which	is	an	additional	source	of	impurity	as	well.	Decreases	in	binder	viscosity	enhance	the	rate	of	both	binder	spreading	and	binder	penetration.	The	prime	control
over	the	viscosity	of	the	binding	solution	is	through	binder	concentration.	Therefore,	liquid	loading	and	drying	conditions	strongly	influence	binder	viscosity.	For	processes	without	simultaneous	drying,	binder	viscosity	generally	decreases	with	increasing	temperature.	For	processes	with	simultaneous	drying,	however,	the	dominant	observed	effect	is
that	lowering	temperature	lowers	binder	viscosity	and	enhances	wetting	due	to	decreased	rates	of	drying	and	increased	liquid	loading.	Changes	in	particle	size	distribution	affect	the	pore	distribution	of	the	powder.	Large	pores	between	particles	enhance	the	rate	of	binder	penetration,	whereas	they	decrease	the	final	extent.	In	addition,	the	particle
size	distribution	affects	the	ability	of	the	particles	to	pack	within	the	drop	as	well	as	the	final	degree	of	saturation	[77].	The	drop	distribution	and	spray	rate	of	binder	fluid	have	a	major	influence	on	wetting.	Generally,	finer	drops	will	enhance	wetting,	as	well	as	the	distribution	of	binding	fluid.	The	more	important	question,	however,	is	how	large	may
the	drops	be	or	how	high	a	spray	rate	is	possible.	The	answer	depends	on	the	wetting	propensity	of	the	feed.	If	the	liquid	loading	for	a	given	spray	rate	exceeds	the	ability	of	the	fluid	to	penetrate	and	spread	on	the	powder,	maldistribution	in	the	binding	fluid	will	develop	in	the	bed.	This	maldistribution	increases	with	the	increasing	spray	rate,
increasing	drop	size,	and	decreasing	spray	area	(due	to,	for	example,	bringing	the	nozzle	closer	to	the	bed	or	switching	to	fewer	nozzles).	The	maldistribution	will	lead	to	large	granules	on	one	hand	and	fine	ungranulated	powder	on	the	other.	In	general,	the	width	of	the	granule	size	distribution	will	increase	and	generally	the	average	size	will
decrease.	Improved	spray	distribution	can	be	aided	by	increases	in	agitation	intensity	(e.g.,	mixer	impeller	or	chopper	speed,	drum	rotation	rate,	or	fluidization	gas	velocity)	and	by	minimizing	moisture	losses	due	to	spray	entrainment,	dripping	nozzles,	or	powder	caking	on	process	walls.	Theory	of	Granulation	2.5.7	CONTROLLING	GROWTH	63	AND
CONSOLIDATION	IN	PRACTICE	Typical	changes	in	material	and	operating	variables,	which	maximize	granule	growth	and	con	solidation,	are	summarized	else	in	detail	elsewhere	[1,3].	Also	discussed	are	appropriate	routes	to	achieve	these	changes	in	a	given	variable	through	changes	in	either	the	formulation	or	in	pro	cessing.	Growth	and
consolidation	of	granules	are	strongly	influenced	by	rigid	(especially	fluid	beds)	and	deformability	(especially	mixers)	Stokes	numbers.	Increasing	St	increases	energy	with	respect	to	dissipation	during	the	deformation	of	granules.	Therefore,	the	rate	of	growth	for	de	formable	systems	(e.g.,	deformable	formulation	or	high-shear	mixing)	and	the	rate	of
consolidation	of	granules	generally	increases	with	increasing	St.	St	may	be	increased	by	decreasing	binder	viscosity	or	increasing	agitation	intensity.	Changes	in	binder	viscosity	may	be	accomplished	by	formulation	changes	(e.g.,	the	type	or	concentration	of	binder)	or	by	operating	temperature	changes.	In	addition,	simultaneous	drying	strongly
influences	the	effective	binder	concentration	and	viscosity.	The	maximum	extent	of	growth	increases	with	decreasing	St	and	increased	liquid	loading,	as	reflected	by	(2.29).	See	the	section	“Summary	of	Growth	Patterns”	and	Figure	2.40	for	additional	discussion.	Increasing	particle	size	also	increases	the	rate	of	consolidation,	and	this	can	be	modified
by	upstream	milling	or	crystallization	conditions.	2.5.8	CONTROLLING	BREAKAGE	IN	PRACTICE	Typical	changes	in	material	and	operating	variables,	which	are	necessary	to	minimize	breakage,	are	summarized	in	detail	elsewhere	[1,3].	Also	discussed	are	appropriate	routes	to	achieve	these	changes	in	a	given	variable	through	changes	in	either	the
formulation	or	processing.	Both	fracture	toughness	and	hardness	are	strongly	influenced	by	the	compatibility	of	the	binder	with	the	primary	particles,	as	well	as	the	elastic/plastic	properties	of	the	binder.	In	addition,	hardness	and	toughness	increase	with	decreasing	voidage	and	are	influenced	by	the	previous	consolidation	of	the	granules.	While	the
direct	effect	of	increasing	gas	velocity	and	bed	height	is	to	increase	the	breakage	of	dried	granules,	increases	in	these	variables	may	also	act	to	increase	the	consolidation	of	wet	granules,	lower	voidage,	and,	therefore,	lower	the	final	breakage	rate.	Granule	structure	also	influences	breakage	rate,	for	example,	a	layered	structure	is	less	prone	to



breakage	than	a	raspberry-shaped	agglomerate.	However,	it	may	be	impossible	to	compensate	for	extremely	low	toughness	by	changes	in	structure.	Measurements	of	fracture	properties	help	define	expected	breakage	rates	for	a	product	and	aid	product	development	of	formulations.	ACKNOWLEDGMENTS	This	chapter	is	the	result	of	many
collaborative	efforts.	Support	for	initial	granulation	research	was	provided	by	the	International	Fine	Particle	Research	Institute,	G.	Tardos	and	R.	Pfeffer	of	the	City	College	of	the	City	University	of	New	York,	and	E.I.	du	Pont	de	Nemours	&	Company.	On	the	basis	of	earlier	versions	with	A.	Maraglou	of	Du	Pont,	the	material	was	developed	into	a
training	course	by	E&G	Associates	and	later	refined	in	collaboration	with	J.	Litster	of	the	University	of	Queensland.	All	of	these	collaborations,	as	well	as	discussions	with	P.	Mort,	A.	Adetayo,	J.	Seville,	S.	Pratsinis,	S.	Iveson,	K.	Hapgood,	J.	Green,	P.C.	Kapur,	T.	Schaefer,	and	H.	Kristensen	are	acknowledged	with	great	appreciation.	Lastly,	to	the
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quality	of	finished	products	is	dependent	on	process	intermediates	such	as	granules	and	certain	properties	of	the	raw	materials	employed.	Thus,	the	characterization	of	drug	substances	and	excipients	is	an	integral	pre-formulation	step.	Good	69	70	Pharmaceutical	Granulation	Technology	knowledge	of	different	test	methods	is	necessary	to	select	the
most	appropriate	methods	for	the	wide	range	of	raw	materials.	The	usefulness	of	the	tests	to	give	relevant	information	on	the	properties	of	the	raw	materials	and	their	effects	on	the	manufacturing,	functionality,	and	esthetics	of	the	intermediate	and	finished	products	should	be	carefully	considered	to	avoid	unnecessary	testing	and	additional	cost.	This
chapter	aims	to	provide	an	overview	of	the	more	important	properties	of	raw	materials	to	granulation	and	the	test	methods	that	are	available	to	evaluate	these	properties.	Readers	are	strongly	encouraged	to	refer	to	the	appropriate	references	for	an	in-depth	discussion	of	the	related	scientific	theories.	3.2	PARTICLE	SIZE,	SHAPE,	AND	SURFACE
AREA	Particle	size	is	an	important	physical	characteristic	of	the	raw	materials	used	in	granulation.	It	has	a	significant	influence	on	the	dissolution	and	bioavailability	of	the	drug	in	the	granules,	as	well	as	the	flow,	packing,	and	compaction	behavior	of	the	bulk	powder	in	the	production	of	granules	[1].	Segregation	of	different	components	in	a	powder
mixture	is	often	attributed	to	the	variation	in	particle	size	between	the	components	[2].	Particle	shape	is	another	important	parameter	that	can	have	a	significant	effect	on	the	bulk	properties	of	the	powder.	Spherical	particles	are	known	to	flow	better,	pack	better,	and	have	a	lower	surface	area	to	volume	ratio	than	non-spherical	particles.	There	is	an
increasing	interest	to	determine	particle	surface	area	due	to	its	significant	influence	on	drug-carrier	interaction	in	dry	powder	inhalation	formulations.	Particles	of	the	same	size	may	not	have	the	same	surface	area	if	the	roughness	of	their	surfaces	differs	significantly.	The	extent	of	interaction	between	particles	may	not	be	adequately	accounted	for	by
the	size	of	the	particles	as	their	surface	area	also	plays	an	important	role.	Increasingly,	there	is	an	interest	to	characterize	particles	based	on	three-dimensional	(3D)	characteristics	as	physical	interactions	encountered	in	pharmaceutical	granulation	are	mainly	surface-mediated.	In	view	of	the	above	effects	of	particle	size,	shape,	and	surface	area,	it	is
easy	to	understand	their	significant	influence	on	the	granulation	process	and	properties	of	granules	produced.	3.2.1	PARTICLE	SIZE	Among	the	physical	characteristics	of	particles,	size	is	perhaps	the	most	obvious	descriptor.	Also,	particle	size	can	influence	many	processing	operations	in	product	manufacturing	as	well	as	endproduct	quality.	Thus,
information	on	the	particle	size	of	the	raw	material	is	important	and	the	various	methods	for	assessment	of	particle	size	have	been	extensively	studied.	3.2.1.1	Microscopy	One	of	the	oldest	methods	for	determining	particle	size	involves	the	examination	of	the	particles	placed	on	a	microscope	slide	using	a	light	microscope	with	a	calibrated	scale	in	the
eye-piece.	The	slide	is	moved	in	an	orderly	manner	to	avoid	repetitive	measurements	of	the	same	particles.	Fine	particles	that	tend	to	aggregate	are	usually	dispersed	in	a	non-solvent	liquid	medium	for	mea	surement.	Popular	liquids	used	are	silicone	and	paraffin	oils.	It	is	better	to	prepare	the	dispersion	directly	on	the	microscope	slide	used	for
measurement,	and	care	should	be	taken	to	minimize	any	change	to	the	particle	shape	and	agglomeration	in	the	preparation	of	the	dispersion.	The	liquid	medium	used	should	not	cause	any	dissolution	of	the	particles	as	this	will	result	in	underestimation	of	the	particle	size.	For	small	particles,	especially	those	in	the	micron	range,	the	scanning	electron
microscope	may	be	employed	to	produce	sharper	images.	In	the	latter	method,	the	sample	is	prepared	by	dispersing	the	particles	on	double-sided	tape	and	sputter-coating	with	gold.	Statistically,	at	least	625	particles	should	be	measured	for	accurate	results	[3],	but	a	larger	number	of	particles	has	been	recommended	[4].	Thus,	the	microscopy	method
is	tedious	and	less	preferred	unless	it	is	used	with	an	image	analyzer	capable	of	measuring	the	particle	size	from	its	projected	image	[5].	Examples	of	projected	dimensions	are	shown	in	Figure	3.1.	Commonly	used	particle	Drug	Substance	and	Excipient	71	FIGURE	3.1	Commonly	used	particle	diameters:	(A)	Feret’s	diameter,	(B)	Martin’s	diameter	and
(C)	projected	area	diameter.	diameters	are	the	Feret’s	diameter,	which	is	the	longest	horizontal	dimension	of	the	particle	image;	Martin’s	diameter,	which	is	the	particle	diameter	that	comprises	a	theoretical	horizontal	line	that	passes	through	the	center	of	gravity	of	the	particle	image;	and	the	projected	area	diameter,	which	is	the	diameter	of	a
theoretical	circle	with	the	same	projected	area	as	the	particle	image.	The	microscopy	method	has	several	intrinsic	drawbacks.	There	is	a	natural	tendency	for	the	operator	to	pay	greater	attention	to	large	particles	as	they	are	less	likely	to	be	missed.	In	addition,	small	particles	tend	to	clump	and	this	will	cause	an	overestimation	of	particle	size	[6].	The
problem	with	clarity	of	the	image	will	occur	as	the	particle	size	approaches	the	limits	of	the	light	micro	scope	optics,	which	is	about	1	µm.	Depending	on	the	quality	of	the	lenses,	particles	may	be	oversized	slightly	due	to	fringe	effects.	Image	resolution	may,	however,	be	improved	by	em 	ploying	various	microscope	accessories	and	dyes	to	increase	the
contrast	between	the	particle	and	its	background.	Besides	the	above,	the	measurement	is	taken	from	the	top	view	of	the	particle,	which	normally	rests	in	its	most	stable	orientation.	As	such,	it	does	not	give	an	accurate	assessment	of	the	size	of	particles	that	deviate	from	the	spherical	shape.	The	microscopy	method	is	further	improved	(e.g.,
Morphologi,	Malvern	Panalytical,	Malvern,	UK)	by	adding	a	dispersion	system	along	with	better	lenses	and	sophisticated	analytical	software	[7].	The	disperser	uses	a	pulse	of	compressed	air	to	disperse	the	particles	on	a	glass	plate	placed	on	an	automated	sample	stage.	Particle	imaging	is	further	improved	with	vertical	z-stacking,	automated
calibration	of	mean	light	intensity	before	the	sample	analysis	and	morphological	filtering	of	captured	data,	to	eliminate	overlapping	or	partially	captured	particles.	Recent	advances	in	the	high-speed	digital	camera	and	computer	systems	have	permitted	the	devel	opment	of	automated	image	analysis	instruments.	These	instruments	can	capture	two-
dimensional	images	of	particles	that	are	either	stationary	or	mobile	when	available	in	front	of	the	detector.	Two-dimensional	particles	in	dynamic	image	analysis	are	distributed	within	a	finite	depth	defined	by	the	design	of	the	instrument.	The	test	powder	is	placed	in	a	vibratory	chute	and	then	accelerated	to	a	high-speed	by	a	Venturi	tube	located	in
the	sample	dispersion	line.	Images	of	the	particles	are	captured	by	a	high-speed	camera	with	a	synchronized	light	source	[8].	For	imaging	with	sufficient	optical	contrast,	the	aperture	is	modified	for	the	imaging	objective	to	allow	only	light	rays	that	are	parallel	to	the	optical	axis	to	reach	the	camera.	Motion	blurring	during	image	acquisition	is
minimized	by	the	use	of	a	pulsed	light	source	with	very	short	exposure	time,	of	approximately	one	nanosecond.	The	images	captured	are	analyzed	and	converted	to	the	corresponding	particle	size	distributions.	Figure	3.2	provides	a	schematic	diagram	of	the	dynamic	image	analysis	system	[9,10].	3.2.1.2	Sieving	Sieving	was	initially	employed	for
particle	classification.	Conceptually,	particle	sizing	by	sieving	is	easily	understood	as	the	different	sieve	meshes	classify	the	particles	to	different	weight-based	size	fractions	giving	rise	to	the	weight	percent	frequency	distribution.	The	typical	dry	sieving	process	involves	a	nest	of	sieves,	usually	five	to	eight,	arranged	from	the	coarsest	mesh	at	the	top
to	the	finest	at	the	bottom,	followed	by	a	receiving	pan.	The	sample	is	placed	in	the	topmost	sieve	which	is	covered	with	a	lid.	The	whole	assembly	is	then	placed	on	a	sieve	shaker,	which	may	gyrate,	oscillate,	or	vibrate	the	sieves	until	there	is	no	further	change	in	the	weight	of	material	retained	on	each	sieve.	The	amount	of	sample	used	should	be
sufficient	in	order	that	the	size	fraction	collected	on	each	sieve	can	be	accurately	weighed.	72	Pharmaceutical	Granulation	Technology	FIGURE	3.2	Schematic	diagram	of	the	dynamic	image	analysis	system.	Sources:	Adapted	from	Refs.	[9,10].	The	introduction	of	high-quality	standardized	woven-wire	sieves,	in	a	2	progression	starting	from	75	µm,	has
helped	to	establish	sieving	as	a	widely	used	particle	sizing	method,	especially	for	larger	particles.	Various	types	of	sieves	with	different	aperture	sizes	are	available.	These	include	sieves	with	aperture	size	down	to	about	30	µm,	electroformed	micromesh	sieves	(100	µm	to	a	few	µm)	and	sieves	with	screens	that	have	accurately	drilled	or	punched
circular	holes	(about	500	µm	and	larger).	Wet	sieving	is	more	suitable	than	the	traditional	dry	sieving	for	sizing	powders	that	are	fine	and	cohesive.	In	this	method,	the	sieving	of	the	sample	starts	with	the	finest	mesh	to	remove	the	fines	with	a	volume	of	liquid.	The	particles	retained	are	re-suspended	in	liquid,	then	classified	using	sieves	with	the
largest	to	smallest	aperture	sizes.	Wet	sieving	is	very	tedious	as	it	requires	additional	drying	of	the	size	fractions	collected.	Air-jet	sieving	is	preferred	for	sizing	particles	below	75	µm.	It	involves	the	use	of	a	vacuum	pump	to	remove	air	from	the	underside	of	a	sieve.	Air	current	is	also	supplied	from	the	underside	of	the	sieve	through	a	rotating	arm	of
jets,	which	helps	to	unclog	the	mesh.	A	collecting	cyclone	is	usually	attached	in	the	vacuum	line	to	collect	the	fines.	The	sample	is	sieved	using	a	single	mesh	and	the	procedure	repeated	using	fresh	samples	of	the	powder	and	sieves	with	different	aperture	sizes	to	obtain	different	size	fractions.	Size	analysis	using	sieves	has	several	limitations.	It	is	a
relatively	slow	process	and	there	may	be	problems	with	dust	pollution.	The	safety	of	the	operator	has	to	be	considered,	particularly	when	drug	actives	are	used.	In	addition,	particles	tend	to	pass	through	the	apertures	via	their	narrower	cross-sectional	area.	Hence,	the	aperture	size	of	a	given	sieve	is	not	an	absolute	cut-off	value	for	particle	sizing.
Inaccurate	results	will	be	obtained	if	the	wire	mesh	used	is	stretched	due	to	repeated	use,	the	sieve	apertures	are	blanked	due	to	inadequate	washing	and	small	particles	aggregate	due	to	cohesive	or	electrostatic	charge.	Inadequate	sieving	time	will	also	produce	unreliable	data	while	too	vigorous	sieving	may	cause	size	reduction,	especially	with
weak	agglomerates.	A	common	point	of	discontent	with	size	analysis	using	sieves	is	that	the	process	requires	quite	a	bit	of	preparatory	work,	weighing,	and	subsequent	washing.	Due	to	the	limited	availability	of	sieves	of	various	aperture	sizes,	a	typical	analysis	would	yield	seven	to	eight	points	on	the	size	distribution	plot.	This	may	not	be	sufficient	to
differentiate	characteristics	of	powders.	Nevertheless,	sieving	is	a	straightforward	and	robust	technique	for	classifying	powders	and	is	suitable	for	a	wide	variety	of	fine	to	very	coarse	powders.	3.2.1.3	Sedimentation	The	sedimentation	technique	for	particle	sizing	is	based	on	the	settling	of	particles	in	a	fluid	under	the	influence	of	gravity,	as	described
by	Stokes’	law.	For	a	particle	of	diameter,	d,	and	density,	ρ1,	subjected	to	acceleration	due	to	gravity,	g,	in	a	fluid	of	viscosity,	η,	and	density,	ρ2,	the	gravita	tional	force	experienced	at	its	terminal	velocity,	v,	is	balanced	by	the	viscous	drag	and	Drug	Substance	and	Excipient	73	v=	d	2g	(	1	18	2)	(3.1)	The	Andreasen	pipette	introduced	in	the	1920s	is
commonly	used	for	sampling	from	a	sedimenting	suspension	of	the	test	particles	in	a	suitable	liquid.	Size	determination	is	based	on	the	following	principle.	As	the	terminal	velocity	of	a	particle	varies	with	its	size,	the	density	of	the	sampled	particle	suspension	will	change	with	time,	which	enables	the	calculation	of	the	size	distribution	of	the	particles.
As	Stokes’	law	applies	only	to	spherical	particles,	the	particle	size	is	expressed	as	Stokes’	equivalent	diameter.	The	typical	size	range	measurable	by	this	method	is	from	2	to	60	µm.	The	upper	limit	depends	on	the	viscosity	of	liquid	used	while	the	lower	limit	is	due	to	the	failure	of	very	small	particles	to	settle	as	these	particles	are	kept	suspended	by
Brownian	motion.	Several	innovations	have	improved	the	speed	and	sensitivity	of	the	sedimentation	sizing	method.	These	involve	sedimentation	onto	a	sensitive	weighing	pan,	turbidity	measurements	using	light	or	x-ray	as	well	as	centrifugation	to	enhance	sedimentation	of	smaller	particles.	In	general,	the	sedimentation	sizing	method	has	limited	use
in	pharmaceutical	applications	and	remains	more	in	academia,	for	understanding	the	principles	of	Stoke’s	law.	3.2.1.4	Electrical	Sensing	The	electrical	sensing	zone	principle,	which	is	more	commonly	known	as	the	Coulter	principle,	is	based	on	the	phenomenon	where	the	resistance	at	the	aperture	between	two	compartments	con	taining	an
electrolyte	is	proportional	to	the	electrical	conducting	area	of	the	aperture	(Figure	3.3).	By	drawing	electrolyte	from	one	compartment	to	the	other,	particles	streaming	through	will	de	crease	the	conducting	area	of	the	aperture.	Using	fast	time-based	tracing	of	the	resistance	pulses,	the	number	of	particles	passing	through	the	aperture	is	obtained.
The	amplitude	of	the	pulse	is	proportional	to	the	volume	of	the	particle.	The	electrical	sensing	zone	sizer	can	analyze	a	large	number	of	particles	within	a	short	time.	Particle	size	range	detectable	depends	on	the	aperture	tube	used.	Each	tube	is	effective	over	a	size	range	of	about	2–60%	of	its	nominal	aperture	diameter.	Apertures	of	sizes	from	10	to
4000	µm	are	available.	Before	use,	it	is	necessary	to	calibrate	the	equipment	with	standard	latex-containing	mono	size	spherical	particles	of	mean	size	within	5–20%	of	the	aperture	diameter.	The	blockage	of	small	apertures	is	commonly	encountered.	Settling	of	large	particles	in	the	electrolyte	will	give	rise	to	sizing	errors,	thus	setting	the	upper	limit
for	coarse	particles.	The	material	for	sizing	must	be	nonconductive	and	nonporous.	The	size	of	porous	particles	determined	is	much	smaller	than	that	derived	by	visual	inspection.	It	is	necessary	to	ensure	a	low	background	count	of	the	electrolyte	used.	Care	must	be	taken	to	ensure	proper	dispersion	of	the	test	particles,	External	electrode	Internal
electrode	Aperture	tube	Particles	in	electrolyte	Sensing	zone	FIGURE	3.3	Schematic	diagram	of	the	electrical	zone	sensing	sizer.	74	Pharmaceutical	Granulation	Technology	which	should	not	flocculate	or	dissolve	to	any	extent	in	the	electrolyte	[6].	The	concentration	of	particles	must	be	within	the	acceptable	range	(up	to	10,000	particles	per	second)
for	the	instrument.	3.2.1.5	Laser	Scattering,	Light	Obscuration,	and	Photon	Correlation	Spectroscopy	In	recent	years,	light	scattering	and	light	obscuration	techniques	have	gained	popularity	as	methods	for	determining	particle	size	down	to	about	1	µm	using	Mie	theory	or	Fraunhofer	theory.	The	measurement	of	submicron	particles	had	been	difficult
until	the	introduction	of	photon	correlation	spectroscopy	for	particle	sizing.	This	latter	technique	enables	particles	from	nanometers	to	a	few	microns	to	be	measured.	As	a	small	particle	passes	through	a	beam	of	light	in	a	laser	diffraction	sizer,	it	will	diffract	light,	which	will	be	focused	onto	a	diode	array	detector	directly	opposite	the	incident	light
(Figure	3.4).	The	detector	has	a	series	of	photodiodes	arranged	outward	from	a	central	photodiode	detector.	Since	the	intensity	of	the	light	diffracted	decreases	as	the	scatter	angle	increases,	pho	todiode	elements	are	generally	larger	as	they	are	further	from	the	center.	Calculations	for	particle	size	and	size	distribution	involve	rather	complex
mathematics.	Simply	put,	the	calculation	is	based	on	the	angle	of	diffracted	light,	with	smaller	particles	diffracting	at	wider	angles	than	larger	particles.	Thus,	from	the	scattered	light	angles	and	intensities,	information	on	the	size	distribution	of	the	particles	can	be	obtained	through	a	series	of	complex	calculations.	In	the	light	obscuration	technique,
the	passage	of	each	particle	across	the	light	beam	reduces	the	amount	of	transmitted	light,	which	is	detected	by	a	sensor	directly	opposite	the	incident	light.	The	pulses	are	then	classified	to	give	the	frequency	of	size	distribution.	The	test	sample	in	the	light	obscuration	method	is	dispersed	in	an	appropriate	liquid	medium	for	measurement.	Sizing	by
the	laser	diffraction	technique	may	be	carried	out	for	powders	using	the	dry	powder	module	or	as	dispersions	using	the	wet	module.	The	dry	powder	module	is	used	for	free-flowing	powders	while	the	wet	module	is	recommended	for	cohesive	powders.	The	powder	sample	for	the	dry	module	is	fed	by	a	vibrating	tray	and	purged	by	an	air	jet	before
entering	the	chamber	for	measurement.	The	powder	sample	for	the	wet	module	is	dispersed	in	an	appropriate	liquid	medium,	such	as	alcohol	or	oil,	and	is	sonicated	just	before	measurement	[11,12].	The	complete	dislodging	of	smaller	particles	adhering	to	larger	ones	can	be	an	extremely	difficult	task	and	with	different	dispersing	efforts,	different
results	may	be	obtained.	Moreover,	particulate	interactive	forces,	including	electrostatic,	intermolecular,	and	capillary	forces,	could	hold	particles	together,	acting	as	soft	aggregates.	This	would	lead	to	the	overestimation	of	particle	size	and	inaccurate	size	distribution	measurement.	Sample	Laser	Detector	Technique	Light	obscuration	Laser
diffraction	Angle	variable,	Usually	90˚	Detector	Technique	Photon	correlation	spectroscopy	FIGURE	3.4	Schematic	diagram	of	the	light-scattering	particle	sizer.	Drug	Substance	and	Excipient	75	Alteration	in	shape	and	size	of	particles	should	be	avoided	for	powders	to	be	measured,	and	thus,	they	are	best	measured	in	their	dry	state.	This	advantage
is	particularly	important	in	the	case	of	powders	made	up	of	a	combination	of	hydrophilic	and	lipophilic	components,	one	of	which	is	likely	to	dissolve	partially	in	the	liquid	medium	used	when	sizing	is	carried	out	with	the	wet	module.	However,	as	previously	discussed,	the	sizing	of	dry	powders	with	laser	diffraction	sizer	can	be	fraught	with	problems.
Possible	causes	of	poor	reproducibility	are	the	poor	control	of	ambient	humidity,	cohesive	nature	of	the	powder,	powder	particles	breaking	down,	large	size	distribution	of	the	particles,	variable	rate	of	feed	powder	introduction	during	the	measurement	period,	possible	segregation	of	powders	during	the	introduction	and	stray	powder	particles	de-
positing	on	the	lens.	The	sizing	of	a	powder	composed	of	very	large	and	very	small	particles	can	be	problematic	as	a	portion	of	the	small	particles	will	adhere	to	the	larger	counterparts	and	not	easily	dislodged.	Detailed	and	reproducible	particle	size	information	can	be	obtained	in	a	short	measurement	time	for	both	the	laser	diffraction	and	light
obscuration	methods.	Compared	to	the	microscopy	method,	the	laser	diffraction	method	gives	statistically	more	reliable	data	for	the	small	particles	especially	at	the	end	of	the	size	distribution	curve	[13],	provided	that	there	is	little	agglomeration	or	floc	culation	of	particles	in	the	liquid.	However,	it	tends	to	over-estimate	the	breadth	of	the	size	dis-
tribution	for	non-spherical	particles.	On	the	other	hand,	the	results	obtained	by	the	light	obscuration	method	can	be	affected	by	the	degree	of	light	diffraction,	opacity,	and	orientation	of	the	particles	as	they	pass	the	beam	of	light.	In	photon	correlation	spectroscopy,	fluctuations	in	the	scattered	light	intensity	are	determined.	These	fluctuations	are
due	to	the	Brownian	motion	of	the	test	particles	suspended	in	a	liquid	medium.	Larger	particles	will	move	more	slowly	than	smaller	ones	and	therefore,	the	rate	of	decay	in	intensity	of	the	scattered	light	at	a	particular	measuring	point	will	depend	on	the	size	of	the	particle.	The	particle	size	distribution	is	computed	using	complex	calculations	based	on
the	dif 	ferent	intensity	of	scattered	light	(normally	at	90°	to	the	incident	beam)	and	rate	of	decay.	Multiple	angle	measurements	are	sometimes	applied	to	improve	the	quality	of	the	size	parameters	ob	tainable.	Although	there	has	been	much	development	in	the	field	of	nanosizing,	including	real-time	direct	observation	and	measurements	based	on
diffusion,	these	techniques	determine	particles	that	are	not	in	the	size	range	commonly	encountered	in	larger	scale	product	manufacture.	3.2.1.6	Time	of	Flight	In	this	method,	the	aerosizer	is	used	to	disperse	the	test	sample	in	the	air	to	create	an	aerosol	beam.	The	resulting	individual	suspended	particles	are	then	accelerated	in	an	airflow.	The	time-
of-flight,	which	refers	to	the	time	taken	by	the	particle	to	travel	a	specific	distance,	is	then	measured	by	triggering	two	laser	beams	and	converted	to	the	corresponding	particle	size	[14].	The	density	should	be	taken	into	account	when	the	size	determined	by	the	time	of	flight	is	converted	to	a	geometric	size.	The	results	obtained	have	been	reported	to
be	affected	by	the	feed	rate	and	shear	force	exerted	on	the	particles	by	the	accelerating	airflow.	Thus,	it	is	necessary	to	validate	the	measurement	conditions	employed	[15].	3.2.1.7	Focused	Beam	Reflectance	Measurement	This	in-line	particle	sizing	technology	can	be	used	to	evaluate	real-time	changes	in	chord	length	(a	geometric	line	segment	whose
endpoints	lie	within	the	surface	of	the	particle)	distribution	and	count	of	the	particles.	In	the	experimental	setup,	a	probe	is	placed	at	an	angle	to	the	process	stream.	As	particles	pass	across	the	probe	window,	the	focused	laser	beam	from	the	probe	tube	scans	the	particles	at	a	fixed	speed.	The	focal	point	position	can	be	adjusted	as	per	particle
properties	[16].	The	distinct	pulses	of	backscattered	light	returning	from	these	particles	will	be	propagated	back	through	the	probe,	detected	and	counted	by	the	detector.	The	chord	length	is	determined	by	the	product	of	the	reflectance	time	and	scan	speed	[17,18].	As	can	be	imagined,	particle	size	and	orientation	will	impact	the	chord	length
measure	ments.	Figure	3.5	shows	the	possible	chord	length	measures	for	spherical	and	irregular	shaped	particles.	76	Pharmaceutical	Granulation	Technology	FIGURE	3.5	Illustration	of	chord	length	measurement	(solid	lines)	when	a	laser	beam	(dashed	lines)	passes	through	different	particle	shapes.	Source:	Adapted	from	Ref.	[18].	3.2.1.8	Spatial
Filtering	Velocimetry	This	is	another	in-line	particle	sizer	technology,	based	on	laser	beams	to	acquire	the	particle	chord	lengths.	When	a	laser	beam	crosses	the	particle,	it	casts	a	shadow,	which	further	interrupts	the	flow	of	the	light	on	a	spatial	filter	detector	(an	array	of	the	optical	fibers).	Particle	velocity	is	obtained	from	the	consecutive
interruption	of	the	neighboring	fibers	of	the	detector.	The	time	required	to	block	a	single	optical	fiber	is	further	used	to	determine	the	particle	size.	Raw	chord	length	dis	tributions	can	be	further	converted	to	the	volume-based	size	distribution	using	the	algorithm	provided	along	with	the	spatial	filtering	velocimetry	software	system	[18].	Focused
beam	reflectance	measurement	and	spatial	filtering	velocimetry	technologies	can	also	be	used	in	at-line	and	off-line	modes	if	significant	fouling	of	the	probe	window	is	experienced	due	to	sticky	or	cohesive	granules	[19].	3.2.1.9	3D	Imaging	Using	Photometric	Stereo	Imaging	Sizing	by	photometric	stereo	imaging	is	found	suitable	for	moist,	cohesive
samples,	as	well	as	when	the	particle	dispersion	is	difficult	[20].	In	this	technique,	multiple	light	sources	are	used	to	reconstruct	3D	images.	The	direction	of	incident	illumination	between	sequential	images	is	changed	while	the	viewing	direction	is	kept	constant.	Sections	2.1.9.1	and	2.1.9.2	further	discuss	the	examples	of	this	technique	(3D	surface
imaging	and	3D	particle	characterizer)	with	their	working	principles	in	detail.	3.2.1.9.1	3D	surface	imaging	Sandler	(2011)	and	Silva	et	al.	(2013)	used	two	lights	sources	(placed	at	180	degree)	for	3D	surface	imaging	in	their	separate	studies	(e.g.,	Flashsizer	FS3D,	Intelligent	Pharmaceutics,	Helsinki,	Finland)	[18,20].	The	instrument	used	also	had	a
monochrome	charge-coupled	device	(CCD)	camera,	a	metal	cuvette	with	a	glass	window,	a	sampling	unit	for	online	measurements,	and	a	computer.	The	sample	was	illuminated	with	the	two	light	sources	to	capture	two	digital	images.	Two-dimensional	(2D)	pixel	matrices	with	gray	value	distributions	were	obtained	from	these	images.	The	value	of	0
represents	black	and	255	represents	white	and	all	values	in-between	re	present	shades	of	gray.	Differences	between	these	two	matrices	were	further	calculated	resulting	in	values	between	−255	and	+255.	A	value	of	zero	indicates	a	smooth	surface.	The	shades	of	gray,	represented	by	different	values,	provide	the	information	about	the	topography	of
the	surface.	Twodimensional	(2D)	images	were	combined	to	acquire	a	3D	image	from	which	the	pertinent	volumebased	particle	size	information	was	obtained.	Sandler	(2011)	has	provided	technical	details	describing	the	principle	used	by	photometric	stereo	imaging	to	reconstruct	3D	images	from	consecutive	2D	images.	Silva	et	al.	(2013)	concluded
that	FS3D	underestimated	particle	size	in	comparison	with	laser	diffraction	(another	volume-based)	technique.	It	was	further	explained	that	the	irregularities	of	rough	particle	surface	could	have	cast	shades	which	the	software	transcribed	as	the	edges	between	the	particles,	resulting	in	underestimation	of	the	particle	size.	Fines	covering	the
measurement	window	could	have	further	prevented	the	measurement	of	large	particles.	Drug	Substance	and	Excipient	77	3.2.1.9.2	3D	particle	characterizer	A	3D	particle	characterizer	can	be	used	off-line	or	as	an	in-process	characterization	tool	(e.g.	Eyecon,	Innopharma	Technology,	Dublin,	Ireland).	From	different	angles,	granules	are	illuminated
using	red,	green,	and	blue	LEDs	and	the	system	captures	images	of	the	granules	in	motion	using	brief	(between	1	to	5	μs)	pulses	of	illumination.	Particle	surface	color	is	recorded	in	these	images	and	the	map	of	surface	height	is	constructed.	Thus,	the	system	allows	deducing	3D	understanding	from	2D	images.	In	the	next	step,	the	ellipse	is	fitted	on
the	particle	edges	to	obtain	the	minimum	and	maximum	diameters,	which	are	further	used	to	calculate	the	granule	volume	and	sphericity	[18,21,22].	The	system	evaluates	the	fully	captured	particles	only	and	excludes	partially	captured	and	overlapping	particles	with	unclear	boundaries.	The	measurements	are	stored	as	a	numberbased	density
distribution.	Since	the	working	principle	of	this	technique	is	based	on	diffuse	re	flected	light,	black	or	strongly	reflecting	or	transparent	particles	may	not	suitable	for	this	tech	nique	[23].	3.2.1.10	Laser	Scanning	Microscopy	One	innovative	advancement	of	the	laser	confocal	technique	is	the	development	of	laser	micro	scopes	capable	of	optical
imaging	of	particles	to	provide	highly	accurate	and	resolved	3D	images.	Such	microscopes	use	a	high-resolution	camera	and	a	motorized	X-Y	stage	to	locate	and	move	the	area	of	interest	in	the	sample.	They	also	consist	of	a	motorized	lens	turret	that	drives	the	objective	lens	in	the	z-axis	direction,	to	provide	highly	resolved	3D	information	of	particle
surfaces	(e.g.,	VK-X	series,	Keyence	Corporation,	Osaka,	Japan).	Measurement	of	particle	size	can	be	accurately	carried	out	with	a	spatial	resolution.	Surface	properties	may	also	be	derived	using	profilers,	contact,	and	non-contact	types.	Profilers	using	non-contact	white	light	interferometry	can	produce	highly	resolved	surface	characteristics	and	are
particularly	useful	for	surface	roughness	measurements.	3.2.1.11	Continuous	Manufacturing	and	Material	Sampling	With	aims	to	improve	the	process	efficiency	and	product	quality,	and	to	reduce	space	and	energy	footprints,	the	pharmaceutical	industry	has	started	manufacturing	tablets	from	granules	by	con	tinuous	manufacturing	[24,25].	Identical
to	batch	manufacturing,	key	parameters	of	granules	such	as	size	need	to	be	critically	characterized	during	the	continuous	manufacturing	operations.	Representative	size	distributions	are	ensured	by	sampling	granules	when	in	motion.	While	a	sample	divider	may	be	very	useful	in	laboratory	scaled	or	batch	manufacturing	operations,	it	is	unsuitable	for
collecting	the	representative	granule	samples	during	continuous	manufacturing	[26].	Researchers	have	applied	a	specific	in-line	rotating	tube	sample	divider	to	split	the	granules	and	determined	their	particle	sizes	in	real	time	using	dynamic	image	analysis	[26].	This	is	an	evolving	field,	and	customization	may	be	required,	depending	on	the	specifics	of
the	manufacturing	line	for	installing	the	appropriate	in-line	size	characterizer.	There	are	many	methods	for	measuring	the	size	of	particles.	As	discussed,	the	various	methods	are	based	on	different	principles	and	each	has	its	merits	and	limitations.	A	preliminary	microscopic	examination	of	the	test	sample	is	recommended	as	it	will	provide	useful
information,	such	as	approximate	particle	size	range	and	extent	of	cohesiveness,	for	the	selection	of	a	method	that	is	appropriate	for	the	test	sample.	A	comparison	of	different	methods	is	shown	in	Table	3.1.	3.2.2	PARTICLE	SHAPE	Despite	the	well-recognized	importance	of	particle	shape,	the	method	of	shape	determination	has	not	been	clearly
defined	owing	to	the	complexity	and	variability	of	the	3D	particles.	In	general,	shape	measurement	methods	are	only	able	to	define	accurately	the	shape	if	the	latter	can	be	correctly	predicted	based	on	a	2D	model.	The	shape	of	particles	may	be	assessed	descriptively	by	78	Pharmaceutical	Granulation	Technology	TABLE	3.1	Comparison	of	Different
Sizing	Methods	Method	Dynamic	image	analysis	Suitable	Shapes	for	Measurement	Spherical,	cubic,	Sizing	Range	(µm)	Measurement	Condition	Particle	Concentration	Lower	Upper	0.05	3500	Wet	&	dry	Low	acicular	Electrical	sensing	Spherical,	cubic,	acicular	0.4	1600	Wet	Low	Laser	diffraction	Spherical,	cubic	0.01	5000	Wet	&	dry	Low	Light
obscuration	Photon	correlation	Spherical,	cubic	Spherical,	cubic,	0.5	0.001	5000	10	Wet	Wet	Low	Low	spectroscopy	acicular,	bladed,	Sieve	analysis	fibrous	Spherical,	cubic	5	10000	Wet	&	dry	High	Scanning	electron	Spherical,	cubic,	0.001	1000	Dry	Low	microscopy	Light	optical	microscopy	bladed,	fibrous	Spherical,	cubic,	1	10000	Wet	&	dry	Low
0.3	500	Wet	&	dry	Low	All	shapes	3	3000	Wet	Low	&	high	Spatial	filtering	velocimetry	All	shapes	50	6000	Wet*	&	dry	Depends	on	particle	size#	Photometric	stereo	All	shapes	20	Relies	on	Wet*	&	dry	Low	&	high	Wet*	&	dry	Low	&	high	acicular,	bladed,	Time	of	flight	fibrous	Spherical,	cubic,	acicular,	bladed	Focused	beam	reflectance	measurement
imaging	-	3D	surface	imaging	Photometric	stereo	imaging	-	3D	particle	calibration	All	shapes	50	3000	characterizer	Notes:	*	Not	suitable	for	suspensions;	#Low	&	high,	for	particles	<	1	mm,	up	to	12	vol.%;	for	larger	particles,	up	to	30	vol.%.	terms	such	as	spherical,	elongated,	acicular,	angular,	or	a	host	of	other	terms.	These	descriptive	terms
convey	a	general	idea	of	the	particle	shape.	Without	a	comparative	quantitative	measure,	it	may	be	difficult	to	assess	the	effects	of	particle	shape	on	a	process	or	product.	The	shape	has	been	quantified	using	various	descriptors	based	on	measured	dimensional	at	tributes	such	as	length,	L,	breadth,	B,	projected	area,	A,	perimeter,	P,	and	diameter,	d,
of	the	particle	[5,27–30].	Elongation	ratio	or	aspect	ratio	=	L	/	B	(3.2)	Circularity	=	(4	A)/	P2	(3.3)	Drug	Substance	and	Excipient	79	Roundness	=	P2	/(4	A)	or	(	d	2	)/4A	(3.4)	Bulkiness	factor	=	A	/(L	+	B	)	(3.5)	The	elongation	ratio	or	aspect	ratio	is	very	useful	for	assessing	deviation	from	a	spherical	shape	to	an	elongated	form.	The	circularity,
commonly	also	referred	to	as	shape	factor	or	form	factor,	on	the	other	hand,	gives	a	measure	of	sphericity,	with	a	perfect	sphere	having	a	circularity	value	of	unity.	This	shape	descriptor	provides	the	properties	of	shape.	Roundness	is	the	inverse	of	circularity.	The	bulkiness	factor	indicates	solidity,	with	large	indentations	on	the	particle	giving	rise	to
low	values.	Often,	particle	shape	is	predominantly	determined	by	image	analysis.	Indirect	methods	using	techniques	such	as	laser	diffraction	and	photon	sedimentation	have	been	studied	[31–34].	However,	these	methods	are	seldom	used	in	practice	and	hence	will	not	be	discussed	here.	Particle	sizing	by	image	analysis	has	already	been	discussed	in
an	earlier	section.	Similar	measurement	procedures	are	employed	to	obtain	the	outlines	of	the	particles	for	computing	the	various	shape	descriptors.	Optical	microscopy	methods	may	be	applied	to	evaluate	various	particle	shape	parameters	such	as	elongation,	aspect	ratio,	and	circularity	[35].	3.2.3	PARTICLE	SURFACE	AREA	Compared	to	particle
size	and	shape,	less	attention	has	been	paid	to	particle	surface	area.	The	methods	for	assessing	this	particle	property	are	also	relatively	limited.	Surface	area	measurement	is	usually	carried	out	by	either	gas	permeability	or	adsorption.	In	addition	to	surface	area,	surface	roughness	is	another	physical	attribute	of	importance	but	measurement	is
considerably	more	difficult	and	variable	due	to	the	complex	3D	roughness	existence.	Hence,	it	is	best	to	just	focus	on	surface	area	which	also	would	take	roughness	into	account.	3.2.3.1	Gas	Adsorption	Gas	adsorption	is	carried	out	by	placing	a	powder	sample	in	a	chamber	and	evacuating	the	air	within.	The	latter	process	is	commonly	referred	to	as
degassing.	Upon	achieving	a	very	high	vacuum,	known	volumes	of	an	adsorbing	gas	are	introduced.	From	the	knowledge	of	pressure	and	temperature	before	and	after	the	introduction	of	the	adsorbing	gas,	usually	nitrogen,	calculations	of	total	sample	surface	area	can	be	made.	The	surface	area	determined	by	gas	adsorption	is	based	on	a	simple
principle.	From	Avogadro’s	number,	a	known	volume	of	air	at	a	certain	temperature	and	pressure	contains	a	determinable	number	of	molecules.	When	various	volumes	of	gas	are	in	troduced	to	a	degassed	sample,	the	small	pressure	changes	in	the	chamber	are	recorded	and	using	a	calculation	technique	known	as	the	Brunauer,	Emmett,	and	Teller	or
BET	method,	the	initial	amount	of	gas	molecules	which	are	adsorbed	onto	the	surface	forming	a	monolayer	can	be	cal	culated.	Thus,	the	surface	area	covered	by	the	gas	molecules	can	be	determined	by	multiplying	the	number	of	molecules	needed	with	the	surface	area	occupied	per	molecule.	Samples	are	usually	cooled	to	a	low	temperature	using
liquid	nitrogen.	There	are	variations	in	the	technique	for	gas	adsorption	by	different	instrument	manufacturers.	3.2.3.2	Gas	Permeability	In	the	gas	permeability	method,	the	test	powder	is	packed	into	a	bed	through	which	a	gas,	usually	nitrogen,	is	passed.	The	bed	must	be	uniformly	packed.	From	the	volumetric	flow	rate	of	the	gas	and	the	pressure
drop	across	the	bed,	solid	density,	and	packed	bed	porosity,	the	specific	“en	velope”	surface	area	of	the	powder	can	be	calculated	using	the	Carman-Kozeny	equation.	The	measurement	of	specific	surface	area	by	gas	permeability	does	not	take	into	account	the	very	small	pores	or	fissures	since	the	flow	of	gas	is	not	hindered	as	it	passes	over	them.
More	accurate	measurements	can	be	made	by	measuring	gas	flow	under	reduced	pressure	but	still,	the	accuracy	80	Pharmaceutical	Granulation	Technology	cannot	match	that	obtainable	by	gas	adsorption	if	the	total	area	to	be	determined	includes	those	of	the	fine	pores.	Although	gas	permeability	gives	a	lower	specific	area	for	a	powder	compared
with	gas	adsorption,	the	value	obtained	is	sometimes	more	useful	in	explaining	factors	like	lubricity	and	flow,	which	would	not	involve	the	pores	present	within	the	particles.	This	measurement	may	be	variously	referred	to	as	the	Blaine	method	or	methods	using	Fisher	sub-sieve	sizer	or	Rigden	apparatus.	3.3	DENSITY	Density	is	an	important
parameter	due	to	its	influence	on	particle	mechanical	properties	[36],	powder	porosity	[37],	and	powder	fluidization	[38].	The	bulk	density	of	a	mixed	excipient	powder	used	for	tablet	preparation	has	been	found	to	affect	the	disintegration	time	of	the	tablet	in	a	mouth	[39].	Similarly,	it	can	affect	the	disintegration	of	granules.	On	the	other	hand,	the
true	density	can	serve	to	assure	the	formulator	of	the	identity	of	the	material.	Determination	of	particle	density	is	not	straightforward	as	it	can	be	carried	out	by	many	different	techniques,	with	differing	interpretations.	3.3.1	BULK	DENSITY	A	graduated	cylinder	is	gently	filled	with	the	test	sample,	preferably	through	a	sieve	or	mesh	with	apertures
just	larger	than	the	largest	particles.	The	sample	is	carefully	leveled	without	compacting	if	required.	The	filled	volume	of	the	sample	is	noted	and	its	mass	determined	by	weighing.	Bulk	density	is	obtained	by	dividing	the	mass	of	the	sample	by	its	volume.	3.3.2	CONDITIONED	BULK	DENSITY	The	operator	may	introduce	packing	errors	in	the
aforementioned	conventional	bulk	density	mea	surement	method.	The	measurement	of	conditioned	bulk	density	was	introduced	in	an	attempt	to	minimize	bulk	density	measurement	errors.	In	this	technique	(Figure	3.6),	an	impeller	with	a	twisted	blade	rotates	at	a	specific	tip	speed	and	penetrates	in	and	out	of	the	powder	bed	filled	in	a	cylindrical
glass	vessel	under	an	extension	vessel	fitted	with	a	splitting	assembly.	This	first	step	of	“conditioning	methodology”	removes	the	residual	stress	history,	prepares	a	uniform,	lightly	packed	sample,	and	brings	the	bed	to	a	reproducible	packing	stage.	The	excess	powder	is	removed	by	splitting	the	extension	vessel	from	the	cylindrical	glass	vessel	and	the
weight	of	the	conditioned	sample,	present	in	the	cylindrical	glass	vessel,	is	recorded.	The	division	of	sample	weight	to	the	volume	of	the	glass	vessel	is	calculated	as	conditioned	bulk	density	[40,41].	FIGURE	3.6	measurement.	Schematic	diagram	for	“conditioning	methodology”	and	conditioned	bulk	density	Drug	Substance	and	Excipient	81	3.3.3	TAP
DENSITY	A	graduated	cylinder	is	filled	with	the	test	sample	and	tapped	until	the	volume	of	the	sample	in	the	cylinder	does	not	change.	The	mass	of	the	sample	is	determined	by	weighing.	Tap	density	is	obtained	by	dividing	the	mass	of	the	sample	by	its	final	tapped	volume.	3.3.4	TRUE	DENSITY	A	calibrated	pycnometer	is	used	to	determine	the	true
volume	of	the	test	sample.	The	true	density	is	obtained	by	dividing	the	mass	of	the	sample	by	its	true	volume.	Samples	used	for	true	density	measurements	should	be	very	dry	as	the	vapor	pressure	of	volatiles	at	low	pressure	can	introduce	measurement	errors	[42,43].	3.4	SOLUBILITY	The	solubility	of	drugs	and	excipients	constitutes	an	important
physicochemical	property	as	it	affects	the	rate	of	drug	release	into	the	dissolution	medium,	the	bioavailability	of	the	drug,	and	consequently,	the	therapeutic	efficacy	of	the	drug	product.	Factors	affecting	the	solubility	include	the	nature	of	the	solvent,	temperature,	crystal	characteristics,	particle	size,	surface	area	of	the	material,	pH,	and	presence	of
additives.	It	must	be	borne	in	mind	that	a	drug	must	first	be	in	solution	to	be	absorbed	into	the	blood	circulation.	If	the	solubility	of	the	drug	is	less	than	desirable,	steps	must	be	taken	to	improve	its	solubility	or	to	use	another	more	soluble	drug	form.	Excipients	that	are	poorly	soluble	in	water	might	retard	the	release	of	a	drug.	Hence,	the
determination	of	drug	and	excipient	solubility	constitutes	an	important	aspect	of	the	formulation	study.	The	solubility	of	a	material	is	usually	determined	by	the	equilibrium	solubility	method,	in	which	a	saturated	solution	of	the	material	is	obtained	by	stirring	an	excess	of	the	material	in	the	solvent	for	a	prolonged	period	at	a	constant	temperature	until
equilibrium	is	attained.	The	saturated	so	lution	can	also	be	obtained	by	warming	the	solvent	with	an	excess	of	the	material	and	allowing	the	mixture	to	cool	to	the	required	temperature.	This,	however,	may	produce	a	supersaturated	solution	for	some	materials	and	therefore,	this	method	is	less	desirable.	A	portion	of	the	saturated	solution	obtained	by
either	method	is	then	removed	with	the	aid	of	a	syringe	through	a	membrane	filter	at	different	time	intervals	for	assay.	The	determination	is	completed	only	if	at	least	two	successive	samples	produce	the	same	results.	The	final	value	thus	obtained	is	the	solubility	of	the	material.	The	sample	may	be	assayed	by	a	variety	of	methods,	such	as	ultra-violet
spectrophotometry,	electrical	conductivity	measurement,	gravimetric	or	volumetric	analysis,	and	chromatographic	methods.	The	solution-precipitation	method	is	also	employed	to	determine	aqueous	solubility.	It	is	preferred	when	the	amount	of	material	available	for	use	is	low.	In	this	method,	a	stock	solution	of	the	material	in	dimethyl	sulfoxide	is
prepared.	The	solution	is	diluted	by	an	aqueous	medium	until	precipitation	occurs.	The	material	in	the	liquid	mixture	is	then	assayed.	Precipitation	is	more	accurately	detected	by	the	use	of	a	nephelometer	or	polarized	light	microscope	[44].	Solubility	values	obtained	by	the	solution-precipitation	method	are	often	higher	than	the	cor	responding	values
obtained	by	the	equilibrium	solubility	method.	This	could	be	attributed	to	the	solubilization	effect	of	dimethyl	sulfoxide	and	inadequate	equilibration	time	and	the	effect	of	solid-state	in	the	equilibrium	solubility	method.	A	large	discrepancy	in	the	solubility	values	obtained	is	often	due	to	the	difference	in	the	physical	state	of	materials	in	the	test.	It	was
reported	that	the	solubility	of	the	crystalline	state	of	a	compound	could	be	lower	than	that	of	the	amorphous	state	by	up	to	100	folds	[45],	while	the	difference	is	two	to	fivefold	among	crystal	polymorphs	[46].	82	Pharmaceutical	Granulation	Technology	3.5	CRYSTALLINITY	AND	POLYMORPHISM	Materials	may	occur	as	amorphous	substances	without
any	internally	ordered	structure	or	as	crystalline	particles	with	a	definite	structure	and	somewhat	regular	external	shape.	Some	materials	may	exist	in	more	than	one	crystalline	form	(polymorph)	and	are	described	as	exhibiting	poly	morphism.	The	type	of	crystal	formed	depends	on	the	conditions,	such	as	temperature	and	type	of	solvent,	under	which
crystallization	is	induced.	At	a	specific	temperature	or	pressure,	more	than	one	polymorph	can	exist	but	only	one	will	be	thermodynamically	stable.	The	less	stable	or	me	tastable	form	will	be	converted	to	a	stable	form	with	time.	The	different	crystalline	forms	of	a	material	generally	differ	in	many	physical	characteristics,	such	as	solubility,	melting
point,	optical	and	electrical	properties,	density,	hardness,	and	stability.	The	use	of	metastable	polymorphs	frequently	results	in	higher	solubility	and	dissolution	rates	while	the	stable	polymorphs	are	often	more	resistant	to	chemical	degradation.	It	is	obvious	that	any	change	in	the	crystalline	form	will	affect	the	therapeutic	efficacy	of	a	drug	product.
Drug	poly	morphism	is	especially	important	because	it	may	affect	the	chemical	stability,	dissolution	rate,	bioavailability,	efficacy,	and	safety	of	the	drug.	Therefore,	knowledge	of	the	crystalline	form	of	the	drug	and	changes	to	its	crystalline	form	during	processing	is	very	important.	3.5.1	DISSOLUTION	STUDY	An	amount	of	the	material	in	excess	of	its
solubility	is	added	to	the	dissolution	medium	and	aliquot	samples	are	removed	and	assayed	at	appropriate	time	intervals.	The	concentration	of	the	material	in	solution	as	a	function	of	time	is	then	plotted.	The	crystalline	form	which	constitutes	the	material	is	reflected	by	the	shape	of	the	dissolution	curve	(Figure	3.7).	The	concentration	of	the
metastable	polymorph	typically	increases	much	more	rapidly	in	the	initial	period	of	the	dissolution	study	and	then	drops	to	that	of	the	stable	polymorph.	For	the	stable	polymorph,	the	dissolution	profile	in	creases	gradually	to	a	plateau.	The	solubility	of	the	metastable	form	is	indicated	by	the	peak	of	its	dissolution	curve.	In	some	cases,	the	metastable
polymorph	does	not	revert	readily	to	the	stable	form.	The	dissolution	curve	of	such	a	metastable	form	lies	above	that	of	the	stable	form,	indicating	that	the	former	is	more	soluble.	The	plateau	of	each	curve	indicates	the	solubility	of	the	respective	polymorph.	3.5.2	X-RAY	DIFFRACTOMETRY	X-ray	diffractometry	may	be	carried	out	using	a	powder	x-ray
or	a	single	crystal	dif 	fractometer.	The	latter	is	used	to	elucidate	the	crystal	structure	while	the	powder	x-ray	diffractometer	is	for	general	purpose.	The	polymorphs	of	material	have	different	crystal	packing	arrangements	and	thus	produce	different	x-ray	diffractograms	with	characteristic	peaks	that	are	related	to	lattice	distances	(Figure	3.8a).	The
extent	of	conversion	of	a	crystalline	drug	to	the	amorphous	form	during	processing	can	be	determined	by	comparing	the	magnitude	of	their	characteristic	peaks	[47].	The	sharp	peaks	(Figure	3.8a)	indicate	a	crystalline	component,	whereas	broad	diffraction	peak	or	features	(also	referred	to	as	“halo”)	indicate	an	amorphous	component	(Figure	3.8b).
The	powder	x-ray	diffractometry	method	is	non-destructive	and	requires	a	very	small	sample	of	the	material,	which	can	be	examined	without	further	processing.	For	structural	determination,	good	single	crystals	are	used	in	a	single	crystal	diffractometer.	Synchrotron	sources	have	been	employed	to	obtain	highresolution	electron	diffraction	patterns
for	very	small	crystals	or	crystals	of	complex	com 	pounds.	Very	sensitive	charge-coupled	detectors	have	enabled	electron	diffraction	patterns	to	be	recorded	in	a	few	seconds	using	very	low	electron	currents.	In	addition,	micro	diffractometers	with	2D	area	detectors	have	been	developed	for	quick	data	acquisition	[48].	Drug	Substance	and	Excipient	(b)
Metastable	polymorph	Stable	polymorph	Time	Concentration	of	material	Concentration	of	material	(a)	83	Metastable	polymorph	Stable	polymorph	Time	FIGURE	3.7	Typical	dissolution	profiles.	FIGURE	3.8	Typical	x-ray	diffractograms	of	(a)	crystalline	and	(b)	amorphous	compounds.	3.5.3	THERMAL	ANALYSIS	In	this	method,	the	polymorphs	are
identified	by	their	thermal	behaviors.	The	change	in	energy	or	related	property	of	the	polymorph	as	it	undergoes	a	transformation	when	heated	is	recorded	as	a	thermogram	(Figure	3.9).	The	thermogram	consists	of	characteristic	peaks,	including	melting	point	(Tm)	and	glass	transition	temperature	(Tg).	The	peaks	pointing	downward	indicate
endothermic	changes,	such	as	melting,	sublimation,	and	desolvation.	The	different	polymorphs	of	material	will	exhibit	different	thermograms,	which	allow	them	to	be	identified.	Differential	scanning	calorimetry	(DSC)	and	differential	thermal	analysis	are	two	methods	of	thermal	analyses	that	are	commonly	used.	The	sample	is	sealed	in	an	aluminum
pan	and	placed	inside	the	test	chamber	where	it	is	subjected	to	different	heating	rates.	In	DSC,	the	change	in	heat	energy	resulting	from	the	crys	talline	transformation	is	recorded	as	a	function	of	temperature.	In	the	differential	thermal	analysis,	the	energy	is	expressed	by	differential	temperature	(sample	vs.	inert	substance).	Conventional	DSC	has	a
major	limitation;	if	a	glass	transition	temperature	occurs	in	the	same	temperature	range	as	another	transition,	for	example,	water	or	solvent	loss,	the	two	events	cannot	Pharmaceutical	Granulation	Technology	Endothermic	Exothermic	84	Tg	Tm	ΔH	Temperature	FIGURE	3.9	Example	of	a	thermogram.	be	separated.	This	limitation	may	be	overcome	by
employing	modulated	temperature	DSC	(MTDSC),	where	the	measurements	are	conducted	using	sine	wave	temperature	programs	defined	by	underlying	heating	rate,	amplitude,	and	period.	The	heat	capacity	change	associated	with	the	glass	transition	temperature	can	be	separated	from	the	heat	flow	changes	caused	by	melting,	drying,	and	solvent
loss.	By	use	of	the	phase	angle	curve	produced	from	the	MTDSC	data	analysis,	very	small	changes	in	specific	heat	can	be	detected,	thereby	increasing	the	sensitivity	of	the	method.	Based	on	thermal	behavior,	MTDSC	can	differentiate	the	amorphous	and	polymorphic	forms	of	material	with	much	greater	clarity.	One	of	the	disadvantages	of	this	method
is	that	the	data	analysis	and	interpretation	are	more	difficult	than	for	DSC.	Besides,	the	experiment	process	can	be	much	prolonged	as	much	lower	heating	rates	are	used.	One	of	the	latest	techniques	is	high-speed	or	high-performance	DSC	(hyperDSC)	where	higher	measurement	sensitivity	is	achieved	by	using	controlled	fast	heating	and	cooling
rates	of	100–500	oC/min	[49,50].	This	is	particularly	useful	for	the	quantification	of	low	levels	of	amor	phous	content	[51].	Microthermal	analysis,	which	combines	microscopy	with	thermal	analysis,	is	another	technique	introduced	recently.	Mounted	on	a	three-axis	piezoelectric	actuator,	the	mi	crothermal	analysis	probe	functions	like	an	atomic	force
microscope	probe	in	contact	mode,	scanning	the	surface	of	the	sample	to	determine	its	topology.	As	the	probe	goes	over	the	surface,	changes	in	thermal	properties	will	be	recorded	and	converted	to	thermal	conductivity	images	that	are	characteristic	of	the	different	polymorphs.	The	typical	scanned	surface	is	100	µm	by	100	µm	because	the	z	actuator
only	has	a	dynamic	range	of	about	20	µm.	As	such,	microthermal	analysis	requires	relatively	flat	samples.	3.5.4	VIBRATIONAL	SPECTROSCOPY	3.5.4.1	Infrared	Spectroscopy	As	mentioned	earlier,	the	polymorphs	of	material	show	different	crystal	packing	arrangements	and	produce	different	x-ray	diffractograms.	The	crystal	packing	arrangement	also
affects	the	energy	of	molecular	bonds	and	results	in	different	infrared	(IR)	spectra	that	are	characteristic	of	the	polymorphs.	IR	analysis	can	be	used	for	both	qualitative	and	quantitative	determinations,	especially	in	the	region	of	near-infrared	(NIR).	It	is	based	on	the	principle	that	the	peaks	in	the	IR	spectrum	arise	from	the	stretching	or	bending
vibrations	of	a	particular	functional	group	[52].	The	disappearance	of	a	characteristic	peak	or	the	appearance	of	a	new	peak	in	the	IR	spectrum	of	the	mixture	can	be	attributed	to	chemical	interaction	between	the	components	of	the	mixture.	It	is	important	to	use	only	materials	in	the	solid	form	as	the	polymorphs	of	a	material	in	solution	have	identical
IR	spectra	[53].	Drug	Substance	and	Excipient	85	A	combination	of	NIR	spectroscopy	and	digital	imaging	technologies	allows	identification	and	quantification	of	the	components	present	in	a	sample	using	the	spectroscopy	element,	and	visua	lization	of	the	distribution	of	the	components	using	the	imaging	capability	(Figure	3.10).	The	technique	is	used
to	investigate	the	heterogeneity	of	the	distribution	within	solid	samples,	visua	lizing	both	pharmaceutical	excipients	and	the	active.	Thus,	it	is	not	only	possible	to	gain	in	formation	about	the	morphology	of	the	particles	or	component	domains	within	a	sample,	but	using	the	NIR	spectroscopy	element	of	the	data,	it	is	possible	to	initially	segregate	the
sample	based	on	chemical	differences	and	then	calculate	the	morphological	information	for	the	separate	species.	This	provides	numerical	metrics	for	the	quantitative	comparison	of	different	samples.	3.5.4.2	Raman	Spectroscopy	Raman	spectroscopy	provides	molecular	information	about	the	crystalline,	as	well	as	the	amor	phous	forms	of	a	material.
In	this	method,	the	material	is	subjected	to	a	laser	beam	and	a	spectrum	of	the	scattered	light	obtained.	The	spectrum	shows	vibrational	bands	of	the	material	at	their	characteristic	frequencies.	The	amorphous	and	polymorphic	forms	of	a	material	can	be	dis	tinguished	by	their	characteristic	spectra.	FIGURE	3.10	Picture	of	NIR	chemical	imaging
instrument.	Source:	Courtesy	by	Malvern	Instruments.	86	Pharmaceutical	Granulation	Technology	Raman	spectroscopy	and	IR	spectroscopy	complement	each	other.	The	former	measures	a	change	in	polarization,	whereas	the	latter	measures	a	change	in	dipole	moment.	IR-inactive	vibrations	can	be	strong	in	Raman	spectra	and	vice	versa.	For
example,	vibrations	in	the	wa	venumber	region	of	l0–400	cm‒1	are	more	easily	studied	by	Raman	than	by	IR	spectroscopy.	One	advantage	of	the	Raman	spectroscopy	method	is	that	no	sample	preparation	is	required,	thus	the	likelihood	of	inducing	phase	changes	through	sample	preparation	is	avoided.	However,	re	presentative	sampling	is	critical	for
quantitative	analysis.	The	results	are	affected	by	the	particle	size	of	the	material.	The	use	of	Fourier	transform	Raman	spectrometers	with	a	longer	wavelength	laser	of	1064	nm	eliminates	the	problem	of	any	fluorescent	background.	With	the	utilization	of	fiber	optics,	real-time	crystallization	can	be	monitored.	Thus,	this	method	is	useful	for	in-line
monitoring	of	pharmaceutical	processes.	3.5.5	SOLID-STATE	NUCLEAR	MAGNETIC	RESONANCE	Solid-state	nuclear	magnetic	resonance	(SSNMR)	spectroscopy	is	a	more	advanced	method	for	dif 	ferentiating	the	polymorphs	of	a	material.	The	sample	is	placed	in	a	strong	magnetic	field	and	subjected	to	radiofrequency	radiation.	The	individual	nuclei
experiences	different	magnetic	environments	and	thus	shows	different	changes	in	resonant	frequency	characterized	by	chemical	shifts.	The	polymorphs	are	differentiated	by	their	characteristic	spectra.	This	method	is	suitable	for	the	characterization	of	solid-state	forms	that	cannot	be	crystallized	and	studied	by	the	x-ray	diffraction	method.	It	is	also
useful	for	quantifying	components	of	heterogeneous	mixtures.	In	contrast	to	IR	and	Raman	spectroscopies,	the	results	are	less	affected	by	the	particle	size	of	the	test	material.	3.5.6	MOISTURE	SORPTION	Moisture	sorption	is	performed	in	a	climatic	chamber.	A	balance	measures	weight	changes	of	the	sample	exposed	to	a	defined	humidity	program.
In	comparison	to	crystalline	materials,	the	amorphous	state	is	characterized	by	a	higher	potential	to	absorb	moisture.	This	leads	to	a	higher	mass	increase	of	amorphous	materials	in	comparison	to	crystalline	materials	[54].	3.5.7	HOT	STAGE	MICROSCOPY	The	polarizing	microscope	fitted	with	a	hot	stage	is	very	useful	for	identifying	the	crystalline
forms	of	a	material.	In	this	method,	the	polymorph	is	heated	to	a	temperature	at	which	it	undergoes	a	change	in	birefringence	and/or	appearance,	which	is	characteristic	of	the	polymorph.	3.5.8	DETECTION	LIMITS	OF	DIFFERENT	METHODS	A	wide	range	of	methods	can	be	employed	to	assess	polymorphism	of	materials.	In	some	cases,	it	is
necessary	to	use	a	combination	of	methods	to	avoid	erroneous	conclusions	obtained	from	the	use	of	a	single	method.	The	detection	limits	of	the	different	methods	are	10%	for	DSC,	1–10%	for	x-ray	diffraction,	1%	for	Raman	spectroscopy	and	0.5%	for	SSNMR	[55].	3.6	OTHER	PHYSICAL	PROPERTIES	Undoubtedly,	the	type	of	physical	characterization
tests	for	a	drug	or	excipient	depends	very	much	on	the	material	concerned	as	well	as	the	processing	involved.	Material	testing	can	be	broadly	divided	into	two	types,	namely	physical	testing,	and	functionality	testing.	Physical	testing,	which	is	used	to	determine	properties,	such	as	size,	shape,	surface	area,	solubility,	and	crystal	form,	is	generally	more
direct	and	the	procedures	are	better	established.	Functionality	testing	that	evaluates	properties,	such	as	flowability,	compressibility,	tableting,	segregation,	sticking,	and	packing	Drug	Substance	and	Excipient	87	property	is	less	direct.	However,	such	tests	may	yield	useful	information	about	the	raw	materials,	drug–excipient	blends,	and	their
potential	effects	on	the	processing.	3.6.1	FLOW	PROPERTIES	Powder	flowability	is	important	for	the	delivery	of	the	powder	from	the	hopper	to	the	die	during	the	tableting	process.	Flowability	is	influenced	by	numerous	factors	such	as	particle	size,	shape,	size	distribution,	surface	roughness,	moisture	content,	and	electrostatic	charges	[56].	The
erratic	flow	of	the	powder	will	result	in	unacceptable	variation	in	the	weight	of	the	tablets	produced.	In	addition,	uneven	powder	flow	could	lead	to	excess	entrapped	air	within	the	powder,	which	in	some	high-speed	tableting	conditions	may	promote	capping	or	lamination.	Similarly,	powders	with	poor	flowability	will	move	with	greater	difficulty	in	the
granulation	chamber	and	this	will	affect	the	granulation	process	and	the	properties	of	the	granules	pro	duced.	Knowledge	of	the	flowability	of	powders,	especially	of	the	bulk	excipients,	is	therefore	important	so	that	the	necessary	steps	can	be	undertaken	to	avoid	problems	during	processing.	The	Hausner	ratio,	Carr	index,	angle	of	repose,	and	angle
of	the	slide	are	parameters	that	are	commonly	used	to	quantify	the	flowability	of	powders.	For	poorly	flowing	powders,	the	shear	tests	are	used.	The	powder	in	motion	can	be	studied	(from	flow	perspective)	by	dynamic	powder	testing	options.	3.6.1.1	Hausner	Ratio	and	Carr	Index	The	tapped	density	(ρt)	and	bulk	density	(ρb)	of	the	test	sample	are
determined	by	the	methods	described	previously.	Hausner	ratio	=	Carr	index(%)	=	[(	t	t/	b	b	)/	t	]	(3.6)	×	100	(3.7)	Higher	Hausner	ratio	and	Carr	index	indicate	poorer	flow	[57–59].	Table	3.2	provides	an	accepted	scale	of	flowability	based	on	the	Hausner	ratio	and	Carr	index	or	compressibility	Carr	index	[60–62].	TABLE	3.2	Flowability	Scale	Based
on	Hausner	Ratio	and	Compressibility	Carr	Index	Hausner	Ratio	Flow	Character	Carr	Index	1.00–1.11	Excellent	≤10	1.12–1.18	1.19–1.25	Good	Fair	11–15	16–20	1.26–1.34	Passable	21–25	1.35–1.45	1.46–1.59	Poor	Very	poor	26–31	32–37	Very,	very	poor	>38	>1.6	88	Pharmaceutical	Granulation	Technology	3.6.1.2	Angle	of	Repose	A	funnel	is	mounted
vertically	and	at	a	distance	from	a	horizontal	plate.	It	is	filled	with	the	test	sample,	which	is	then	allowed	to	flow	down	freely	to	form	a	conical	heap	on	the	plate.	A	metal	tube	may	also	be	used	in	place	of	the	funnel.	The	tube	is	placed	vertically	on	the	plate	and	filled	with	the	test	sample	to	a	height	of	about	4	cm.	It	is	then	slowly	lifted	vertically,
leaving	a	conical	heap	of	powder	on	the	plate	[5].	Using	either	method,	the	height	of	the	heap	(h)	is	determined	by	measuring	the	distance	between	the	plate	and	the	tip	of	the	heap.	The	radius	of	the	heap	(r)	is	determined	by	dividing	the	diameter	of	its	circular	base	by	2.	The	angle	of	repose	is	obtained	from	the	inverse	tangential	of	the	ratio	between
h	and	r	[5,63].	A	smaller	angle	of	repose	indicates	better	flow.	3.6.1.3	Angle	of	Slide	This	is	employed	to	quantify	the	flowability	of	a	powder	bed.	A	small	amount	(about	10	mg)	of	the	sample	is	placed	on	a	stainless-steel	plane,	which	is	then	tilted	by	screwing	a	supporting	spindle	vertically	upward	until	the	powder	slide	occurs.	The	angle	of	the	slide	is



equal	to	the	angle	between	the	tilted	plane	and	the	horizontal	base	at	this	point	[5].	This	method	could	be	valuable	in	designing	chutes.	However,	the	measurement	method	and	values	are	not	standardized.	Also,	the	measured	angle	will	be	highly	influenced	by	the	type	of	chute	material,	chute	surface,	amount	of	powder,	humidity,	and	other	factors.
3.6.1.4	Flowability	Determined	by	Shear	Tests	Originally,	shear	tests	have	been	explored	to	understand	soil	mechanics.	Around	1960,	Andrew	Jenike	designed	the	first	shear	cell	tester,	referred	to	as	translational	shear	cell	tester,	for	bulk	solids	[64].	His	work	significantly	contributed	to	the	understanding	of	powder	cohesivity	and	in	hopper	designs.
The	shear	test	has	been	applied	widely	for	the	analysis	of	powder	flowability.	Variants	of	the	shear	cell	tester	were	developed,	for	example,	Schulz	ring	shear	tester,	FT4	powder	rheometer,	Brookfield	powder	flow	tester,	Walker	ring	shear	tester,	Peschl	rotational	shear	tester	and	others	[65–67].	The	general	shear	test	method	and	principles	are
described	here	briefly.	The	shear	cell	is	filled,	the	powder	surface	is	leveled	and	consolidation	stress	(σ1)	is	applied.	Shear	is	produced	in	the	sample	using	the	appropriate	shear	lid	under	given	consolidation	stress.	Failure	of	the	powder	bed	(also	called	“incipient	flow”)	is	indicated	by	a	sudden	drop	in	shear	stress	and	the	stress	responsible	for	this
failure	is	called	the	unconfined	yield	strength	(σc).	The	unconfined	yield	strength	versus	consolidation	stress	curve	is	known	as	the	instantaneous	flow	function	or	flow	function	curve	[68].	Flow	function	values	(ffc)	at	specific	consolidation	stress	can	be	calculated	using	the	following	equation.	1	(3.8)	c	The	larger	ffc	values	indicate	better	powder	flow.
Based	on	ffc	values,	Jenike	provided	the	rough	guide	to	classify	the	flowability	of	the	powders.	Schulze	further	elaborated	on	this	classification	(Table	3.3)	with	minor	changes	in	ffc	values	[66].	Figure	3.11	provides	an	example	of	the	flow	function	curve	along	with	the	flowability	classification.	Based	on	the	flow	function	equation	and	the	flowability
classification,	it	is	easy	to	understand	that	ffc	values	are	influenced	by	the	consolidation	stress	used	to	calculate	them.	Materials	do	not	experience	much	consolidation	stress	during	pharmaceutical	unit	operations	and	processing	[69].	Therefore,	it	is	advisable	to	evaluate	and	compare	ffc	values	of	pharmaceutical	powders	at	a	fixed	and	lower	side	of
the	consolidation	stress	values.	For	example,	ffc	data	for	the	powders	have	been	analyzed	at	4	KPa	[70]	and	8	KPa	consolidation	stresses	[71].	It	is	technically	difficult	to	collect	reproducible	ffc	values	at	very	low	consolidation	stresses	(particularly	below	1	KPa).	It	has	been	reported	that	the	lower	limit	for	consolidation	of	the	ring	shear	tester	was
approximately	0.5	KPa	[69].	Clearly,	the	use	of	shear	cell	tester	may	be	useful	to	characterize	cohesive	ffc	=	Drug	Substance	and	Excipient	89	TABLE	3.3	Flowability	Classifications	Based	on	ffc	Values	ffc	Values	Flowability	ffc	<	1	Not	flowing	1	<	ffc	<	2	2	<	ffc	<	4	Very	cohesive	Cohesive	4	<	ffc	<	10	Easy-flowing	10	<	ffc	Free-flowing	Source:	From
Ref.	[66].	powders	but	is	generally	less	effective	for	free-flowing	powders.	The	need	for	the	consolidation	stress	also	presents	particular	issues	as	often,	high	consolidation	stress	does	not	represent	the	actual	stress	conditions	encountered	during	product	manufacture,	and	ffc	comparison	at	high	consolidation	stress	should	be	avoided.	Apart	from
rendering	flow	function	curves	and	ffc	values	[56,72],	various	software	can	analyze	the	raw	data	and	determine	the	angles	of	internal	friction.	Besides,	by	using	appropriate	lid	design,	shear	testers	can	provide	wall	friction	values	and	bin	design	parameters	[73].	Compared	to	the	angle	of	repose,	compressibility	Carr	index,	Hausner	ratio,	and	flow
through	an	orifice,	the	results	of	shear	tests	are	more	dependable	for	flow	analysis	[68].	3.6.1.5	Dynamic	Flow	Analysis	Traditional	flow	and	bulk	property	evaluation	techniques	such	as	shear	tests	discussed	earlier	do	not	consider	dynamic	conditions	experienced	by	powder	passing	through	various	unit	operations.	Techniques	are	now	available	(e.g.,
FT4,	Freeman	Technology	-	Micromeritics,	Tewkesbury,	UK)	to	analyze	powder	flow	in	dynamic	conditions	as	a	function	of	strain	rate	[41].	Dynamic	flow	analysis	indicators,	such	as	basic	flow	energy	(BFE),	stability	index	(SI),	flow	rate	index	(FRI),	and	specific	energy	(SE)	can	be	derived	on	the	basis	of	these	tests.	In	this	technique,	an	impeller	with	a
twisted	blade	rotates	at	a	specific	tip	speed	and	penetrates	in	and	out	of	the	powder	bed	filled	in	a	vessel.	The	first	step	of	“conditioning	methodology”	is	discussed	in	section	3.2.	In	the	next	step,	the	blade	penetrates	again	into	the	conditioned	powder	bed	filled	with	force	while	rotating	anti-	FIGURE	3.11	Flow	function	curve	and	flowability
classification.	Source:	Adapted	from	Ref.	[66].	90	Pharmaceutical	Granulation	Technology	clockwise.	This	bulldozing	blade	action	compacts	the	bed	and	applies	normal	stresses	through	the	blade.	Axial	force	(F)	required	for	downward	blade	movement	and	torque	required	for	blade	rotation	(T)	are	measured.	Total	input	work	(E),	also	called	“flow
energy,”	of	the	powder	is	computed	using	F	and	T	values	as	shown	below	[74].	E=	H	0	T	R	tan	+	F	dH	(3.9)	where	R	is	the	radius	of	the	blade,	α	is	the	helix	angle,	and	H	is	the	penetrated	depth.	The	steps	(conditioning	+	testing)	are	repeated	several	times	to	obtain	stabilized	non-changing	flow	energy	or	BFE	[75].	In	short,	BFE	measures	powder’s
flowability	when	it	is	forced	to	flow.	BFE	relies	on	density,	compressibility,	packing	state,	particle	size,	and	shape	[76].	Although	re	ports	claimed	that	BFE	results	can	be	correlated	to	flowability	[40,41,75–77],	researchers	have	also	acknowledged	that	BFE	evaluates	different	factors	in	combination	and	sometimes	may	show	little	correlation	with	shear
test	(flow)	results	[41].	Changes	in	the	flow	energy	(as	a	result	of	the	repeated	conditioning	+	testing	steps)	are	further	used	to	calculate	SI.	Pharmaceutical	powders	are	generally	stable	and	have	SI	values	in	the	range	of	0.9–1.1	[76,78]	with	good	repeatability.	Phenomena	like	segregation,	particle	attrition,	strong	adhesion	to	the	equipment,	air
release	from	the	powder,	or	moisture	uptake	can	impact	SI	values.	Hence,	a	change	in	SI	value	can	be	an	indicator	of	one	of	these	phenomena.	FRI	can	be	determined	by	sequentially	decreasing	the	blade	tip	speed	and	sensitivity	of	the	powder	to	the	flow	rate	is	evaluated.	The	instrument	software	determines	the	FRI	by	calculating	the	ratio	of	the	flow
energy	when	tip	speed	is	reduced	by	a	factor	of	10.	For	example,	in	a	study	by	Freeman,	tip	speed	was	reduced	from	100	mm/s	to	10	mm/s	(factor	of	10)	and	the	ratio	of	flow	energy	between	the	corresponding	speed	tips	was	calculated	to	determine	FRI	[41].	Higher	FRI	values	(>3)	demonstrates	that	the	powder	is	experiencing	mechanical
interlocking	and	could	be	cohesive	in	nature.	FRI	~1	indicates	that	the	powder	is	not	sensitive	to	the	flow	rate.	Generally,	FRI	is	in	the	range	of	1.5–3.	SE	is	another	parameter	that	can	be	measured	using	the	dynamic	test	analysis.	This	para	meter	represents	powder	flowability	(and	so	cohesion)	in	an	unconfined	or	low-stress	condition	[75].	Work
required	to	bring	the	blade	from	bottom	to	top	of	the	vessel	through	the	powder	bed	is	used	to	calculate	SE.	SE	is	significantly	impacted	by	the	shape	of	particles.	Spherical	or	oval	shapes	have	a	low	number	of	contacts	and	hence	show	a	low	SE	value.	Elongated	particles	provide	a	greater	number	of	contacts,	resulting	in	high	SE	values.	Soft	particle
contacts	may	further	lead	to	high	SE	values	[78].	Generally,	SE	<	5	indicates	low	cohesion,	5	<	SE	<	10	shows	moderate	cohesion,	and	SE	>	10	indicates	high	cohesion	[76].	Researchers	have	criti	cally	evaluated	and	compared	BFE,	SI,	FRI,	and	SE	values	obtained	for	different	powders/	blends	[41,75,76,78].	It	is	important	to	note	that	the	ranges	and
explanations	suggested	for	dynamic	flow	analysis	indicators	(BFE,	SI,	FRI,	and	SE)	are	not	as	well	established	as	those	for	shear	tests	(ffc	classi	fication).	Trends	provided	by	the	dynamic	flow	analysis	depend	upon	various	conditions	and	should	be	corroborated	with	other	techniques	and	experimental	observations.	Based	on	the	current	literature
information	available,	this	is	still	an	evolving	science,	and	the	aforementioned	ranges	may	be	updated	or	modified	in	the	future.	Utmost	care	should	be	taken	while	interpreting	BFE,	SI,	FRI,	and	SE	results.	3.6.1.6	Avalanche	Behavior	[56]	An	avalanche	powder	analyzer	(e.g.,	Revolution,	Mercury	Scientific,	Newtown,	CT,	US)	employs	a	transparent
drum	or	disk	partially	filled	with	a	powder	and	rotated	to	establish	a	consistent	flowing	powder	mass.	With	a	light	source	on	one	side,	a	camera	on	the	opposite	side	captures	Drug	Substance	and	Excipient	FIGURE	3.12	91	Schematic	diagram	of	an	avalanche	powder	flowability	tester.	images	of	the	avalanche	behavior	of	the	powder	(Figure	3.12).	A
low	disk	rotational	speed	is	usually	preferred	because	it	prevents	the	merging	of	powder	avalanches	and	provides	better	dis	crimination	of	powders	properties	[79].	Qualitative	visualization	of	the	avalanching	behavior	can	differentiate	the	powder	flow,	with	free-flowing	powders	exhibiting	slumping	or	rolling	type	of	behavior	while	poorer	flowing
powders	tend	to	cascade.	From	image	processing,	a	variety	of	numerical	descriptors	together	with	visual	observations	can	help	to	classify	powder	flow	behaviors.	Despite	the	versatility	of	the	avalanche	flow	analyzer,	interpretation	of	the	derived	descriptors	may	sometimes	pose	a	challenge	to	inexperienced	users,	particularly	with	more	cohesive
powders.	However,	avalanche	flow	testing	subjects	the	powder	to	a	tumbling	motion,	which	simulates	the	conditions	during	mixing.	This	attribute	can	be	applied	to	studying	mixing	processes	and	powder	flowability	and	mixability	[80].	3.6.2	SEGREGATION	Segregation	is	the	separation	of	the	components	of	a	powder	blend	from	one	another,	which
can	lead	to	blend	inhomogeneity.	Differences	in	particle	size,	shape,	density,	texture,	flowability,	and	adhesive	forces	are	common	physical	factors	responsible	for	segregation.	In	addition,	external	stimuli	experienced	by	the	powder	blend	during	granulation,	drying,	blending,	conveying,	com 	pression,	and	other	unit	operations	also	promote	this
phenomenon.	Schulze	described	various	segregation	mechanisms	(Figure	3.13)	related	to	shifting	and	percolation,	trajectory	and	airentrapment	[66].	Various	modeling	and	small-scale	prediction	tools	have	been	developed	to	evaluate	segregation	risk.	Formulating	blends	with	a	similar	particle	size	distribution,	decreasing	possible	vibration,	and
avoiding	large	height	free	falls	of	blends	during	product	manufacturing	are	possible	ways	to	reduce	the	segregation	risk.	92	Pharmaceutical	Granulation	Technology	FIGURE	3.13	Major	segregation	mechanisms	exhibited	by	pharmaceutical	powder	blends	during	handling:	(a)	shifting	and	percolation,	(b)	trajectory	and,	(c)	air-entrapment.	Images	are
adapted	from	Schulze	[66].	3.6.3	TABLETING	PROPERTIES	Mixtures	of	drugs	and	excipients	are	compressed	directly	from	powder	blends	or	via	granules,	to	produce	tablets	that	are	the	most	widely	used	oral	solid	dosage	form.	Studying	the	capability	of	pharmaceutical	powder	blends	to	make	the	compacts	of	the	required	tensile	strength	is	the	fun-
damental	requirement	for	the	tablet	dosage	form.	The	tableting	properties	are	often	related	to	attributes	of	compressibility,	compactability,	and	manufacturability	[81].	Compressibility	refers	to	the	densification	change	of	the	powder	when	compressed	[82],	whereas	compactability	refers	to	the	ability	of	the	powder	to	form	bonds	and	make	robust
compacts	[83].	Various	models	and	equa	tions,	including	Heckel,	Walker,	Kawakita,	and	Gurnham	equations,	have	been	employed	to	study	the	relationship	between	applied	pressure	and	porosity	(compressibility)	and	deduce	brittle	versus	plastic	behavior	of	individual	materials	and	blends	[81–84].	Compactability	may	be	quantified	in	different	ways.
One	method	is	to	determine	the	minimum	compression	pressure	required	to	make	the	compact	of	required	tensile	strength.	Compression	pressure	versus	tensile	strength,	porosity	or	solid	fraction	versus	tensile	strength	profiles	is	widely	used	to	compare	compactability	of	mate	rials.	It	is	desired	to	get	compression	pressure	versus	tensile	strength
profile	linear.	If	the	profile	levels	off	or	tensile	strength	decrease	with	an	increase	in	compression	pressure,	it	means	that	the	solid	fraction	values	are	reaching	the	limit	or	there	may	be	evidence	of	lamination	or	capping.	Therefore,	it	is	not	advisable	to	produce	tablets	at	those	high	compression	pressure	ranges.	During	tablet	formulation	development,
it	is	necessary	to	develop	a	model	to	predict	the	compressibility	and	compactability	of	the	tableting	feed	blends	by	appropriate	characterization	methods.	In	a	study,	three	common	pharmaceutical	excipients	were	characterized	using	uniaxial	compaction	simulator,	and	models	were	developed	with	the	capability	to	predict	the	compaction	and
compression	properties	of	binary	and	ternary	mixtures	made	from	these	excipients	[82].	For	good	manu	facturability,	the	blend	should	not	experience	significant	friction	when	its	compacted	form	is	ejected	from	the	die	during	tableting	[81].	Ejection	stress	versus	compression	pressure	profile	is	studied	to	evaluate	the	manufacturability.	3.6.4
STICKING	Punch	sticking	during	compression	is	a	challenging	issue	in	tablet	manufacturing,	particularly	for	high	drug	load	products	(>30%,	w/w)	[85,86].	The	material	accumulates	on	the	tooling	surface	over	some	time	during	the	manufacturing	run	and	this	phenomenon	can	be	observed	by	Drug	Substance	and	Excipient	93	visual	inspection	of	the
tooling	and	tablets.	Tableting	process	parameters	(e.g.,	tableting	speed,	tooling	designs,	compression	pressure,	and	tooling	materials),	material	properties	(e.g.,	par	ticle	size,	mechanical	properties,	surface	chemistry,	hygroscopicity,	and	melting	temperature),	and	granulation	and	lubrication	(type,	concentration,	and	blending	time)	have	variously	im -
pacted	this	phenomenon.	Higher	tableting	speed	increases	sticking	propensity,	whereas	higher	compression	pressure	decreases	it.	The	degree	of	sticking	for	punch	design	can	be	ranked	as	follows:	flat	>	bevel	>	concave	[87].	Changing	lubricant	types,	increasing	lubricant	levels,	and	blending	time	have	also	provided	a	solution	to	this	problem	in	some
cases.	Sticking	issues	undetected	during	early	stage	and	small-scale	product	manufacturing	are	often	experienced	after	extended	tablet	manufacturing.	Therefore,	if	detected	at	a	late	stage,	it	could	significantly	impact	the	product	development	timelines	and	cost	[86].	To	address	this	concern,	researchers	attempted	various	approaches	and	developed
tools	to	evaluate	the	sticking	propensity	of	ma	terials.	Some	of	these	tools	and	approaches	to	predict	punch	sticking	potential	are	discussed	here	briefly	but	the	list	of	these	tools/approaches	is	not	exhaustive.	Surface	roughness	(RA)	measurement	using	atomic	force	microscopy	was	used	to	rank	the	work	of	adhesion	among	three	model	“profen”	family
compounds	and	iron	(punch	metal)	[88].	Tablet	take‐off	force,	ejection	force	for	“profen”	family	compounds,	and	their	formulations	were	further	measured	using	the	compaction	simulator.	Punch	face	adhesion	was	then	ranked	using	tablet	take‐off	force	and	visual	observation	of	the	punch	faces	[89].	Through	these	studies,	it	was	deduced	that	atomic
force	microscopy	measurement	of	tablet	take-off	forces	can	be	a	good	approach	to	evaluate	drug-metal	interaction.	Leveraging	on	the	influence	of	punch	geometry	on	sticking,	a	material	sparing	approach	of	proactively	using	flat	face	and	flat	face	bevel	edge	punch	tip	geometry	was	proposed	in	the	early	stage	product	development	in	a	study.	These
flat-faced	geometries	provided	an	early	indication	of	sticking	problems	compared	to	standard	round	concave	geometry	[86].	It	is	logical	to	postulate	that	sticking	propensity	will	be	more	if	the	adhesive	forces	between	tablet	particles	and	punch	surfaces	are	higher	than	the	particles	within	the	tablet.	This	postulation	was	substantiated,	whereby	shear
test	was	used	to	predict	the	like	lihood	of	sticking	during	tableting	[90].	Particularly,	the	shear	test	was	used	to	measure	the	angle	of	internal	friction	of	powder	blend	(Φp,	representing	frictional	forces	between	particle)	and	angle	of	wall	friction	of	powder-punch	surface	(Φw,	representing	frictional	forces	between	particle	and	punch	surface).	The
sticking	index	was	then	calculated	as	follows:	Sticking	index	=	w	p	(3.10)	Sticking	was	observed	at	sticking	index	>	0.3	and	the	suitability	of	the	sticking	index	to	predict	sticking	was	further	confirmed.	In	another	study,	an	instrumented	punch	was	developed	to	use	along	with	the	universal	testing	machine	and	measure	adhesive	forces	between
compact	and	punch	surface	[91].	Recently,	an	in-line	material-sparing	laser	reflection-based	tool	was	implemented	to	monitor	sticking	in	real-time	[92].	In	this	technique,	a	laser	beam	is	targeted	at	the	tip	of	the	punch	and	the	intensity	of	the	reflected	beam	is	quantified	using	a	photosensor.	The	results	confirmed	that	the	area	covered	by	sticking
material	correlated	with	the	signal	intensity.	This	simple,	highly	sensitive	technique	evaluates	sticking	during	the	actual	tableting	process	without	interrupting	the	manufacturing.	Sticking	is	a	challenging	issue	in	pharmaceutical	product	manufacturing	particularly	in	ta	bleting;	researchers	are	continuously	working	in	this	field	to	further	understand
this	phenomenon.	Various	approaches	have	been	attempted	to	evaluate	and	mitigate	the	sticking	propensity	of	ma	terials	but	often,	solutions	are	directed	at	changing	the	compression	pressure	or	tableting	rate,	tool	design	or	material,	ambient	or	press	temperature,	and	the	use	of	anti-sticking	agents.	94	Pharmaceutical	Granulation	Technology	3.6.5
COMPATIBILITY	Although	excipients	have	traditionally	been	thought	of	as	being	inert,	experience	has	shown	that	they	can	interact	with	a	drug.	Readers	are	encouraged	to	refer	to	the	literature	on	drug–excipient	interactions	and	their	effects	on	drug	absorption	[93].	Incompatibility	may	occur	between	drug	and	excipient,	as	well	as	between	the
excipients	themselves,	and	affect	the	potency,	stability,	and	eventually,	therapeutic	efficacy	of	the	product.	It	is	therefore	essential	to	avoid	incompatibility	and	this	can	be	achieved	by	carrying	out	studies	to	detect	potential	chemical	interactions	between	the	different	components	used	in	the	formulation.	3.6.5.1	Stability	Study	This	is	the	traditional
method	of	detecting	incompatibility.	Mixtures	of	the	drug	and	excipients	are	prepared	and	stored	under	exaggerated	conditions	of	heat,	light,	and	humidity.	The	mixtures	are	examined	for	any	physical	change	and	aliquot	samples	are	withdrawn	for	assay	of	the	intact	drug	at	various	time	intervals.	Incompatibility	is	reflected	by	various	signs	such	as
the	appearance	of	precipitate	and	a	decrease	in	the	concentration	of	the	intact	drug.	Although	this	is	a	very	important	topic,	it	is	better	discussed	separately	as	a	topic	on	its	own.	3.6.5.2	Chromatography	Chromatography	was	first	used	for	the	separation	of	leaf	pigments.	The	operation	of	chromato	graphy	is	based	on	the	distribution	of	material
between	a	stationary	phase	and	a	mobile	phase.	The	stationary	phase	can	be	a	solid	or	a	liquid	supported	on	a	solid	while	the	mobile	phase	can	be	a	gas	or	a	liquid,	which	flows	continuously	around	the	stationary	phase.	As	a	result	of	differences	in	their	affinity	for	the	stationary	phase,	the	different	components	in	a	mixture	can	be	separated	and
identified.	In	addition	to	its	application	in	the	separation	and	identification	of	materials,	chromatography	is	also	employed	to	detect	potential	interactions	between	materials.	Both	thin-layer	chromatography	and	liquid	chromatography	are	commonly	employed	for	this	purpose.	In	thin-layer	chromato	graphy,	the	stationary	phase	consists	of	a	powder
adhered	onto	a	glass,	plastic,	or	metal	plate.	The	powders	commonly	used	are	silica,	alumina,	polyamides,	celluloses,	and	ion-exchange	resins.	Solutions	of	the	drug,	excipient,	and	drug–excipient	mixture	are	prepared	and	spotted	on	the	same	baseline	at	one	end	of	the	plate.	The	plate	is	then	placed	upright	in	a	closed	chamber	containing	the	solvent,
which	constitutes	the	mobile	phase.	As	the	solvent	moves	up	the	plate,	it	carries	with	it	the	materials.	Those	materials	that	have	a	stronger	affinity	for	the	stationary	phase	will	move	at	a	slower	rate.	The	material	is	identified	by	its	Rf	value,	which	is	defined	as	the	ratio	of	the	distance	traveled	by	the	material	to	the	distance	traveled	by	the	solvent
front.	The	position	of	the	material	on	the	plate	is	indicated	by	spraying	the	plate	with	certain	reagents	or	exposing	the	plate	to	ultraviolet	radiation.	If	there	is	no	interaction	between	the	drug	and	excipient,	the	mixture	will	produce	two	spots	whose	Rf	values	are	identical	to	those	of	the	individual	drug	and	excipient.	If	there	is	in	teraction,	the	complex
formed	will	produce	a	spot	whose	Rf	value	is	different	from	those	of	the	individual	components.	In	liquid	chromatography,	the	affinity	of	the	material	for	the	solid	stationary	phase	in	a	column	governs	the	time	taken	by	the	material	to	elute	from	the	column.	The	time	of	elution	is	used	to	identify	the	material.	Solutions	of	the	drug,	excipient,	and	drug–
excipient	mixture	are	prepared	and	injected	separately	into	the	column.	The	concentration	of	the	material	that	elutes	from	the	column	is	detected	and	plotted	against	time	to	give	a	chromatogram.	If	there	is	interaction	between	the	drug	and	excipient,	the	complex	formed	will	exhibit	an	elution	time	different	from	those	of	the	in	dividual	components
(Figure	3.14).	Similarly,	gas	chromatography	may	be	used	for	volatile	components.	Drug	Substance	and	Excipient	Detector	response	Drug	95	where	Td	is	the	elution	time	of	the	drug	Drug-Excipient	Excipient	Td	Time	FIGURE	3.14	Chromatograms	illustrating	drug–excipient	interaction.	3.6.5.3	Thermal	Methods	DSC	offers	a	relatively	simple	approach
for	the	investigation	of	potential	interaction	between	a	drug	and	an	excipient	[94,95].	The	drug,	individual	excipients,	and	binary	mixtures	of	the	drug	and	excipient	are	separately	scanned	at	a	standard	rate	over	a	temperature	range	that	encompasses	all	the	thermal	features	of	the	drug	and	excipients.	Each	mixture	consists	of	equal	proportions	of
drug	and	excipient	in	order	to	maximize	the	likelihood	of	an	interaction.	The	thermograms	of	the	mixtures	and	the	individual	components	are	compared	(Figure	3.15).	Interaction	is	deduced	by	changes	in	the	thermal	features	such	as	the	disappearance	of	characteristic	peaks	or	the	appearance	of	a	new	peak	in	the	thermogram	of	the	mixture.	Changes
in	shape,	onset,	and	relative	height	of	the	peaks	may	also	indicate	interaction.	However,	it	should	be	cautioned	that	these	changes	could	also	arise	from	the	physical	mixing	of	the	components	or	dissolution	of	components	in	the	first	molten	substance.	A	big	advantage	of	the	DSC	method	over	the	traditional	stability	test	is	the	speed	of	de	termination.
However,	like	all	methods,	DSC	has	its	own	limitations.	It	is	not	applicable	if	the	test	materials	exhibit	properties	that	make	data	interpretation	difficult,	such	as	the	formation	Drug	ΔH	Excipient	Drug	+	Excipient	Temperature	FIGURE	3.15	Thermograms	indicating	possible	drug–excipient	interaction.	96	Pharmaceutical	Granulation	Technology	of	the
eutectic	mixture,	coincident	melting,	and	dissolution	of	one	component	in	the	melt	of	the	other.	The	DSC	method	has	received	specific	criticism	[95]	that	it	subjects	drug	and	excipient	to	elevated	temperatures	that	are	unrealistically	high.	In	addition,	the	ratio	of	drug	to	excipient	employed	in	the	test	mixture	is	not	likely	to	be	encountered	in	practice.
Furthermore,	DSC	thermograms	do	not	provide	information	about	the	nature	of	the	interac	tion;	they	only	indicate	the	likelihood	of	an	interaction.	It	is,	therefore,	not	advisable	to	rely	on	the	DSC	method	alone	to	determine	incompatibility.	Instead,	it	should	be	used	to	sup	plement	stability	tests	by	eliminating	the	incompatible	excipients	and	reducing
the	number	of	samples	for	stability	testing.	Microthermal	analysis	has	also	been	employed	to	study	interaction.	This	method	is	a	derivative	of	atomic	force	microscopy	whereby	the	probe	is	replaced	with	a	miniaturized	thermistor,	allowing	the	temperature	at	the	tip	of	the	probe	to	be	both	controlled	and	measured.	Different	techniques	have	been
employed	to	study	the	interaction	between	two	materials	based	on	the	microthermal	analysis.	In	the	nanosampling	technique,	the	tip	is	placed	on	the	surface	of	one	of	the	test	materials,	which	is	heated	to	soften	the	surface	so	that	the	tip	is	partially	covered	with	the	material.	The	tip,	which	is	then	withdrawn,	retains	some	of	the	material	in	the
nanogram	to	picogram	range.	In	another	technique,	known	as	thermally	assisted	particle	manipulation,	the	tip	is	used	to	pick	up	a	particle	of	one	of	the	test	materials	that	have	been	softened	by	heat.	By	employing	either	technique,	the	tip	(laden	with	the	first	test	material)	is	placed	on	the	surface	of	the	second	test	material,	which	is	then	subjected	to
a	heating	program.	Interaction	between	these	two	test	materials	is	deduced	from	the	thermal	profiles	obtained	[96].	3.6.5.4	Other	Methods	IR,	particularly	Fourier	transform	IR	spectrometry,	can	also	be	employed	to	study	interaction	[95].	In	the	same	way,	modifications	in	the	spectra	obtained	by	Raman	spectroscopy	indicate	that	chemical
interactions	have	occurred.	The	Raman	spectra	can	be	processed	to	give	unambiguous	identification	of	both	drugs	and	excipients,	and	the	relative	intensity	of	the	drug	and	excipient	bands	can	be	used	for	quantitative	analysis.	More	information	about	the	different	Raman	tech	niques	can	be	obtained	from	the	literature	[97].	Unlike	most	other
methods,	SSNMR	is	applicable	to	materials	of	varying	complexity,	from	pure	drugs	and	excipients	to	their	solid	dispersions	[98].	Selective	investigation	of	the	individual	components	of	the	solid	dispersions	does	not	usually	require	any	chemical	or	physical	treatment	of	the	sample.	However,	the	complexity	and	high	cost	of	SSNMR	restrict	its
application	as	a	routine	characterization	method.	3.6.6	INTERNAL	STRUCTURE	ANALYSIS	Internal	structure	visualization	and	analysis	of	final	products	such	as	tablets	and	intermediates	such	as	granules	made	from	drugs	and	excipients	are	required	to	evaluate	materials	and	products	in	a	holistic	way.	It	could	correlate	formulation	development
activity	with	process	parameters	and	the	impact	of	process	parameters	on	product	performance.	For	example,	internal	and	external	visua	lization	of	granules	could	support	the	formulation	scientist	to	link	binder	performance	to	granule	structure	and	properties.	Such	visualizations	can	render	direct	measurements	of	porosities,	which	are	often
estimated	by	porosimetry	and	other	techniques.	X-ray	micro-computed	tomography	in	conjunction	with	confocal	Raman	microscopy	and	IR	spectroscopy	has	been	successfully	em 	ployed	to	investigate	granule	microstructure	(3D)	at	micron	level	in	a	non-invasive	way	and	to	analyze	chemical	distribution	within	the	granules	[99].	Other	applications	of	x-
ray	micro-computed	tomography	include	identification	of	stress-induced	micro-cracks,	coating	uniformity	and	thickness	measurements,	and	drug	distribution	in	granules	and	tablets.	Optical	coherence	tomography	is	another	non-destructive	method	to	view	internal	structures	of	materials	and	products	and	has	been	used	in	medical	and	clinical
practices	for	a	few	decades.	Researchers	in	the	past	decade	had	used	Drug	Substance	and	Excipient	97	this	interferometric	method	to	evaluate	tablet	surfaces,	mainly	the	coating	[100–102].	Terahertz	pulsed	spectroscopy	and	3D	terahertz	pulsed	imaging	are	other	technologies	used	in	attempts	to	quantify	crystallinity	and	polymorphism	[103],
calculate	molecular	mobility	and	crystallization	of	amorphous	materials	[104],	detect	porosity	of	compact	[105],	analyze	coating	structures	and	in	terfaces	[106],	quantify	hardness,	and	map	density	distributions	of	tablets	[107].	Working	prin	ciples,	advantages	and	applications	of	x-ray	micro-computed	tomography,	optical	coherence	tomography,
terahertz	pulsed	spectroscopy,	and	terahertz	pulsed	imaging	are	discussed	in	the	review	by	Zeitler	and	Gladden	[108]	and	can	be	referred	for	additional	details.	Another	important	process	analytical	technology	(PAT)	is	NIR	chemical	imaging.	The	size	of	the	drug	particles	or	drug	clusters	in	the	process	intermediates	or	final	products	can	be	detected
using	this	imaging	technology.	This	quick	and	efficient	diagnostic	technology	renders	a	microscale/mesoscale	ima	ging	of	the	drug	substance	clusters	during	intermediate	process	steps,	for	example,	before	and	after	co-milling	or	before	and	after	dry	granulation.	The	tool	can	be	used	to	confirm	that	the	processing	steps	are	robust	enough	to	break
agglomerates	and	provide	content	uniformity	to	the	final	tablet	dosage	form	[109].	3.7	CONCLUSION	It	can	be	challenging	for	any	process	technologist	to	decide	on	the	type	and	extent	of	material	characterization	to	be	undertaken.	The	methods	used	should	be	able	to	provide	accurate	results,	and	yet	easy	to	carry	out	and	cost-effective.	Often,	it	is
the	problem	from	the	production	run	that	necessitates	further	material	characterization	to	be	carried	out	either	for	the	purpose	of	solving	the	problem	or	to	prevent	future	occurrences.	Comprehensive	characterization	of	drug	substances	and	excipients	should	be	further	linked	to	drug	product	formulation,	process	selections,	and	product	critical
quality	attributes.	This	characterization	workflow	can	provide	a	coveted	starting	point	in	pursuit	of	selecting	suitable	drug	product	processing	and	formulation	development	steps	with	a	limited	amount	of	drug	substance	in	compressed	development	timelines.	Risk	analysis	accomplished	during	this	journey	of	the	molecule	to	drug	product	development
must	include	the	material	attributes.	This	chapter	serves	to	identify	the	more	commonly	used,	to	advanced	ma	terial	characterization	methods	that	can	be	carried	out	and	could	provide	potentially	useful	in	formation	that	can	be	inferred	from	the	tests.	It	is	hoped	that	the	discussion	of	the	many	methods	of	material	characterization	could	help	in	the
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References......................................................................................................................................	130	4.1	INTRODUCTION	Granulation	processes	are	among	the	most	widely	practiced	unit	processes	in	oral	solid	dosage	form	manufacturing.	Granules	are	an	important	dosage	form	in	and	of	themselves;	however,	most	granules	are	prepared	as	an
intermediate	step	during	tablet	and	capsule	manufacturing.	Granulation	(also	referred	to	as	agglomeration)	can	be	used	to	improve	powder	flow	properties	and	reduce	fine	dust	through	size	enlargement	and	densification,	thus	improving	tableting	operations.	Frequently,	granulation	provides	the	means	to	intimately	combine	a	thermoplastic	binder
with	other	formulation	components,	thus	improving	the	compactibility	of	tablet	formulations	[1].	In	controlled	release	formulations,	granulation	is	often	used	to	embed	the	drug	in	release	controlling	polymers,	thereby	retarding	dissolution	more	effectively	than	a	dry	blend	would.	Granulation	is	also	used	to	prevent	powder	segregation,	thereby
ensuring	uniform	drug	distribution.	This	is	especially	important	in	low-dose,	high-potency	drugs.	Lastly,	granulation	is	used	to	improve	the	103	104	Pharmaceutical	Granulation	Technology	solubility	and	dispersibility	of	powders	and	tablets	in	water.	This	may	also	be	referred	to	as	“instantizing”	or	“hydrophilizing.”	Granulation	may	be	practiced	by
only	adding	a	solvent	as	a	binder	fluid,	but	in	the	majority	of	cases,	binders	(usually	polymeric)	are	also	included,	either	by	being	“fully	activated,”	that	is,	pre-dissolved	in	a	suitable	granulating	fluid,	or	by	pre-blending	(“dry	addition”)	with	the	other	formulation	components.	This	step	is	followed	by	wet	massing	with	a	suitable	granulation	solvent.	Dry
binder	addition	is	also	the	method	of	binder	incorporation	in	dry	granulation	processes	such	as	roller	compaction	and	in	the	emerging	field	of	hot	melt	granulation.	The	general	function	of	a	binder	is	to	promote	bonding	between	the	primary	particles	of	the	formulation,	thereby	assuring	granule	strength	and	density	so	that	integrity	is	not
compromised	on	further	handling	and	processing.	Additionally,	for	granules	that	are	intended	for	compaction	into	tablets,	it	is	equally	important	that	the	binder	provides	the	necessary	thermoplasticity	and	toughness	to	improve	formulation	compactibility	without	compromising	tablet	dissolution	and	disintegration	times.	Very	frequently,	drugs	and
other	formulation	components	possess	non-ideal	compaction	properties,	such	as	excessive	brittleness	and	elasticity,	leading	to	capping	tendencies,	high	friability,	and	generally	poor	tablet	performance.	This	is	especially	true	when	compressed	at	the	high	strain	rates	that	are	typical	of	commercial,	high-speed	tablet	presses.	The	ideal	tablet	and
granule	binder	will,	therefore,	provide	the	necessary	thermoplastic	character	to	overcome	the	unfavorable	mechanical	properties	of	the	formulation	yielding	a	dense	compact,	while	minimizing	the	amount	of	applied	force.	The	various	modes	of	consolidation	during	tablet	formation	are	shown	in	Figure	4.1.	While	binder	selection	has	traditionally	been
empirical	and	often	dependent	on	formulator	experience	and	preference,	significant	progress	has	been	made	over	the	past	two	decades	in	bringing	quantitative	and	mechanistic	particle	engineering	and	materials	sciences	approach	to	bear	on	this	important	aspect	of	pharmaceutical	powder	technology.	The	purpose	of	this	chapter	is	therefore	to
review	the	major	binders	in	current	pharmaceutical	use	and	to	discuss	practical	considerations	in	binder	selection	and	use	in	the	context	of	their	key	physical	and	chemical	properties.	Recent	advances	in	the	understanding	of	granulation	technology	and	particle	design	will	be	discussed	in	detail,	specifically	the	importance	of	selecting	binders	with	a
focus	on	end-product	stability,	wetting	and	surface	energetics	of	the	granulation	system,	and	thermomechanical	properties.	FIGURE	4.1	Mechanisms	of	Consolidation	for	Tableting	Materials	[1].	Binders	in	Pharmaceutical	Granulation	105	4.2	COMMONLY	USED	BINDERS	IN	CURRENT	PHARMACEUTICAL	PRACTICE	Many	different	types	of
materials	have	been	used	as	binders	in	the	past,	including	natural	polymers	such	as	gelatin,	gum	acacia,	gum	tragacanth,	starch,	and	sugars,	such	as	sucrose	and	glucose.	Except	for	starch	and	acacia,	these	more	traditional	materials	have	for	the	most	part	been	supplanted	in	current	pharmaceutical	practice	by	various	derivatives	of	cellulose,
polyvinylpyrrolidone	(PVP),	and	modified	starch.	These	binders	have	found	increasing	favor	as	they	tend	to	be	less	variable	and	have	presented	fewer	aging	issues	than	some	of	the	more	traditional	materials.	Among	the	most	frequently	used	binders	are	povidone	(PVP)	and	copovidone	(PVA-PVP);	modified	starches	such	as	partially	pregelatinized
starch	(PGS);	and	various	cellulose	ethers	such	as	hydroxypropylcellulose	(HPC),	methylcellulose	(MC),	hypromellose	(HPMC),	and	less	frequently	ethyl	cellulose	(EC)	and	sodium	carboxymethyl	cellulose	(NaCMC).	These	binders	will	be	the	focus	of	this	chapter.	Table	4.1	lists	some	of	the	most	frequently	used	binders,	typical	use	levels,	and	suitable
solvents.	4.2.1	HYDROXYPROPYLCELLULOSE	(HPC)	HPC	is	manufactured	by	reacting	alkali	cellulose	with	propylene	oxide	at	elevated	pressure	and	temperature.	It	is	a	highly	substituted	cellulose	ether,	with	3.4–4.1	moles	of	hydroxypropyl	substituent	per	mole	of	anhydrous	glucose	backbone	units	[2].	The	hydroxypropyl	substituent	groups,
therefore,	comprise	up	to	80%	of	the	weight	of	HPC.	This	high	level	of	substitution	renders	HPC	more	thermoplastic	and	less	hygroscopic	than	other	water-soluble	cellulose	ethers.	HPC	has	compendial	status	in	the	National	Formulary	(USP/NF),	European	Pharmacopoeia	(Ph.	Eur.),	Japanese	Pharmacopeia	(JP),	and	Food	Chemicals	Codex	(FCC).	HPC
is	fully	soluble	in	water	and	polar	organic	solvents	such	as	methanol,	ethanol,	isopropyl	alcohol,	and	acetone.	Water	solubility	is	temperaturedependent	with	a	cloud	point	around	45°C.	HPC	is	a	true	thermoplastic	polymer	and	has	shown	equivalent	binder	efficiency	and	good	compactibility	when	added	as	a	solution	or	in	dry,	powder	form,	before
granulation	[3].	Various	molecular	weight	(MW)	grades	are	available	ranging	from	60	to	1000	kDa;	however,	low	MW	grades	are	most	typically	used	as	binders	(Table	4.2).	Moreover,	for	dry	addition,	fine	particle	size	grades	(60−80	μm	mean	diameter)	are	preferred	because	of	faster	hydration	and	uniform	mixing	and	distribution.	Coarse	grades	are
preferred	for	solution	addition	as	they	disperse	more	easily	without	lumping	than	dry	grades.	Lump-free	aqueous	solutions	are	best	prepared	by	dispersing	the	powder	in	30%	of	the	required	final	volume	of	water	at	65	°C.	After	10	minutes	of	hydration,	the	remaining	water	can	then	be	added	cold	while	continuing	to	stir.	Because	of	its	high	binder
efficiency,	HPC	tends	to	be	particularly	well	suited	for	high-dose,	difficult-to-compress	tablets,	where	only	small	amounts	of	binder	can	be	added.	In	general,	use	levels	above	8%	are	not	re	commended	as	they	tend	to	cause	excessive	slowing	of	disintegration	and	dissolution	times.	HPC	is	also	frequently	used	in	film	coating	and	melt	extrusion.	4.2.2
METHYLCELLULOSE	(MC)	MC	is	the	reaction	product	of	methyl	chloride	and	alkali	cellulose.	In	contrast	to	HPC,	it	is	less	heavily	substituted,	with	methoxy	groups	comprising	27–32%	by	weight	of	the	polymer.	MC	is	soluble	in	hot	water	up	to	about	55°C	and	will	reversibly	gel	at	elevated	temperatures.	This	indicates	slightly	higher	water	solubility
than	HPC.	MC	is	also	soluble	in	polar	organic	sol	vents	like	ethanol,	methanol,	and	isopropyl	alcohol,	as	long	as	a	small	amount	of	water	(10%)	is	added	as	a	cosolvent.	Like	all	cellulose	ethers,	MC	is	available	in	a	wide	range	of	MW	grades,	but	almost	exclusively	the	low	MW	grade	with	nominal	viscosity	of	15	mPa.s	at	2%	concentration	is	used	as	a
tablet	binder	(Table	4.2).	Low-molecular	weight	MC	is	a	versatile	binder	with	the	good	thermoplastic	flow	and	wetting	ability.	It	is	also	a	good	film	former.	While	MC	can	be	added	dry	to	a	granulation	blend	before	wet	massing,	it	is	generally	more	106	Pharmaceutical	Granulation	Technology	TABLE	4.1	Commonly	Used	Binders	Binder
Hydroxypropylcellulose	(HPC)	Typical	Use	Level	Comments	IID	Limits*mg/	Dose	2–6%	Used	with	water,	hydroalcoholic	and	neat	polar	organic	solvents;	equally	effective	in	198.0	wet	and	dry	addition	because	of	high	Methylcellulose	(MC)	2–10%	plasticity	and	wetting.	Used	with	water	or	hydroalcoholic	183.6	solvents;	dry	addition	typically	requires
Sodium	Carboxymethylcellulose	2–5%	higher	use	levels	than	wet	addition.	Used	with	water	119.8	(NaCMC)	Hypromellose	(HPMC)	2–10%	Used	with	water	or	hydroalcoholic	solvents;	dry	addition	requires	higher	use	Ethylcellulose	(EC)	2–10%	Used	with	polar	and	nonpolar	organic	solvents;	not	soluble	if	water	exceeds	20%	445.0	levels.	291.5	of	total
solvent.	Hydrophobic	coating	can	slow	down	drug	release	for	less	soluble	drugs;	thus,	it	is	best	used	for	high-dose,	highly	soluble	drugs,	and	moisturePovidone	(PVP)	2–10%	sensitive	drugs.	Used	with	water,	hydroalcoholic,	and	neat	240.0	polar	organic	solvents;	dry	addition	requires	higher	use	levels.	Ultra-lowviscosity	grades	allow	for	high	solution
concentrations	(20%).	Copovidone	(PVP-PVA)	2–8%	Used	with	water	and	hydroalcoholic	solvents;	more	thermoplastic	than	PVP;	853.8	dry	addition	requires	higher	use	levels.	Polyethylene	Glycol	(PEG)	Polymethacrylates	10–15%	5–10%	Used	dry	as	a	meltable	binder	Used	as	aqueous	dispersions;	powder	400.0	150.0	grades	used	dry	and	with	water
and	Polyvinyl	alcohol	(PVA)	5–10%	hydroalcoholic	solvents	Can	be	used	dry	or	only	with	water	40.0	Polyvinyl	alcohol	graft	polyethylene	2–10%	Used	with	water;	dry	addition	requires	5.4	5–15%	higher	use	levels.	Can	only	be	used	with	water;	also	acts	as	a	346.0	glycol	copolymer	(PVA	–	PEG	Graft)	Pregelatinized	starch	(PGS)	disintegrant;	effective	use
levels	are	mostly	higher	than	other	binders	(8–20%).	Notes:	*	Inactive	Ingredient	Database	accessed	in	July	2020.	For	the	latest	IID	or	IIG	Limits:	.	Binders	in	Pharmaceutical	Granulation	107	TABLE	4.2	Selected	Commercial	Binder	Grades	Binder	Hydroxypropylcellulose	(HPC)	Trade	Name/Grade/Supplier	™	Klucel	hydroxypropylcellulose	ELF,	EF,
and	LF	Pharm	also	available	as	fine	particle	Nominal	Viscosity	2%	viscosities	at	5,	8,	and	12	mPa.s	grades	EXF	and	LXF	Pharm	and	Klucel	EXF	Ultra	as	an	ultra-fine	grade	Nisso®	HPC	SSL,	SL	and	L	select	grades	also	Hypromellose	(HPMC)	Methylcellulose	(MC)	Ethylcellulose	(EC)	Sodium	carboxymethyl	cellulose	2%	viscosities	at	2.5,	5	available	as
fine	and	superfine	grades	and	8	mPa.s	Methocel™	E3,	E5,	E6,	and	E15	Premium	LV	Hypromellose	2%	viscosities	at	3,	5,	6,	and	15	mPa.s	Pharmacoat®	603,	645,	605,	606,	and	615	2%	viscosities	at	3,	4.5,	hypromellose	Tylopur®	603,	645,	605,	606,	and	615	5,	6,	and	15	mPa.s	2%	viscosities	at	3,	4.5,	hypromellose	5,	6,	and	15	mPa.s	AnyCoat®	AN3,
AN4,	AN5,	AN6	and	AN15	2%	viscosities	at	3,	4,	5,	6,	and	15	mPa.s	Methocel™	A15	Premium	LV	2%	at	viscosity	15	mPa.s	methylcellulose	Benecel™	A15	LV	Pharm	methylcellulose	2%	viscosity	at	15	mPa.s	Metelose®	SM	4	and	15	methylcellulose	2%	viscosities	at	4	and	Aqualon™	ethyl	cellulose	N7,	N10,	N14,	and	15	mPa.s	5%	viscosities	at	4,	7,	N22
Pharm	10,	14,	and	22	mPa.s	EthocelTM	Standard	Premium	ethyl	cellulose	NF	5%	viscosities	at	4,	7,	10,	and	20	mPa.s	Aqualon™	NaCMC	7L2P	and	7LF	Pharm	2%	viscosities	at	20	and	Blanose™	NaCMC	7L2P	and	7LF	Pharm	50	mPa.s	2%	viscosities	at	20	and	(NaCMC,)	50	mPa.s	Povidone	(PVP)	Copovidone	(PVP-PVA)	Kollidon®	25,	30	and
90FPovidone	5%	viscosities	at	2,	2.5	and	55	mPa.s	Plasdone™	K12,	K17,	K25,	K29/32	and	K90	5%	viscosities	1,	1.8,	povidone	Kolidon®	VA	64	copovidone	2.0,	2.5,	and	55	5%	viscosity	at	Plasdone™	S630	copovidone,	Plasdone™	S630	Ultra	copovidone	5%	viscosity	at	2.5	mPa.s	2.5	mPa.s	Polyethylene	Glycol	(PEG)	Polyvinyl	alcohol	(PVA)	Polyvinyl
alcohol	graft	polyethylene	glycol	copolymer	(PVA-PEG	graft)	Carbowax™	4000	and	6000	polyethylene	50%	viscosities	at	glycol	Polyglykol®	4000	and	6000	polyethylene	128	and	236	mPa.s	50%	viscosities	at	glycol	128	and	236	mPa.s	Parteck®	MXP	PVA	4-88	J-POVAL	PE-05JPS	polyvinyl	alcohol	4%	viscosity	at	5	mPa.s	4%	viscosity	at	5	mPa.s
GOHSENOL™	polyvinyl	alcohol	4%	viscosity	at	5	mPa.s	Kollicoat®	IR	20%	viscosity	at	120	mPa.s	108	Pharmaceutical	Granulation	Technology	TABLE	4.2	(Continued)	Binder	Polymethacrylates	Trade	Name/Grade/Supplier	Nominal	Viscosity	Eudragit®	E	POEudragit®	NE	30DEudragit®	RS	30D	16%	viscosity	at	5	mPa.s20%	viscosity	at	5	mPa.s20%
viscosity	Pregelatinized	starch	(PGS)	Starch	1500®	partially	pregelatinized	starch	at	5	mPa.s	N/A	Prejel™	PA5	PH	pregelatinized	starch	N/A	Lycatab®	pregelatinized	starch	partially	pregelatinized	starch	N/A	Superstarch®	200	partially	pregelatinized	N/A	starch	Klucel™,	Benecel™,	Aqualon™,	Blanose™,	and	Plasdone™	are	registered	trademarks	of
Ashland	LLC.	Nisso®	is	a	registered	trademark	of	Nippon	Soda	Company.	Pharmacoat®	and	Tylopur®	is	a	registered	trademark	of	Shin-Etsu	Corporation.	Methocel™	and	Ethocel™	are	trademarks	of	the	DuPont	Specialty	Solutions.	AnyCoat-C	is	a	registered	trademark	of	LOTTE	Fine	Chemical.	Carbowax™	is	a	trademark	of	Dow	Chemical	Company.
Polyglykol®	is	a	registered	trademark	of	Clariant.	Eudragit®	is	a	registered	trademark	of	Evonik	Industries.	Kollidon®	is	a	registered	trademark	of	BASF	Corporation.	Parteck®	MXP	is	a	registered	trademark	of	Millipore	Sigma.	Gohsenol™	is	a	registered	trademark	of	Mitsubishi	Chemical	Corporation.	Starch	1500®	is	a	registered	trademark	of
BPSI.	Prejel™	PA5	PH	and	Superstarch®	are	trademarks	of	DFE	Pharma.	Lycatab®	is	a	registered	trademark	of	Roquette	Frères.	effective	when	pre-dissolved	and	added	as	a	solution	[3].	Aqueous	solutions	can	be	prepared	in	an	analogous	fashion	as	described	earlier	for	HPC.	MC	is	listed	in	the	USP/NF,	Ph.	Eur.,	JP,	and	FCC.	4.2.3	HYPROMELLOSE
(HPMC)	HPMC	is	one	of	the	most	widely	used	excipients	in	general	and	is	also	frequently	used	as	a	tablet	binder.	It	is	also	known	as	hydroxypropyl	methylcellulose	(HPMC)	and	is	formed	by	reacting	alkali	cellulose	with	methyl	chloride	and	propylene	oxide	to	yield	a	mixed	substitution	cellulose	ether.	Various	substitution	ratios	and	MW	grades	are
available.	Primarily	low-viscosity	grades	with	substitution	type	“2910”	(28−30%	methoxy	groups	by	weight	and	4−12%	hydroxypropyl	groups)	are	used	as	tablet	binders	(Table	4.2).	These	grades	are	also	very	popular	for	film	coating	formulations.	HPMC	is	listed	in	the	USP/NF,	Ph.	Eur.,	JP,	and	FCC.	The	properties	of	HPMC	are	largely	similar	to
those	of	MC	with	the	exception	that	HPMC	is	less	thermoplastic	and	somewhat	more	hydrophilic.	Although	a	good	film	former,	unplasticized	films	are	more	brittle	than	MC	and	HPC	and	cloud	points	are	higher.	For	example,	HPMC	type	2910	has	a	cloud	point	in	the	range	of	65°C,	which	necessitates	higher	water	temperatures	for	solution
preparation.	As	with	MC,	HPMC	is	soluble	in	hydroalcoholic	solvents	with	a	minimum	of	10%	alcohol.	It	can	be	used	in	solution	or	added	dry	but	is	less	efficient	in	the	latter	form	(3).	4.2.4	SODIUM	CARBOXYMETHYL	CELLULOSE	(NACMC)	Sodium	carboxymethyl	cellulose	(NaCMC)	is	the	sodium	salt	of	carboxymethyl	cellulose,	an	anionic	derivative.
It’s	widely	used	in	oral,	ophthalmic,	injectable,	and	topical	pharmaceutical	formulations.	For	solid	dosage	forms,	it	is	primarily	used	as	a	binder	or	matrix	former.	Pharmaceutical	grades	of	NaCMC	are	available	commercially	at	the	degree	of	substitution	(DS)	values	of	0.7,	0.9,	and	1.2	–	with	a	corresponding	sodium	content	of	6.5–12	wt.%.	It	is	also
available	in	several	different	molecular	weight	grades,	which	influence	the	viscosity	of	the	solution	Binders	in	Pharmaceutical	Granulation	109	and	its	swelling	properties.	NaCMC	is	highly	soluble	in	water	at	all	temperatures,	forming	clear	solutions.	Its	solubility	is	dependent	on	its	degree	of	substitution.	NaCMC,	when	used	as	a	binder,	yields	softer
granules	but	has	good	compressibility	–	forming	tough	tablets	of	moderate	strength.	NaCMC,	being	highly	hygroscopic,	can	absorb	a	large	quantity	of	water	(>50%)	at	elevated	relative	humidity	conditions.	Hence,	the	tablets	tend	to	harden	with	age.	4.2.5	POVIDONE	(PVP)	Povidone,	which	is	alternately	referred	to	as	PVP,	is	recognized	as	a	versatile
excipient	that	is	used	in	complexation,	solubilization,	and	film	applications	in	addition	to	being	one	of	the	most	widely	used	granulations	and	tablet	binders.	PVP	is	manufactured	by	radical	polymerization	of	Nvinylpyrrolidone	and	is	available	in	multiple	MW	grades	ranging	from	2	to	~1500	kilodaltons	(kDA).	The	high	MW	grades	have	been	reported	to
have	very	high	binder	efficiency;	however,	medium	and	low	MW	grades	are	most	often	used	as	granulation	and	tablet	binders	since	high	MW	grades	may	impede	dissolution	behavior	(Table	4.2).	PVP	is	listed	in	the	USP/NF,	Ph.	Eur.,	and	JP	[4].	Much	of	its	versatility	derives	from	favorable	solution	behavior.	Povidone	is	highly	soluble	in	water	and
freely	soluble	in	many	polar	organic	solvents	such	as	ethanol,	methanol,	isopropyl	alcohol,	and	butanol.	It	is	insoluble	in	nonpolar	organic	solvents.	PVP	is	generally	used	in	the	form	of	a	solution,	where	its	low	viscosity	allows	solids	concentrations	as	high	as	15–20%.	PVP	can	also	be	added	dry	to	a	powder	blend	and	then	granulated	with	just	the
solvent,	but	as	with	MC	and	HPMC,	binder	efficiency	is	significantly	lower	in	this	case	[3].	Although	use	levels	in	the	literature	are	reported	as	2%	to	5%	[4],	higher	levels	up	to	10%	may	have	to	be	used	in	challenging,	poorly	compactable	formulations.	PVP	is	highly	hygroscopic,	and	at	50%	RH,	typical	equilibrium	moisture	content	exceeds	15%	by
weight	(Figure	4.2).	It	is	therefore	advisable	to	take	precautions	against	uncontrolled	and	unnecessary	exposure	to	atmospheric	moisture.	FIGURE	4.2	Equilibrium	Moisture	Contents	at	25°C	for	Selected	Polymeric	Binders.	110	Pharmaceutical	Granulation	Technology	4.2.6	COPOVIDONE	(PVP-PVA)	Copovidone	(PVP-PVA)	is	the	60:40,	random,	linear
copolymer	of	N-vinyl-2-pyrrolidone	and	vinyl	acetate.	It	is	therefore	a	derivative	of	PVP.	Vinyl	acetate	somewhat	reduces	the	hy	drophilicity	and	hygroscopicity	of	the	PVP	homopolymer.	At	50%	RH,	the	typical	equilibrium	moisture	content	is	approximately	10%	(Figure	4.2).	The	addition	of	vinyl	acetate	also	in	creases	the	plasticity	of	the	polymer,	thus
lowering	the	glass	transition	temperature	and	im 	proving	compactibility	and	adhesiveness.	In	addition	to	being	used	as	a	wet	and	dry	binder,	PVA-PVP	can	also	be	incorporated	into	film	coating	formulations	together	with	HPMC	[5]).	PVA-PVP	can	be	used	in	wet	granulation	either	in	dissolved	form	or	added	dry	to	the	powder	blend,	followed	by	wet



massing.	Binder	effectiveness	is	approximately	equivalent	to	these	two	methods	of	incorporation.	Copovidone	is	soluble	in	water	and	polar	organic	solvents	and	is	listed	in	USP/NF	and	Ph.	Eur.,	and	also	has	a	monograph	in	the	Japanese	Pharmaceutical	Excipients	(JPE).	4.2.7	POLYETHYLENE	GLYCOL	(PEG)	Polyethylene	Glycol	is	formed	by	the
reaction	of	ethylene	oxide	and	water	under	pressure	in	the	presence	of	a	catalyst.	PEG	is	soluble	in	water	and	miscible	with	other	grades	of	PEG.	In	tablet	formulations,	PEG’s	of	higher	molecular	weight	can	enhance	the	effectiveness	of	tablet	binders	by	imparting	plasticity	to	the	granule;	however,	they	have	limited	binding	action	by	themselves	[6,7].
When	used	above	5%	w/w,	it	may	prolong	tablet	disintegration.	Nowadays,	PEG’s	are	commonly	used	as	binders	in	the	melt	granulation	process.	In	this	process,	a	powder	blend	containing	10–15%	w/w	of	PEG	4000	or	6000	is	heated	to	70–75°C	to	obtain	a	paste-like	mass	that	forms	granules	when	mixed	while	cooling	in	an	extruder.	PEGs	are	versatile
as	low	molecular	or	liquid	PEG	is	mainly	used	as	plasticizers	while	the	higher	molecular	PEGs	are	used	as	tablet	binders,	polishing	material,	and	as	solid	dispersion	carriers	to	enhance	the	aqueous	solubility	of	poorly	soluble	drugs	[8].	4.2.8	POLYVINYL	ALCOHOL	(PVA)	Polyvinyl	Alcohol	is	a	well-established	polymer	in	the	pharmaceutical	industry
mainly	due	to	its	unique	properties,	such	as	excellent	adhesive	strength,	film	formation,	and	chemical	stability	(moisture	and	oxygen	barrier	properties).	Its	most	widely	used	applications	are	tablet	coating	and	wet	granulation,	but	PVA	also	plays	an	important	role	in	solubility	enhancement,	transdermal	patches,	and	emulsions.	This	polymer	is
produced	through	the	hydrolysis	of	polyvinyl	acetate	and	typical	pharmaceutical	grades	are	partially	hydrolyzed	materials.	PVA	is	available	in	a	variety	of	viscosity	grades	and	grades	from	10	to	100	millipascal	second	(mPa.s)	lend	themselves	for	tablet	granulation	processes.	PVA’s	are	water-soluble	polymers.	It	is	reported	that	they	form	softer
granulations,	which	yield	tablets	that	do	not	harden	with	age	[9].	They	can	also	be	used	in	melt	granulation	applications.	In	addition,	polyvinyl	alcohol-polyethylene	glycol	graft	copolymer	was	also	developed	as	a	flexible,	low	viscosity,	peroxide-free	polymer	for	immediate	release	film-forming	agent.	Studies	have	found	that	this	graft	copolymer	has	the
superior	binding	performance	to	HPMC	while	the	performance	was	comparable	to	PVP	[10].	4.2.9	POLYMETHACRYLATES	Polymethacrylates	are	used	as	immediate	release	binders	as	they	provide	excellent	mechanical	stability	and	flexibility.	Select	grades	such	as	Eudragit	E	PO,	NE	30D,	and	RS	30D	can	be	used	in	aqueous	and	organic	solvent-based
wet	granulation	processes.	Eudragit	NE	30D	and	RS	30D	are	provided	as	30%	aqueous	latex	dispersions	while	Eudragit	E	PO	is	a	powder	[11].	Due	to	the	low	viscosity	of	the	latex	dispersions,	granulations	can	be	performed	in	a	variety	of	granulation	Binders	in	Pharmaceutical	Granulation	111	equipment;	however,	the	fluid	bed	process	has	shown
several	advantages.	The	powdered	grades	of	these	polymers	have	also	been	evaluated	in	dry	and	melt	granulation	processes	[12–14].	4.2.10	STARCH	AND	MODIFIED	STARCHES	4.2.10.1	Starch	Starch	has	traditionally	been	one	of	the	most	widely	used	tablet	binders,	although	today	PGSs	are	often	preferred.	Starch	is	a	polysaccharide	carbohydrate
consisting	of	glucose	monomers	linked	by	glycosidic	bonds.	The	main	sources	for	excipient-grade	starch	are	maize	and	potato	starch.	References	to	wheat,	rice,	and	tapioca	starch	can	also	be	found	in	the	literature.	Starch	is	a	GRAS-listed	material	with	monographs	in	the	USP/NF,	Ph.	Eur.,	and	JP.	Starch	is	not	cold	water	or	alcohol	soluble;
traditionally,	it	is	used	by	gelatinizing	in	hot	water	to	form	a	paste.	A	starch	paste	can	be	prepared	by	heating	a	starch	suspension	to	the	boiling	point	with	constant	stirring.	Binder	use	levels	for	starch	are	usually	relatively	high	(5−25%).	The	high	viscosity	of	starch	paste	can	make	granulation,	efficient	binder	distribution,	and	substrate	wetting
somewhat	problematic;	however,	an	advantage	of	starch	is	that	it	tends	to	enhance	tablet	disintegration.	4.2.11	PREGELATINIZED	STARCH	(PGS)	Pregelatinized	starch	is	classified	as	modified	starch.	Chemical	and	mechanical	treatment	is	used	to	rupture	all	or	part	of	the	native	starch	granules.	Pre-gelatinization	enhances	starch	coldwater	solubility
and	also	improves	compactibility	and	flowability.	PGS	is	marketed	as	a	multifunctional	excipient,	providing	binding,	disintegration,	good	flow,	and	lubrication.	PGS	monographs	can	be	found	in	the	United	States	Pharmacopeia/National	Formulary	(USP/NF),	European	Pharmacopeia	(Ph.	Eur.),	and	JPE	[15].	It	is	typically	used	from	solution	in	wet
granulation;	it	can	also	be	dry	added,	but	this	reduces	efficiency	significantly.	Furthermore,	at	15%	to	20%,	use	levels	are	usually	higher	for	PGS	relative	to	other	binders.	PGS	is	not	compatible	with	organic	solvents	and	thus	is	used	only	in	aqueous	binder	systems.	While	it	tends	to	have	high	equilibrium	moisture	levels	(Figure	4.2),	starch	is	known	to
hold	water	in	different	states,	that	is,	only	a	portion	of	the	sorbed	water	will	be	available	as	“free”	water.	This	property	can	be	exploited	by	using	starch	as	a	stabilizer	or	moisture	sequestrant.	Partially	pregelatinized	starch	is	the	most	frequently	used	form	of	PGS,	but	fully	pregelatinized	starch	is	also	available.	The	degree	of	pre-gelatinization
determines	cold	water	solubility.	Commercial	partially	pregelatinized	starch	typically	has	around	20%	pregelatinized	or	water-soluble	con	tent.	The	cold-water	soluble	part	acts	as	a	binder,	while	the	remainder	aids	tablet	disintegra	tion.	For	this	reason,	fully	pregelatinized	starches	tend	to	have	higher	binder	efficiency,	but	not	necessarily	good
disintegrant	properties.	4.2.12	GUM	ACACIA	Gum	acacia	is	also	known	as	gum	arabic;	it	is	a	natural	material	made	of	hardened	exudate	from	Acacia	Senegal	and	Acacia	Seyal.	Commercial	gum	arabic	is	largely	harvested	from	wild	trees	in	the	Sahel	region	of	Africa.	It	is	a	complex	mixture	of	polysaccharides	and	glycoproteins	that	is	today	used
primarily	in	the	food	industry	as	an	emulsion	stabilizer.	Acacia	is	a	highly	functional	binder,	in	that	it	is	known	to	form	strong	tablets	and	granules;	however,	dissolution	times	are	often	impeded.	Additional	reasons	why	today	this	binder	is	used	rarely	with	exception	of	nutritional	supplement	applications	where	organic	origin	include	solution
susceptibility	to	enzymatic	and	bacterial	degradation,	large	natural	variability,	and	sporadic	supply	shortages.	112	Pharmaceutical	Granulation	Technology	4.3	PRACTICAL	CONSIDERATIONS	IN	BINDER	SELECTION	AND	USE	4.3.1	USE	LEVELS	AND	BINDER	EFFICIENCY	While	the	binder	use	levels	in	Table	4.1	serve	as	a	general	guide,	the	reader
will	appreciate	that	use	levels	tend	to	be	drug	and	formulation	specific	and	may	deviate	significantly	from	the	typical	values	cited.	In	general,	increased	binder	concentration	leads	to	an	increase	in	mean	granule	size	and	strength,	and	decreased	granule	friability.	An	increase	in	binder	concentration	strengthens	bonds	between	the	substrate	particles
as	there	is	more	binder	per	bond	[16].	Binder	efficiency	may	be	defined	as	the	minimum	binder	use	level	that	is	required	to	achieve	a	certain	benchmark	tablet	crushing	strength	and	friability	[17].	Concerning	binder	efficiency,	there	is	no	absolute	standard	for	these	criteria.	The	strongest	tablets	and	granulations	may	not	always	be	the	most
desirable;	rather	the	minimum	amount	of	binder	necessary	to	achieve	a	minimum	acceptable	strength	or	maximum	acceptable	friability	is	often	chosen.	This	will	minimize	cost	and	tablet	size	because	stronger	granules	and	tablets	tend	to	be	correlated	with	slower	drug	release.	In	terms	of	maximum	acceptable	friability,	as	a	general	rule,	friability
needs	to	be	low	enough	to	allow	handling	and	coating	in	commercial-scale	tablet	coating	pans	(e.g.,	48-	and	70-in	diameter	pans).	The	friability	for	smaller	tablets	(500	mg	or	less)	should	therefore	be	less	than	0.8%.	Larger	tablets	(1000	mg)	should	have	friability’s	below	0.3%	to	allow	for	problem-	and	blemish-free	handling	and	commercial-scale
coating.	4.3.2	STABILITY	AND	COMPATIBILITY	It	is	well	known	that	chemical	or	physical	incompatibility	between	actives	and	excipients	or	their	impurities	can	compromise	drug	stability	and	safety.	Binders	are	brought	into	intimate	contact	with	actives	during	mixing,	wet	massing,	and	co-drying;	therefore,	final	formulation	stability	is	a	primary
consideration	in	binder	selection.	Like	all	excipients,	binders	are	generally	designed	to	be	“inert;”	thus,	direct	chemical	reactions	between	the	functional	groups	of	binder	and	drug	molecules	are	relatively	rare.	More	frequently,	the	interaction	involves	impurities	that	can	be	introduced	into	the	final	drug	product	by	the	drug,	excipients,	or	packaging
materials	[18].	Most	such	impurity-induced	incompatibilities	in	solid	dosage	forms	can	be	attributed	to	a	select	group	of	small	molecules	including	water,	electrophiles	such	as	aldehydes,	and	the	often-related	carboxylic	acids	and	peroxides.	4.3.2.1	Aldehydes	and	Carboxylic	Acids	Low	molecular	weight	aldehydes	and	carboxylic	acids	are	found	in
many	excipients	including	sugars,	polymers,	and	unsaturated	fats	[18].	The	most	common	reactive	species	of	concern	in	solid	dosage	forms	tend	to	be	formaldehyde	and	its	corresponding	acid,	formic	acid.	Table	4.3	lists	typical	levels	of	these	impurities	for	various	binders,	granulation	aids,	and	tableting	excipients.	Others	include	acetaldehyde,
glyoxal,	furfural,	glyoxylic,	and	acetic	acid.	Carboxylic	acids	could	be	introduced	because	of	not	only	carryover	from	manufacturing	but	also	autoxidation	of	excipients,	which,	for	example,	leads	to	the	formation	of	formaldehyde,	which	is	then	further	oxidized	to	form	formic	acid.	The	presence	of	these	impurities	needs	to	be	considered	in	acid-labile
drugs	as	well	as	drugs	with	nucleophilic	functional	groups,	for	example,	primary	and	secondary	amines	and	hydroxyl	groups	[18,19].	Formaldehyde	and	formic	acid	have	been	identified	as	being	of	particular	concern	when	using	polysorbate,	povidone,	and	polyethylene	glycol	[20,21].	4.3.2.2	Peroxides	Peroxides	are	oxidizing	materials.	They	can	be
found	in	several	excipients	including	binders.	Peroxides	occur	as	“organically”	bound	peroxide	(ROOH),	where	R	is	a	carbon	atom,	or	hydrogen	peroxide	(H2O2),	which	is	the	more	mobile,	freely	available,	and	volatile	form.	Peroxides	can	react	Binders	in	Pharmaceutical	Granulation	113	TABLE	4.3	Levels	of	Formic	Acid	and	Formaldehyde	in	Selected
Binders	and	Tableting	Excipients	[19]	Level	(ppm)	Excipient	Supplier	Lot	Formic	Acid	Formaldehyde	Lactose	A	1	1.0	95%	yield.	Formulations	stabilized	by	arginine	or	trehalose	demonstrated	long-term	stability	for	monoclonal	antibody	potency	and	viability	[65].	(For	additional	reading	on	Spray	drying	refer	to	Chapter	6	in	this	book.)	Advances	in	Wet
Granulation	of	Modern	Drugs	299	9.3.4	ELECTROSPRAY	Coaxial	electrospray,	also	known	as	coaxial	electrohydrodynamic	atomization,	is	an	emerging	technology	developed	in	the	past	decade	for	the	encapsulation	of	therapeutic	agents,	such	as	drugs,	proteins,	and	gene	therapy.	Utilizing	an	electric	field,	two	independent	coaxial	liquid	jets	are
elongated	by	electrical	shear	stress	to	form	a	Taylor	cone	at	the	nozzle	tip,	before	breaking	up	into	multilayer	droplets,	which	are	accelerated	by	a	ground	electrode	for	collection	[66].	This	technique	allows	precise	control	in	the	fabrication	of	core-shell	particle	geometry,	which	is	advantageous	for	the	encapsulation	and	protection	of	labile	compounds
such	as	therapeutic	proteins.	By	convention,	emulsification	methods	are	commonly	employed	for	encapsulation	of	proteins	in	lipid	vesicles	because	of	its	relatively	gentle	and	non-toxic	conditions.	However,	several	limitations	exist	with	emulsification,	namely	low	encapsulation	efficiencies	for	water-soluble	actives,	and	non-uniform	particle	size
distributions.	The	mechanical	stress	involved	during	homogenization	was	reported	to	induce	protein	degradation,	resulting	in	a	loss	in	bioactivity.	Zhang	et	al.	prepared	Ranibizumab	poly	(lactic-co-glycolic)	acid	(PLGA)	microparticles	using	a	coaxial	electrospray	process	followed	by	freeze-drying	for	intravitreal	injection	and	sustained	drug	release.
The	encapsulation	efficiency	of	70%	was	reported,	and	more	importantly,	the	bioactivity	of	ranibizumab	was	retained	above	80%	at	electrospray	voltages	below	5	kV	[67].	9.3.5	EXTRUSION-SPHERONIZATION	Extrusion-spheronization	is	a	multi-step	process	for	the	production	of	multiparticulates	in	the	form	of	spherical	pellets	typically	of	86.78%	for
all	mixer	scales	with	similar	or	dissimilar	geometries.	The	predictive	power	of	the	data-based	models	arises	from	their	ability	to	correlate	complex	and	noisy	relationships	among	input	and	output	variables.	The	case	examples	presented	in	this	section	have	highlighted	the	application	of	AI	to	enable	process	understanding	and	control	and	to	facilitate
scale-up	of	the	high-shear	granulation	process.	With	increasing	evidence	and	reports	of	successful	process	model	implementation,	AI	will	potentially	be	an	essential	part	of	the	granulation	process	toolkit	in	the	near	future.	(For	additional	reading	on	Granulation	process	modelling	refer	to	Chapter	23	in	this	book.)	9.5	CONCLUSIONS	Wet	granulation
is	among	the	most	important	pharmaceutical	processing	technologies	for	the	production	of	tablets.	The	conventional	low-shear	granulators	and	vertical	high-shear	granulators	are	well	established	and	are	the	mainstay	of	commercial	granulation.	Technological	innovations	such	as	continuous	granulation	processes	minimize	the	issue	of	batch-to-batch
variability	and	reduce	testing,	thus	translating	to	improved	productivity	and	cost-saving.	Advanced	techniques	such	as	moisture-activated	dry	granulation,	steam	granulation,	effervescent	granulation,	and	foam	granulation	have	been	proven	useful	for	moisture	or	heat-sensitive	drugs	due	to	the	minimal	amount	of	granulating	liquid	needed	and
improved	liquid	distribution	in	the	granulation	powder	bed.	The	use	of	hydrophilic/hydrophobic	meltable	binders	in	melt	granulation	imparts	additional	functionality	to	modulate	drug	release	in	the	final	product.	The	feasibility	of	these	advanced	granulation	techniques	lies	in	the	possibility	of	direct	implementation	on	conventional	granulator
equipment	with	a	simple	modification	of	the	liquid	addition	system.	The	successful	production	of	powder	prototypes	for	antibodies	and	monoclonal	antibodies	using	conventional	technologies	such	as	dry	granulation	of	freeze-dried	powders	through	slugging,	spray	drying,	and	extrusion	spheronization	presents	new	opportunities	for	these	granulation
technologies.	Advanced	technology	such	as	electrospray	is	showing	promise	in	protein	and	gene	encapsulation.	Incorporation	of	protein	stabilizing	excipients	is	the	key	formulation	strategy	used	with	these	processes.	With	the	keen	market	interest	to	have	biologic	therapeutic	agents	as	dried	powders	versus	the	conventional	solution	form	for	enhanced
stability	and	convenience,	granulation	tech	nologies	are	venturing	into	a	new,	challenging	frontier.	The	advances	in	computing	power	have	allowed	the	application	of	artificial	intelligence	(AI)	in	the	form	of	data-based	process	modeling	on	high-shear	granulation	processes,	primarily	through	an	Advances	in	Wet	Granulation	of	Modern	Drugs	303
artificial	neural	network	and	neuro-fuzzy	logic	system.	The	predictive	power	of	the	resultant	process	models	has	enabled	more	thorough	process	understanding	and	control,	which	will	translate	into	reduced	experimentation,	increased	speed,	and	reduced	operation	cost.	The	continuous	advancement	of	granulation	technologies	in	terms	of	equipment
design,	pro	cessing	techniques,	formulation	strategies,	and	process	control	will	culminate	in	enhanced	product	quality	and	realization	of	solid	dosage	biologics	in	the	near	future.	REFERENCES	1.	Shanmugam,	Srinivasan.	2015.	Granulation	techniques	and	technologies:	recent	progresses.	BioImpacts:	BI	5	(1):	55.	2.	Chirkot,	Tom,	and	Cecil	Propst.
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enlargement	of	primary	particles	has	been	carried	out	in	the	pharmaceutical	industry	in	a	variety	of	ways.	One	of	the	most	common	unit	operations	used	in	the	pharmaceutical	industry	is	the	fluid	bed	processing	where	the	granules	are	produced	in	a	single	piece	of	equipment	by	spraying	a	binder	solution	onto	a	fluidized	powder	bed.	This	process	is
sometimes	classified	as	the	one-pot	system	because	granulation	and	drying	are	carried	out	with	the	same	equipment.	The	batch	fluid	bed	granulation	process	is	a	well-established	unit	operation	in	the	pharmaceutical	industry;	however,	other	process	industries,	such	as	food,	nutraceutical,	agrochemical,	dyestuffs,	and	che	mical,	have	adopted	fluid	bed
granulation	process	to	address	particle	agglomeration,	dust	con	tainment,	ease	of	material	handling,	and	modifying	particle	properties	to	provide	dispersibility	or	solubility	to	products,	among	other	product	enhancements.	Fluidization	is	the	unit	operation	by	which	fine	solids	are	transformed	into	a	fluid-like	state	through	contact	with	a	gas.	At	certain
gas	velocities,	the	gas	will	support	the	particles,	giving	them	freedom	of	mobility	without	entrainment.	Such	a	fluidized	bed	resembles	a	vigorously	boiling	fluid,	with	solid	particles	undergoing	extremely	turbulent	motion,	which	increases	with	gas	ve	locity.	The	smooth	fluidization	of	gas-solid	particles	is	the	result	of	an	equilibrium	between	the
hydrodynamic,	gravitational,	and	interparticle	forces.	Fluidization	in	a	fluid	bed	process	is	critical	for	creating	a	homogeneous	mixer	of	particles.	Whether	agglomerating,	drying,	or	coating;	fluidization	at	a	proper	level	within	the	processor	is	required.	Uneven	fluidization	will	result	in	variation	in	the	moisture	content,	particle	size	dis	tribution,	or	un-
granulated	product	resulting	in	poor	content	uniformity.	Establishing	the	minimum	fluidization	velocity	and	controlling	the	bed	by	observing	pressure	drop	across	the	bed	and	the	filters	will	provide	better	control	of	the	process.	The	fluidization	technique,	as	it	is	known	today,	began	in	1942,	with	the	work	of	the	Standard	Oil	Company	(now	known	as
Exxon,	in	the	United	States)	and	M.W.	Kellogg	Company,	to	produce	the	first	catalytic	cracking	plant	on	a	commercial	scale	[1].	Fluid	bed	processing	of	pharmaceuticals	was	first	reported	by	Wurster	when	he	used	the	air	suspension	technique	to	coat	tablets	[2,3].	In	1960,	he	reported	on	granulating	and	drying	a	pharmaceutical	granulation,	suitable
for	the	preparation	of	compressed	tablets,	using	the	air	suspension	technique.	In	1964,	Scott	et	al.	[4]	and	Rankell	et	al.	[5]	reported	on	the	theory	and	design	considerations	of	the	process	using	a	fundamental	engineering	approach	and	employing	mass	and	thermal	energy	balances.	They	ex	panded	this	application	to	the	30	kg	capacity	pilot	plant
model	designed	for	both	batch	and	continuous	operation.	Process	variables,	such	as	airflow	rate,	process	air	temperature,	and	liquid	flow	rate,	were	studied.	Contini	and	Atasoy	[6]	later	reported	the	processing	details	and	advantages	of	the	fluid	bed	process	in	one	continuous	step.	Wolf	[7]	discussed	the	essential	construction	features	of	the	various
fluid	bed	components,	and	Liske	and	Mobus	[8]	compared	the	fluidized	bed	and	traditional	granulation	process.	The	overall	results	indicated	that	the	material	processed	by	the	fluid	bed	granulator	was	finer,	more	free-flowing,	and	had	homogeneous	granules	that,	after	compression,	produced	stronger	and	faster	disintegration	of	tablets	than	the
materials	processed	by	conventional	wet	granulation.	Reviews	by	Sherrington	and	Oliver	[9],	Pietch	[10],	and	a	series	published	on	the	topic	of	“fluidization	in	the	pharmaceutical	industry”	[11–17]	provide	an	in-depth	background	on	the	fundamental	aspects	of	the	fluidized	bed	and	other	granulation	technologies.	Earlier	application	of	fluid	bed	was	for
efficiently	drying	of	granulated	or	wet	material.	With	the	advent	of	newer	technologies	and	drug	delivery	techniques,	these	units	are	now	routinely	used	for	granulation,	particle	coating	by	spraying	binder,	or	polymer	solution	from	the	Fluid	Bed	Granulation	309	top,	bottom,	and	tangential	location	to	produce	granules	or	modified	release	particles	or
pellets.	Because	of	this	versatility,	these	units	are	normally	classified	as	multiprocessor	fluid	bed	units.	The	batch	size	increase	using	fluid	bed	granulation	requires	a	good	understanding	of	the	equipment	functionality,	theoretical	aspect	of	fluidization,	excipient	interactions,	and,	most	of	all,	identification	of	the	critical	variables	that	affect	the	process
of	agglomeration.	This	chapter	will	provide	an	essential	understanding	of	the	fluidization	theory,	and	system	description	that	makes	up	the	fluid	bed	processor,	and	will	discuss	the	critical	variables	associated	with	equipment,	product,	and	the	process.	Since	this	process	involves	a	large	amount	of	air	and	fine	powders	and	in	some	cases	organic
compounds	as	a	binder	solvent,	understanding	of	safety	pre	caution	in	installing	and	operating	fluid	bed	equipment	will	be	discussed	as	well.	10.2	FLUIDIZATION	THEORY	The	van	der	Waals	forces	have	been	established	to	be	dominant	during	powder	handling	and	fluidization,	but	the	electrostatic	forces	also	have	a	great	influence	on	the	behavior	of
the	process.	In	the	fluid	bed	process	mixing	effect	is	generally	good	for	the	particles	between	50	and	200	μm.	Fluidization	behavior	is	a	summation	of	various	interactions	and	interparticle	forces.	When	a	packed	bed	of	particles	is	subjected	to	a	high	upward	flow	of	gas,	the	weight	of	particles	is	supported	by	the	drag	force	exerted	by	the	gas	on	the
particles,	and	particles	become	fluidized.	At	low	gas	velocities,	the	bed	of	particles	is	practically	packed,	and	the	pressure	drop	is	proportional	to	the	superficial	velocity.	As	the	gas	velocity	is	increased,	a	point	is	reached	at	which	the	bed	behavior	changes	from	fixed	particles	to	suspended	particles.	The	superficial	velocity	required	to	first	suspend	the
bed	particles	is	known	as	minimum	fluidization	velocity	(Umf).	The	minimum	fluidization	velocity	sets	the	lower	limit	of	possible	operating	velocities	and	the	approximate	pressure	drop	can	be	used	to	approximate	pumping	energy	requirements.	The	flow	required	to	maintain	a	complete	homogeneous	bed	of	solids	in	which	coarse	particles	will	not
separate	from	the	fluidized	portion	is	very	different	from	the	minimum	fluidization	velocity.	After	the	bed	has	been	fluidized	and	the	velocity	of	gas	increased,	the	pressure	drop	across	the	bed	stays	constant,	but	the	height	of	the	bed	continues	to	increase.	When	the	rate	of	flow	of	gas	increases,	the	pressure	drop	across	the	bed	also	increases	until,	at
a	certain	rate	of	flow,	the	frictional	drag	on	the	particles	equals	the	effective	weight	of	the	bed.	These	conditions	and	the	velocity	of	gas	corresponding	to	it	are	termed	incipient	fluidization	and	incipient	velocity,	respectively	[18].	The	relationship	between	the	air	velocity	and	the	pressure	drop	is	as	shown	in	Figure	10.1	[19].	At	the	incipient	point	of
fluidization,	the	pressure	drop	of	the	bed	will	be	very	close	to	the	weight	of	the	particles	divided	by	the	cross-sectional	area	of	the	bed	(W/A).	For	the	normal	gas	fluidized	bed,	the	density	of	the	gas	is	much	less	than	the	density	of	the	solids	and	the	balance	of	forces	can	be	shown	as	Pmf	=	W	A	where	where	ΔP	=	pressure	drop,	εmf	=	minimum
fluidization	void	fraction,	A	=	cross-sectional	area,	W	=	weight	of	the	particles,	ρp	=	density	of	particles,	and	g/gc	=	ratio	of	gravitational	acceleration	and	gravitational	conversion	factor.	The	fundamental	phenomenon	of	fluidization	was	recently	studied	by	the	researchers	[20]	using	the	small-scale	fluid	bed	unit.	The	purpose	of	the	study	was	to
compare	experimental	and	com 	putational	minimum	fluidizing	velocities	(Umf)	of	pharmaceutical	materials	using	the	miniaturized	fluid	bed	device.	Using	various	materials,	researchers	found	that	the	experimental	method	was	more	capable	of	describing	the	fluidizing	behavior	of	pharmaceutical	materials	than	the	310	FIGURE	10.1	Pharmaceutical
Granulation	Technology	Relation	Between	Air	Velocity	and	Pressure	Drop.	Source:	From	Ref.	[19].	computational	approach.	Computational	models	of	fluidization	are	based	on	the	behavior	of	var	ious	model	particles.	Computational	models	do	not	consider	particle	size	and	shape	distributions,	and	cohesion	and	adhesion	of	pharmaceutical	materials.	At
gas	flow	rates	above	the	point	of	minimum	fluidization,	a	fluidized	bed	appears	much	like	a	vigorously	boiling	liquid;	bubbles	of	gas	rise	rapidly	and	burst	on	the	surface.	The	bubbles	form	very	near	the	bottom	of	the	bed,	very	close	to	the	distributor	plate,	and	as	a	result,	the	design	of	the	distributor	plate	has	a	significant	effect	on	fluidized	bed
characteristics.	The	bubbles	contain	a	very	small	number	of	solids.	Each	bubble	of	gas	in	a	wake	contains	a	significant	number	of	solids.	As	the	bubble	rises,	it	pulls	up	the	wake	with	its	solid	behind	it.	As	the	velocity	of	the	gas	is	increased	further,	the	bed	continues	to	expand,	and	its	height	increases	with	only	a	slight	increase	in	the	pressure	drop.	As
the	velocity	of	the	gas	is	further	increased,	the	bed	continues	to	expand	and	its	height	increases,	whereas	the	concentration	of	particles	per	unit	volume	of	the	bed	decreases.	At	a	certain	velocity	of	the	fluidizing	medium,	known	as	entrainment	velocity,	particles	are	carried	over	by	the	gas.	This	phenomenon	is	called	entrainment.	When	the	volumetric
concentration	of	solid	particles	is	uniform	throughout	the	bed	all	the	time,	the	fluidization	is	termed	as	the	particular.	When	the	concentration	of	solids	is	not	uniform	throughout	the	bed,	and	if	the	concentration	keeps	fluctuating	with	time,	the	fluidization	is	called	aggregative	fluidization.	A	slugging	bed	is	a	fluid	bed	in	which	the	gas	bubbles	occupy
entire	cross-sections	of	the	product	container	and	divide	the	bed	into	layers.	A	boiling	bed	is	a	fluid	bed	in	which	the	gas	bubbles	are	approximately	the	same	size	as	the	solid	particles.	A	channeling	bed	is	a	fluid	bed	in	which	the	gas	forms	channels	in	the	bed	through	which	most	of	the	air	passes.	A	spouting	bed	is	a	fluid	bed	in	which	the	gas	forms	a
single	opening	through	which	some	particles	flow	and	fall	on	the	outside.	The	mechanisms	by	which	air	affects	fluidization	have	been	discussed	by	various	researchers	[12,13,21–23].	When	the	fluidizing	velocity	is	greater	than	the	incipient	velocity,	bubbles	of	air	rise	through	the	bed	causing	the	mixing	of	particles.	It	is	the	gas	passing	through	the
bed	in	the	form	of	bubbles	that	determines	the	degree	of	mixing.	The	extent	of	mixing	appears	to	vary	with	the	particle	size.	As	the	mean	size	of	particles	approaches	zero,	the	mixing	of	particles	less	than	150	μm	decreases.	Different	types	of	beds,	described	earlier,	are	formed	depending	upon	the	movement	of	bubbles	through	the	bed.	The	pattern	of
movement	of	the	gas	phase	in	and	out	of	Fluid	Bed	Granulation	311	bubbles	depends	on	several	factors,	including	minimum	fluidization	velocity	and	particle	size.	These	movements	affect	heat	transfer	between	air	bubbles	and	particles.	The	air	distributor	at	the	bottom	of	the	container	has	a	controlling	influence	on	the	uniform	distribution	of	gas,
minimization	of	dead	areas,	and	maximization	of	particle	movement.	The	most	common	reason	for	mixing	problems	such	as	segregation	in	the	fluid	bed	is	the	particle	density	differences.	The	main	char	acteristic	of	the	fluid	bed	is	the	relative	velocity	imparted	to	the	particles,	Uo,	which	is	a	strong	function	of	the	size	of	the	particles	and	the	gas
velocity	in	the	bed,	and	was	shown	to	be	given	by	Uo	a	o	=	18	Ub	a	Db	2	where	a	is	the	average	particle	size,	γ°	is	the	interfacial	energy,	Ub	is	the	bubble	velocity,	Db	is	the	bubble	diameter,	and	δ	is	the	dimensionless	bubble	spacing	[24].	The	first	expression	on	the	righthand	side	of	the	equation	applies	to	fluidized	beds	with	no	rotating	parts	where
shear	is	induced	by	the	motion	of	bubbles	only.	Recognizing	the	importance	of	particle	size	and	density	on	the	flui	dization	properties,	Geldart	found	four	fluidization	modes	described	below	(See	Table	10.1	and	Figure	10.2).	10.2.1	UNDERSTANDING	THE	PARTICLES	In	1973,	Geldart	classified	powders	into	four	groups	by	the	solid	and	gas	density
difference	and	mean	particle	size	and	their	fluidization	properties	at	ambient	conditions.	The	Geldart	Classification	of	Powders	is	now	used	widely	in	all	fields	of	powder	technology.	Understanding	the	nature	of	your	product	to	be	fluid	bed	processed	is	very	critical.	Geldart’s	classification	of	various	particles	is	helpful	and	is	provided	in	an	abbreviated
form	in	Table	10.1.	For	any	particle	of	known	density	ρp	and	mean	particle	size	dp,	the	Geldart	chart	indicates	the	type	of	fluidization	to	be	expected	[1]	(Figure	10.2).	The	extent	of	segregation	can	be	controlled	in	part	by	maintaining	high	fluidizing	velocities	and	high	bowl	height	to	bowl	diameter	ratio.	There	are	standard	air	velocities	for	various
processes	that	can	be	used	as	guidelines.	The	standard	velocities	are	based	on	the	cross-sectional	area	at	the	bottom	of	the	product	container.	This	is	calculated	by	using	the	following	formula	for	calculating	the	air	velocity:	Velocity(m/	sec)	=	air	flow[cubic	meter	per	hour(CMH)]	÷	area(square	meters)	×	3600	where	airflow	in	CMH	=	airflow	[cubic
feet	per	minute	(CFM)]	×	1.696.	Standard	air	velocities	are	based	on	the	application.	Airflow	velocities	are	normally	1.0–2.0	m/sec.	For	agglomeration,	the	air	velocity	required	is	normally	five	to	six	times	the	minimum	fluidization	velocity.	Low	air	velocities,	such	as	0.8–1.4	m/sec	are	required	for	drying.	The	higher	velocity	is	required	during	the	early
stages	of	drying	because	of	the	wet	mass	present	in	the	bowl	but	is	normally	reduced	when	the	product	loses	its	moisture.	The	objective	is	to	have	good	particle	movement	but	to	keep	the	material	out	of	filters.	Particle	movement	and	quick-drying	are	important	during	the	ag	glomeration	process.	An	indication	of	good	fluidization	is	a	free	downward
flow	of	the	granulation	at	the	sight	glass	of	the	product	container.	However,	improper	fluidization	can	also	be	detected	by	monitoring	the	outlet	air	temperature.	Every	product	has	a	unique	constant	rate	of	drying	in	which	the	bed	temperature	remains	relatively	constant	for	a	significant	length	of	time.	Therefore,	if	the	outlet	temperature	rises	more
rapidly	than	anticipated,	it	will	indicate	improper	fluidization	and	the	process	may	have	to	be	stopped	and	manual	or	mechanical	intervention	may	be	required	to	assist	the	fluidization.	312	Pharmaceutical	Granulation	Technology	TABLE	10.1	Classification	of	Powders	by	Geldart	Group	C	Powders	•	•	Cohesive	powders	They	are	difficult	to	fluidize,	and
channeling	may	occur	•	Inter-particle	forces	greatly	affect	the	fluidization	behavior	of	these	powders	•	Mechanical	powder	compaction,	before	fluidization,	greatly	affects	the	fluidization	behavior	of	the	powder,	even	after	the	powder	had	been	fully	fluidized	for	a	while	•	Saturating	the	fluidization	air	with	humidity	reduces	the	formation	of
Agglomerates	due	to	static	charges	and	greatly	improved	the	fluidization	quality.	The	water	molecules	adsorbed	on	the	particle	surface	presumably	reduced	the	van	der	Waals	forces	•	dp	~	0–30	μm	•	Example:	flour,	cement	group	C	are	difficult	to	fluidize	•	Size	reduced	by	either	using	a	wider	particle	size	distribution	or	powders	are	easily	Aeratable
•	Characterized	by	a	small	∆p	•	•	Umb	is	significantly	larger	than	Umf	Large	bed	expansion	takes	place	before	bubbling	starts	Group	A	Powders	•	Gross	circulation	of	powder	even	if	only	a	few	bubbles	are	present	•	•	Large	gas	back	mixing	in	the	emulsion	phase	The	rate	at	which	gas	is	exchanged	between	the	bubbles	and	the	emulsion	is	high	•
Bubble	reducing	the	average	particle	diameter	•	•	There	is	a	maximum	bubble	size	∆p	~	30–100	μm	•	Examples:	milk	flour	powders	in	group	A	exhibit	dense	phase	expansion	after	minimum	fluidization	and	before	the	commencement	of	bubbling	Group	B	Powders	•	•	Bubbling	Umband	Umf	are	almost	identical	•	Solids	recirculation	rates	are	smaller	•
•	Less	gas	back	mixing	in	the	emulsion	phase	The	rate	at	which	gas	is	exchanged	between	bubbles	and	emulsion	is	smaller	•	Bubbles	size	is	almost	independent	of	the	mean	particle	diameter	and	•	•	the	width	of	the	particle	size	distribution	No	observable	maximum	bubble	size	•	∆p	~	100–1000	μm	•	Example:	sand	group	B	bubble	at	the	minimum
fluidization	velocity	•	•	Spoutable	Either	very	large	or	very	dense	particles	Group	D	Powders	•	Bubbles	coalesce	rapidly	and	flow	to	a	large	size	•	•	Bubbles	rise	more	slowly	than	the	rest	of	the	gas	percolating	through	the	emulsion	The	dense	phase	has	a	low	voidage	•	∆p	~	>1000	mm	•	Examples:	Coffee	beans,	wheat,	lead	shot	in	the	group,	D	can
form	stable	spouted	beds.	Fluid	Bed	Granulation	313	FIGURE	10.2	Geldart	Classifications	of	Particles.	Source:	From	Ref.	[1].	10.3	SYSTEM	DESCRIPTION	A	fluid	bed	processor	is	a	system	of	unit	operations	involving	conditioning	of	process	air,	a	system	to	direct	it	through	the	material	to	be	processed	and	has	the	same	air	(usually	laden	with
moisture)	exit	the	unit	void	of	the	product.	Figure	10.3	shows	a	typical	fluid	bed	processor	with	all	the	components.	These	components	and	their	utility	for	the	granulation	will	be	reviewed	in	this	section.	At	the	downstream	end	of	the	fluid	bed	processor,	an	exhaust	blower	or	a	fan	is	situated	to	draw	the	air	through	the	entire	unit.	This	arrangement
provides	negative	pressure	in	the	fluid	bed	that	is	necessary	to	facilitate	material	loading,	maintaining	safe	operation,	preventing	material	escape,	and	carrying	out	the	process	under	Good	Manufacturing	Practice	guidelines,	all	of	which	will	be	discussed	later	in	the	chapter.	10.3.1	AIR	HANDLING	UNIT	A	typical	air	preparation	system	includes
sections	for	prefiltering	incoming	air,	heating	the	air	dehumidification,	clean	steam	generating	unit	for	rehumidification	when	needed,	and	final	high-efficiency	particulate	air	(HEPA)	filter.	Generally,	outside	air	is	used	as	the	fluidizing	medium	in	a	fluid	bed	processor.	For	the	air	to	be	used	for	pharmaceutical	products,	it	must	be	free	of	dust	and
contaminants.	This	is	achieved	by	placing	coarse	dust	filters	(30–85%)	in	the	air	handling	unit	(AHU).	Through	years	of	experience	and	dealing	with	various	types	of	materials	and	various	climate	conditions,	it	is	known	that	incoming	air	must	be	controlled	very	closely.	As	an	example,	it	has	been	found	that	the	humidity	of	the	incoming	air	can	greatly
affect	the	quality	of	spray	granulation,	drying,	or	coating.	Therefore,	air	preparation	systems	are	now	designed	to	better	control	the	conditions	of	the	incoming	air.	After	the	installation	of	the	course	prefilters,	distinct	heating	or	cooling	sections	are	installed	in	the	air	handler	depending	upon	the	geographical	location	of	the	plant.	In	an	extremely	cold
climate,	where	cooling	coils	(needed	in	summer	months	for	maintaining	uniform	dew	point)	can	freeze	in	winter,	a	preheating	section	is	placed	ahead	of	the	cooling	coils.	A	typical	range	for	the	air	after	pretreatment	that	one	should	aim	at	achieving	is	15–30°C	dry	bulb	and	3–5°C	wet	bulb.	If	the	unit	is	located	in	a	tropical	or	humid	climate,	the
humidity	removal	section	is	employed	first.	The	dehumidification	of	the	air	is	extremely	important	where	the	outside	air	moisture	varies	over	a	wide	range.	In	summer,	in	some	parts	of	the	world,	when	the	outside	humidity	is	high,	dehumidification	of	the	process	air	is	required	to	maintain	a	specific	dew	point	of	the	incoming	air.	On	the	other	hand,
during	dry	winter	months,	with	low	humidity	in	the	incoming	air,	rehumidification	may	be	necessary	for	some	regions.	A	clean	steam	injector	is	used	for	314	FIGURE	10.3	Pharmaceutical	Granulation	Technology	Fluid	Bed	Processor	Installation	with	All	Components.	rehumidifying	the	dry	air.	Generally,	process	air	with	a	lower	dew	point	has	a	higher
affinity	to	entrain	moisture	reducing	the	processing	time.	When	granulating	extremely	fine	powders,	an	inlet	air	dew	point	of	15°C	is	beneficial	to	reduce	static	charges	and	facilitate	uniform	fluidization.	In	many	processes,	when	preheating	is	required,	a	bypass	loop	can	be	used	for	preconditioning	the	air.	This	loop	allows	the	required	process
temperature	and	humidity	to	be	attained	within	the	system	ducts	before	the	product	is	subjected	to	fluidization.	After	the	conditioned	air	leaves	the	humi	dification/dehumidification	section	of	the	AHU,	it	is	finally	heated	to	the	desired	process	air	temperature	and	then	passed	through	a	HEPA	filter	of	about	99.90–99.99%	capacity.	As	the	process	air	is
treated	and	filtered,	it	is	transported	by	the	inlet	duct	into	the	lower	plenum	of	the	fluid	bed	unit.	10.3.2	PRODUCT	CONTAINER	AND	AIR	DISTRIBUTOR	With	the	air	at	the	desired	humidity	and	temperature,	it	is	ready	to	be	passed	through	the	bed	of	solids.	Figure	10.4a,	10.4b	shows	a	typical	product	container	with	the	air	distributor.	Another	Fluid
Bed	Granulation	315	supplier	offers	single-air	distributors	where	the	open	area	can	be	changed	by	adjusting	the	slots	underneath	without	using	different	air	distributors	mainly	used	for	bottom	spraying.	The	air	must	be	introduced	evenly	at	the	bottom	of	the	product	container	through	an	inlet	air	plenum.	Proper	airflow	in	the	inlet	air	plenum	is
critical	to	ensure	that	equal	airflow	velocities	occur	at	every	point	on	the	air-distributor	plate.	If	the	air	is	not	properly	distributed	before	it	reaches	the	bottom	of	the	container,	uneven	fluidization	can	occur.	To	facilitate	the	even	flow	of	powder	in	the	product	container,	the	conditioned	air	is	brought	in	the	plenum	at	various	locations	by	certain
manufacturers.	To	properly	fluidize	and	mix	the	material	in	the	container,	the	correct	choice	of	the	container	and	air	distributor	must	be	made.	The	container	volume	should	be	chosen	such	that	the	container	is	filled	to	at	least	35–40%	of	its	total	volume	and	no	more	than	90%	of	its	total	volume.	The	correct	choice	of	the	air	distributor	is	important.
These	distributors	are	made	of	stainless	steel	and	are	available	with	a	2–30%	open	area.	Typically,	the	distributor	should	be	chosen	so	that	the	pressure	drop	across	the	product	bed	and	air	distributor	is	200–300	mm	of	the	water	column.	Most	common	air	distributors	are	covered	with	a	60–325	mesh	fine	screen	to	retain	the	product	in	the	container.
This	type	of	sandwiched	construction	(Figure	10.5a,	b)	has	been	used	for	the	past	30	years	in	the	fluid	bed	processors.	Keeping	the	screen	and	air	distributors	clean	has	been	challenging.	Partially	to	address	the	cleaning	problems	and	partially	to	provide	efficient	processing,	several	manufacturers	have	in	troduced	air	distributors	that	eliminate	the
use	of	retaining	screen.	The	overlap	gill	plat	Figure	10.5b	or	air	distributor	with	slotted	angle	(Figure	10.5a	and	adjustable	air	distributor	(Figure	10.5c)	are	examples	of	newer	designs	available.	The	overlap	gill	plate	was	introduced	in	1990	[25].	These	new	air	distributors	eliminate	the	need	for	a	fine	screen	and	perform	dual	functions	as	the	efficient
air	distributor	and	product	retainer.	Other	advantages	claimed	by	the	manufacturer	are	the	ability	to	validate	a	clean	in	place	(CIP)	system,	controlled	fluidization,	and	directional	flow	of	air	to	discharge	the	processed	product	from	the	container.	Because	there	is	no	fine	screen,	these	types	of	air	dis	tributors	sometimes	sift	very	fine	particles	through
the	screen,	thus	losing	part	of	the	batch	in	the	FIGURE	10.4	(a)	and	(b)	Typical	Air	Distributors	with	Different	Parts	and	Retaining	Screens.	316	Pharmaceutical	Granulation	Technology	(a)	(b)	(c)	FIGURE	10.5	(a)	Showing	the	Slotted	Design	Diskjet®	Showing	the	Path	of	the	Incoming	Air	(Source:	Hüttlin	(Syntegon),	(b)	Overlap	Gill	Plate	Design
(Source:	GEA	Pharma	Systems),	(c)	Air	Distributor	with	the	Capability	of	Varying	the	Fluidization	Velocity.	Source:	Fluid	Air	accessed	from	the	internet	bed	systems.htm#undefined	5.	plenum.	This	sifting	of	fine	powder	through	these	types	of	air	distributors	is	of	concern	when	a	container	containing	a	product	is	moved	around	on	the	production	floor,
losing	some	product	due	to	movement	of	the	container.	Before	selecting	these	types	of	single-plate	air	distributors,	a	sifting	test	for	finer	particles	should	be	performed.	However,	these	types	of	air	distributors	offer	an	advantage	for	discharging	products	by	providing	the	directional	airflow	to	the	dried	product	from	the	container	(see	“Material
Handling	Options”).	10.3.3	SPRAY	NOZZLE	A	spray	is	a	zone	of	liquid	drops	in	gas,	and	spraying	is	the	act	of	breaking	up	a	liquid	into	a	multitude	of	these	droplets.	The	general	purpose	of	spraying	is	to	increase	the	surface	area	of	a	given	mass	of	liquid	to	disperse	it	over	the	product	area.	The	primary	concern	is	with	the	increase	of	surface	area	per
unit	mass	achieved	by	spraying.	The	nozzle	is	an	orifice	through	which	liquid	is	forced,	normally	by	compressed	air.	This	is	done	by	three	general	methods:	(i)	liquid	may	be	sucked	up	by	a	pressure	drop	created	over	the	nozzle	cap,	after	which	compressed	air	atomizes	the	liquid	stream	by	disintegrating	it	with	air	jets,	or	(ii)	the	compressed	air
operates	a	piston	ar	rangement	that	pushes	the	liquid	through	the	orifice	and	then	lets	surface	tension	create	a	droplet,	or	(iii)	impinge	two	pressure	streams	of	liquid	upon	each	other,	and	so	form	a	highly	dispersed,	uniform	spray.	The	type	of	spray	system	is	usually	characterized	by	one	of	the	four	nozzle	designs	(Figure	10.6	)	[26].	1.	Pressure
nozzle:	The	fluid	under	pressure	is	broken	up	by	its	inherent	instability	and	its	impact	on	the	atmosphere,	on	another	jet,	or	on	a	fixed	plate.	Fluid	Bed	Granulation	FIGURE	10.6	317	Types	of	Nozzles.	Source:	From	Ref.	[26].	2.	Rotating	nozzle	(rotary	atomizer):	Fluid	is	fed	at	low	pressure	to	the	center	of	a	rapidly	rotating	disk	and	centrifugal	force
breaks	up	the	fluid.	These	types	of	nozzles	are	used	mainly	in	a	spray	drying	application.	3.	Airless	spray	nozzle:	The	fluid	is	separated	into	two	streams	that	are	brought	back	together	at	the	nozzle	orifice,	whereupon	impingement,	they	form	drops.	4.	Gas	atomizing	nozzle	(two-fluid	nozzle):	The	two-fluid	(binary)	nozzle	where	the	binder	solution	(one
fluid)	is	atomized	by	compressed	air	(second	fluid)	is	the	most	commonly	used	nozzle	for	the	fluid	bed	granulation	(Figure	10.7b).	These	nozzles	are	available	as	a	single-port	or	multiport	design.	Generally,	the	single-port	nozzles	are	adequate	up	to	100-kg	batch,	but	for	larger-size	batches,	multiport	nozzles	such	as	either	threeport	or	six-port	(Figure
10.7a)	nozzle,	are	required.	When	these	nozzles	are	air-atomized,	the	spray	undergoes	three	distinct	phases.	In	the	first,	the	compressed	air	(gas)	expands,	essentially	adia	batically,	from	the	high	pressure	at	the	nozzle	to	that	of	the	fluid	bed	chamber.	The	gas	undergoes	a	Joule-Thomson	effect,	and	its	temperature	falls.	In	the	second,	the	liquid	forms
into	discrete	drops.	During	this	atomization,	the	liquid’s	specific	surface	area	usually	increases	1000	times.	In	the	third,	the	drops	travel	after	being	formed,	until	they	become	completely	dry	or	impinge	on	the	product	particles.	During	this	phase,	the	solvent	evaporates,	and	the	diameter	of	the	drops	decreases.	The	energy	required	to	form	a	drop	is
the	product	of	the	surface	tension	and	the	new	surface	area.	About	0.1	cal/g	is	needed	to	subdivide	1	g	of	water	into	1	μm	droplets.	The	air	pressure	required	to	atomize	the	binder	liquid	is	set	using	a	pressure	regulator.	The	spray	pattern	and	spray	angle	are	adjusted	by	adjusting	the	air	cap.	Optimum	atomization	is	achieved	by	fine	adjustment	of	the
air	cap	and	atomization	air	pressure	measured	at	the	nozzle.	The	binder	solution	is	delivered	to	the	nozzle	port	through	a	spray	lance	and	tubing.	The	peristaltic	or	positive	displacement	pump	is	commonly	used	to	pump	the	binder	solution.	The	pneumatically	controlled	nozzle	needle	prevents	the	binder	liquid	from	dripping	when	the	liquid	flow	is
stopped.	Nozzle	port	openings	of	0.8–2.8	mm	in	diameter	are	most	common	and	are	interchangeable.	The	two-fluid	nozzle	in	its	simplified	model	is	based	on	energy	transmission	as	shown	here:	Energy+Liquid→Two-Fluid	Nozzle→Droplets+Heat	318	Pharmaceutical	Granulation	Technology	Two	fluid	nozzles	showing	the	annular	opening	for
compressed	air	surrounding	the	liquid	port	Single	port	nozzle	Three	port	nozzle	Six	port	nozzle	Two-Fluid	Nozzle	B	(a)	(b)	FIGURE	10.7	(a)	Different	Capacity	Two	Fluid	Nozzles	Used	for	Fluid	Bed	Granulation.	(b)	Schematic	of	the	Binary	(Two-Fluid)	Nozzle.	Source:	The	Glatt	Group.	The	ratio	of	energy	dissipation	by	heat	and	by	the	droplet-making
process	is	difficult	to	mea	sure.	Masters	[27]	suggested	that	less	than	0.5%	of	the	applied	energy	is	utilized	in	the	liquid	breakup.	Virtually,	the	whole	amount	is	imparted	to	the	liquid	and	air	as	kinetic	energy.	For	top-spray	granulation	in	a	production	size	unit,	nozzles	placement	may	be	required	to	be	placed	at	various	heights	depending	on	the	bed
coverage	required.	To	provide	location	flexibility	for	nozzle	placement,	some	companies	provide	multiple	ports	to	locate	the	nozzle.	Since	nozzles	are	placed	in	the	cloud	of	powder	flowing	in	opposite	direction	to	the	flow	of	liquid	from	the	nozzle,	clogging	of	nozzles,	or	building	up	of	product	on	nozzles	or	nozzle	arm,	poses	problems.	To	overcome	this,
some	companies	have	introduced	the	location	of	the	nozzle	in	the	product	container	(Figure	10.8),	which	offers	nozzle	arrangement	above	the	air	distributor	in	tangential	position	and	allows	for	in-process	inspection	and	reinsertion	without	the	necessity	to	abort/pause	the	process.	This	installation	is	suitable	for	both,	wet	granulation	and	pellet
layering.	Alternatively	the	nozzle	can	be	placed	in	the	air	distributor	(Figure	10.9)	spraying	tangentially	to	the	flow	of	powder.	A	similar	approach	with	additional	features	is	offered	by	GEA	Pharma	Systems	with	their	Flex	Stream™	system	(Figure	10.10).	Here	the	nozzle	is	placed	on	the	side	of	the	container,	surrounded	by	passage	through	which	a
low-pressure	process	air,	diverted	from	the	lower	plenum,	enters	around	the	nozzle	and	creates	an	area	of	spray	pattern	eliminating	the	possibility	of	overwetting	of	particles	and	keeping	the	nozzles	clean	[28].	The	operational	and	capability	of	the	FlexStream™	fluidized	bed	processor	with	swirling	airflow	were	investigated	using	two	DOE	studies.	It
was	established	that	the	amount	of	binder	solution	affected	the	size,	size	distribution,	flowability,	and	roundness	of	the	granules,	as	well	as	the	percentage	of	lumps	pro	duced.	The	amount	of	binder	solution	had	a	positive	correlation	with	granule	size	and	percentage	of	lumps	but	a	negative	correlation	with	size	distribution	and	Hausner	ratio.	Binder
solution	spray	rate	also	affected	granule	size	positively	while	the	distance	between	the	spray	nozzle	and	powder	bed	exerted	a	similar	effect	on	the	percentage	of	lumps.	The	authors	also	found	that	the	percentage	of	fines	was	significantly	affected	by	the	inlet	airflow	rate.	The	distance	between	the	spray	nozzle	and	the	powder	bed	showed	a	positive
effect	on	the	percentage	of	lumps	produced.	Fluid	Bed	Granulation	FIGURE	10.8	319	Three-Fluid	Nozzle	Position	Just	Above	the	Air	Distributor	for	Granulation	and	Coating.	Source:	L.B.	Bohle	Maschinen	+	Verfahren	GmbH.	This	nozzle	positioning	approach	away	from	the	traditional	top	or	bottom	spray	is	the	most	significant	change	in	the	fluid	bed
technology.	The	effort	here	is	to	eliminate	the	different	modules	traditionally	used	for	drying,	granulating,	or	coating	in	the	industry.	10.3.4	DISENGAGEMENT	AREA	AND	PROCESS	FILTERS	Once	the	air	leaves	the	product	bed,	fine	particles	need	to	be	separated	from	the	air	stream.	Two	zones	are	used	in	the	fluid	bed	to	separate	particles	from	the
airstream:	the	disengagement	area	and	the	exhaust	filter.	In	the	disengagement	area,	larger	particles	lose	momentum	and	fall	back	into	the	bed.	The	velocity	of	the	process	air	is	highest	at	the	center	of	the	processor	and	approaches	zero	at	the	sidewalls.	A	process	air	filter	system	removes	the	particles	from	the	exhaust	air.	The	process	air	is	filtered
by	using	bags	or	cartridges.	Bag	filters	are	widely	used	there	and	are	available	as	a	single	bag	or	with	double-bag	configuration,	where	one	bag	is	mechanically	shaking	the	particles	while	the	other	bag	remains	functional,	thus	facilitating	uninterrupted	fluidization.	This	alternate	shaking	of	dual	bags	allows	the	process	to	be	consistent	from	batch	to
batch.	These	filter	bags	are	FIGURE	10.9	Three-Component	Nozzle	Position	Within	the	Air	Distributor	for	Granulation	and	Coating.	Source:	Hüttlin	(Syntegon).	320	FIGURE	10.10	Pharmaceutical	Granulation	Technology	Nozzle	Location	in	the	Container	of	the	FlexStream™	System.	Source:	GEA	Pharma	System	Wommelgem,	Belgium.	constructed	out
of	nylon,	polyester,	polypropylene,	or	polytetrafluoroethylene	(PTFE)	lined	ma	terials	(Figure	10.11).	To	dissipate	the	potential	static	charges	from	the	product	particles,	con	ductive	fabrics	are	also	available	and	are	recommended.	Cartridge	filters	lined	with	PTFE	were	introduced	to	the	industry	in	the	1980s	[29].	The	standard	filtration	system
normally	contains	a	multiple	cartridge	filter	system	with	an	alternating	blowback	pulse	arrangement	allowing	continuous	product	fluidization.	A	cleanable	polyester	2-μm	material	is	utilized	for	processing	water-soluble	and	insoluble	materials,	which	has	an	electrical	conductivity	for	static-free	operation.	Recently,	cartridges	made	of	stainless	steel
suitable	for	the	CIP	system	have	been	introduced	[30].	Various	suppliers	of	the	process	equipment	have	filter	arrangements.	The	vertical	filter	cartridge	claimed	to	provide	better	cleaning;	however,	it	requires	mechanical	means	to	bring	the	filters	down	to	replace	them.	Cartridge	filters	located	at	an	angle	do	provide	better	access	to	take	them	out
from	the	unit.	They	are	equally	effective.	Figures	10.11	and	10.12	shows	Commonly	used	process	air	filters	for	a	fluid	bed	processor.	The	stainless	steel	cartridge	filters	are	an	expensive	alternative	to	the	cloth	filter	bags	but	provide	the	possibility	of	cleaning	using	an	automated	CIP	system.	For	potent	compound	processing,	these	stainless	steel
cartridge	filters	with	CIP	system	capability	are	normally	recommended.	During	the	granulation	or	drying	process,	cloth	filters	with	socks	are	mechanically	shaken	to	dislodge	any	product	adhered,	while	cartridge	or	cloth	filters	use	a	low-pressure	compressed	air	blowback	system	to	do	the	same.	10.3.5	EXHAUST	BLOWER	OR	FAN	Once	the	air	leaves
the	exhaust	filters,	it	travels	to	the	fan.	The	fan	is	on	the	outlet	side	of	the	system,	which	keeps	the	system	at	a	lower	pressure	than	the	surrounding	atmosphere.	The	airflow	is	controlled	by	a	valve	or	damper	installed	just	ahead	or	after	the	fan.	Manufacturers	of	the	fluid	bed	normally	make	the	selection	of	the	fan,	based	on	the	layout	and	the
complexity	of	the	system.	Fluid	Bed	Granulation	321	FIGURE	10.11	Conventional	Cloth	Filter	Bag	with	Hanging	Arrangements.	Source:	Courtesy	of	the	Freund-Vector	Corporation.	.	Fan	size	is	determined	by	calculating	the	pressure	drop	(ΔP)	created	by	all	the	components	that	make	up	the	fluid	bed	processor	including	the	product	at	the	highest
design	airflow	volume.	10.3.6	CONTROL	SYSTEM	A	fluid	bed	granulation	process	can	be	controlled	by	pneumatic	analog	control	devices,	or	state	of	the	art,	programmable	logic	controllers	(PLCs),	or	computers.	The	electronic-based	control	system	offers	not	only	reproducible	batches	according	to	the	recipe	but	also	a	complete	record	and	printout	of
all	the	process	conditions.	Process-control	technology	has	changed	very	rapidly,	and	it	will	Single	Filter	bag	Split	Filter	Bags	Cartridge	Filters	Bonnet	with	split	Courtesy:	The	Glatt	Courtesy:	The	Glatt	Courtesy:	sections	(filter	for	Group	Group	The	Glatt	Group	modified	release	polymer	coating	of	pellets)	FIGURE	10.12	Commonly	Used	Process	Air
Filters	for	Fluid	Bed	Processor.	Source:	Glatt	Group.	322	Pharmaceutical	Granulation	Technology	continue	to	change	as	advances	in	computer	technology	take	place,	and	as	the	cost	of	control	systems	fall.	The	CFR	Part	11	requirements	[31]	mandated	by	the	U.S.	Food	and	Drug	Administration	(FDA)	have	created	several	approaches	to	assure	these
control	systems	are	com 	plying	with	the	current	regulation.	10.3.7	SOLUTION	DELIVERY	SYSTEM	The	liquid	delivery	systems	operate	at	low	pressure.	A	peristaltic	pump	capable	of	delivering	fluid	at	a	controlled	rate	is	desirable.	The	liquid	is	transported	from	the	solution	vessel	through	the	tubing	and	atomized	using	a	two-fluid	(binary)	nozzle	in	the
fluid	bed	processor.	In	a	multi-nozzle	application	for	commercial	processing,	it	is	highly	recommended	that	each	nozzle	port	use	a	se	parate	pump	in	case	one	of	the	nozzle	port	clogs	up	and	backpressure	is	readily	detected	and	remedial	action	is	taken.	10.4	CLEANING	FLUID	BED	PROCESSOR	The	conventional	method	of	cleaning	fluidized	bed
equipment	is	by	dismantling	the	piece	of	equipment	and	manually	scrubbing	or	wiping	the	surfaces.	This	is	not	only	time	consuming	but	also	difficult	for	larger	equipment	where	the	expansion	chamber,	filter	housing,	and	dust	collector	areas	cannot	be	easily	accessed.	It	becomes	even	more	challenging	when	the	fluid	bed	is	integrated	with	other
process	equipment.	One	of	the	challenges	in	fluid	bed	cleaning	is	the	cleaning	of	filters.	Generally,	cloth	filters	are	difficult	to	clean	and	assure	the	absence	of	previous	products,	hence	companies	dedicate	the	filters	per	product.	During	manufacturing	solid	dosage	products,	contamination/cross-contamination	is	a	major	concern,	especially	in	high
potency	situations	where	minute	amounts	of	the	compound	could	produce	a	therapeutic	effect.	Stringent	cleaning	protocols	are	thus	necessary,	and	testing	for	cleanliness,	perhaps	down	to	single-digit	ppm	or	“not	detect	able”	level,	is	essential.	Normally,	floor-sweeping	is	not	permitted	and	only	HEPA	vacuum	sys	tems	should	be	used.	Cleaning	the
fluid	bed	and	ancillary	equipment	processing	potent	compound,	Clean	In	Place	(CIP)	system	must	be	used.	CIP	eliminates	the	cleaning	of	the	bag	filters	and	exposure	to	the	operator.	When	properly	designed	and	validated,	CIP	reproduces	identical	working	conditions	and	provides	a	better	assurance	of	cleanliness.	10.5	PARTICLE	AGGLOMERATION
AND	GRANULE	GROWTH	Agglomeration	can	be	defined	as	the	size	enlargement	process,	in	which	the	starting	material	is	fine	particles	and	the	final	product	is	an	aggregate	in	which	primary	particles	can	still	be	identified.	The	granules	are	held	together	with	bonds	formed	by	the	binder	used	to	agglomerate.	Various	mechanisms	of	granule	formation
have	been	described	in	the	literature	[32–34].	The	chapter	on	the	theory	of	granulation	in	this	book	discusses	the	theory	of	granule	growth.	To	summarize,	the	researchers	have	suggested	three	mechanisms	for	granule	formation.	These	are	as	follows:	1.	Bridges	because	of	immobile	liquids	form	adhesional	and	cohesional	bridging	bonds.	Thin
adsorption	layers	are	immobile	and	can	contribute	to	the	bonding	of	fine	particles	under	certain	circumstances.	2.	Mobile	liquids	where	interfacial	and	capillary	forces	are	present.	3.	Solid	bridges	formed	due	to	the	crystallization	of	dissolved	substances	during	drying.	The	type	of	bonds	formed	approaches	through	four	transition	states,	described	by



Newitt	and	Conway-Jones	[32]	as	(i)	pendular,	(ii)	funicular,	(iii)	capillary,	and	(iv)	droplet,	which	normally	happens	during	spray	drying.	Fluid	Bed	Granulation	323	Tardos	et	al.	[35]	investigated	a	comprehensive	model	of	granulation.	They	developed	a	pendular	bridge	apparatus	that	can	be	used	to	test	the	bridge-forming	characteristics	of	the	binder
and	to	determine	binder	penetration	and	spreading	rates	and	the	critical	time	of	binder	strengthening.	Iveson	[36]	worked	to	find	a	mathematical	model	for	granule	coalescence	during	granulation.	He	found	that	current	models	had	one	of	the	two	limitations:	either	they	only	consider	whether	a	bond	formed	on	impact	is	strong	enough	to	survive
subsequent	impacts	or	they	fail	to	consider	the	possibility	of	bond	rupture	after	formation	at	all.	He	developed	a	new	model	that	considers	both	the	effects	of	bond	strengthening	with	time	and	the	distribution	of	impact	forces.	He	suggests	that	his	models	be	combined	with	existing	models	that	predict	whether	two	granules	stick	initially	on	impact,	and
then	be	able	to	predict	the	probability	of	permanent	coalescence.	Thermodynamics	determines	whether	the	wetting	of	the	powder	is	favorable	or	not.	Two	as	pects	are	essential,	firstly	the	contact	angle	between	particle	and	binder	liquid	and	secondly	the	spreading	of	the	liquid	over	powder	particles.	In	any	wet	granulation	process,	the	surface	energy
of	the	starting,	intermediate,	or	final	products	can	be	a	key	factor	in	understanding	the	processing	operation	and	or	the	final	product	performance.	For	a	collision	to	be	successful,	two	conditions	must	be	met:	(i)	the	particles	must	contact	each	other	by	a	binder-wet	region,	and	(ii)	the	viscous	binder	layer	in	this	region	must	be	able	to	dissipate	the
kinetic	energy	of	the	particles.	Depending	on	the	surface	energy,	a	liquid	binder	droplet	deposited	on	a	smooth	particle	will	either	spread	completely	or	form	a	film	coating	(total	wetting	case).	As	the	efficiency	of	mixing	and	fluidization	in	a	fluidized	bed	process	is	highly	dependent	on	the	nature	and	characteristics	of	the	powder	particles,	the
fluidized	bed	granulation	process	is	inherently	more	sensitive	to	the	properties	of	the	starting	materials	than	other	commonly	known	techniques	of	wet	granulation	such	as	high	shear	granulation.	Agglomeration	of	hydrophilic	particles	results	in	a	narrower	granule	size	distribution	than	hydrophobic	ones,	most	likely	because	granules	above	a	certain
critical	size	cannot	be	formed	as	the	kinetic	energy	of	granules	during	impact	cannot	be	dissipated	within	the	thin	binder	coating	layer	present	on	the	particle	surface.	On	the	other	hand,	hydrophobic	particles	on	which	the	binder	droplets	are	more	localized	and	thus	thicker	can	grow	to	larger	sizes.	At	the	same	time,	due	to	lower	fractional	surface
coverage	of	primary	particles,	a	larger	fraction	of	hydrophobic	particles	remains	un-granulated.	Most	of	the	fluid	bed	granulated	products	require	an	amount	of	wetting	much	less	than	the	high	shear	granulation	or	spray	dryer	processed	product.	In	the	fluid	bed	granulation	process,	the	particles	are	suspended	in	the	hot	air	stream	and	the	atomized
liquid	is	sprayed	on	it.	The	degree	of	bonding	between	these	primary	particles	to	form	an	agglomerated	granule	depends	upon	the	binder	used,	physicochemical	characteristics	of	the	pri	mary	particles	being	agglomerated,	and	process	parameters.	Schaefer	et	al.	[38]	and	Smith	and	Nienow	[39]	have	reported	a	description	of	the	growth	mechanisms
in	the	fluid	bed,	where	the	bed	particles	are	wetted	by	liquid	droplets	in	the	spray	zone.	Atomized	liquid	from	the	nozzle	tends	to	spread	over	the	particle	surface,	as	long	as	there	is	an	adequate	wettability	of	the	particle	by	the	fluid	[40].	Wet	particles	on	impact	form	a	liquid	bridge	and	solidify	as	the	agglomerate	circulates	throughout	the	remainder
of	the	bed.	Solid	bridges	then	hold	particles	together.	The	strength	of	the	binder	determines	whether	these	particles	stay	as	agglomerates.	These	binding	forces	should	be	larger	than	the	breakup	forces	and,	in	turn,	depend	on	the	size	of	the	solid	bridge.	The	breakup	forces	arise	from	the	movement	of	the	ran	domized	particles	colliding	with	each
other	and	are	related	to	the	excess	gas	velocity	and	par	ticle	size.	If	the	binding	forces	are	more	than	the	breakup	forces,	either	in	the	wet	state	or	in	the	dry	state,	uncontrolled	growth	will	proceed	to	an	overwetted	bed	or	production	of	excessive	fines,	respec	tively.	If	a	more	reasonable	balance	of	forces	is	present,	controlled	agglomeration	will	occur,
growth	of	which	can	be	controlled.	Maroglou	and	Nienow	presented	a	granule	growth	mechanism	324	Pharmaceutical	Granulation	Technology	in	the	fluid	bed	using	model	materials	and	a	scanning	electron	microscope	[41].	Iveson	[37]	and	Goldschmidt	[42]	described	the	granule	growth	proportional	to	the	collision	frequency	between	the	particles
present	in	the	granulator,	and	the	fraction	of	successful	collisions,	that	is.,	the	fraction	of	collisions	that	lead	to	coalescing	rather	than	rebound.	For	a	collision	to	be	successful,	two	con	ditions	must	be	met:	(i)	the	particles	must	contact	each	other	by	a	binder	wet	region,	and	(ii)	the	viscous	binder	layer	in	this	region	must	be	able	to	dissipate	the
kinetic	energy	of	the	particles.	Thielmann	et	al.	[43]	investigated	the	assumption	that	“better	wetting	means	better	granulation.”	Their	experimental	study	concluded	that	the	effect	of	surface	properties	resulted	in	having	the	hydrophilic	particles	resulting	in	smaller	granules	than	hydrophobic	ones	and	better	wettability	does	not	necessarily	mean
better	granulation.	Figure	10.13	shows	the	various	paths	a	liquid	droplet	can	take	and	its	consequences	on	the	particle	growth.	The	mechanism	of	formation	of	a	granule	and	subsequent	growth	primarily	progresses	through	the	following	three	stages:	1.	Nucleation	2.	Transition	3.	Ball	growth	Figure	10.14	shows	the	growth	of	the	granule	relative	to
the	liquid	added.	At	the	beginning	of	the	spraying	stage,	primary	particles	form	nuclei	and	are	held	together	by	liquid	bridges	in	a	pendular	state.	The	size	of	these	nuclei	depends	upon	the	droplet	size	of	the	binder	solution.	As	the	liquid	addition	continues,	more	and	more	nuclei	agglomerate	and	continue	the	transition	from	the	pendular	state	to	the
capillary	state.	The	uniqueness	of	the	fluid	bed	agglomeration	process	is	how	the	liquid	addition	and	drying	(evaporation)	steps	are	concurrently	carried	out.	When	the	granulation	liquid	is	sprayed	into	a	fluidized	bed,	the	primary	particles	are	wetted	and	form	together	with	the	binder,	relatively	loose,	and	very	porous	agglomerates.	Agglomeration
between	two	particles	will	take	place	if	the	particles	collide	with	each	other	and	at	least	one	of	them	is	wet	enough	to	form	a	liquid	bridge.	The	sufficiently	high	moisture	content	of	one	colliding	particle	depends	on	the	wetting	and	drying	processes.	Densification	of	these	agglomerates	is	brought	about	solely	by	the	capillary	forces	present	in	the	liquid
bridges.	It	is	therefore	important	that	the	quantity	of	liquid	sprayed	into	the	bed	should	be	relatively	larger	compared	with	that	used	in	high-shear	granulation.	Although	the	wetting	and	nucleation	step	may	be	seen	as	a	minor	part	of	the	granulation	process	it	is	never	theless	a	vital	part	of	the	process,	and	spray	rate	conditions	and	particle	flux	in	the
spray	zone	have	primary	importance	for	the	entire	process	and	the	resulting	granule	properties.	Agglomerate	can	exist	in	several	different	spatial	structures	depending	on	the	binder	liquid	saturation.	It	is	the	amount	of	liquid	binder	as	well	as	the	humidity	conditions	in	the	bed	that	determines	the	degree	of	saturation,	which	again	determines	the
spatial	structure	of	the	final	granule	[44].	Drying	a	wet	product	in	a	fluid	bed	is	a	separate	topic,	but	during	the	granulation	process,	it	becomes	an	integral	part	of	the	process;	hence,	understanding	fluid	bed	drying	is	important	before	we	review	the	agglomeration	process.	During	agglomeration	of	amorphous	powders	and	drying	of	amorphous
granules	in	fluid	beds,	it	remains	difficult	to	provide	a	narrow	particle	size	distribution	and	to	avoid	the	generation	of	oversized	particles.	In	fluid	bed	agglomeration,	water	or	aqueous	binder	droplets	are	impacting	on	amorphous	particle	surfaces.	The	moisture	is	absorbed	by	the	hydrophilic	surface	material	generating	a	viscous	solution.	Particles
impacting	on	this	solution	are	adhering	with	a	high	probability	due	to	effective	energy	dissipation	by	viscous	forces	and	the	generation	of	a	20	µm	viscous	bridge	between	the	two	particles.	Thus,	growth	is	often	rather	random	and	shear	forces	in	the	bed	are	not	able	to	generate	spherical	particles	by	abrasion.	Therefore,	frequently	randomshaped
particles	are	obtained.	If	the	liquid	binder	is	finely	atomized	on	the	bed	and	the	binder	Fluid	Bed	Granulation	FIGURE	10.13	Mechanism	of	Granulation	in	a	Fluid	Bed.	FIGURE	10.14	States	of	Liquid	Saturation.	325	326	Pharmaceutical	Granulation	Technology	flow	rate	is	rather	low,	more	spherical	particles	are	obtained.	Generally,	the	produced	ag-
glomerates	possess	a	rather	low	density.	The	size	of	agglomerates	produced	in	fluid	beds	strongly	depends	on	the	shear	forces	within	the	moving	powder	bulk.	As	the	process	is	very	sensitive	to	its	bed	humidity,	strict	control	of	the	condition	of	the	fluidizing	powder	bed	is	of	utmost	im 	portance	for	overall	process	reliability.	Additionally,	the	use	of
binding	liquids	in	this	wet	granulation	technique	may	cause	instability	problems	such	as	polymorphic	transformations	and	degradation	of	the	drug	during	processing.	Fluidized	bed	granulation	shows	great	potential	for	continuous	granulation.	This	stems	from	not	only	its	consistent	mixing	but	also	the	continuous	and	concurrent	wetting	and	drying
occurring	throughout	the	entire	granulation	process.	As	a	result	of	the	US	FDA’s	Process	Analytical	Technology	(PAT)	initiative,	a	greater	understanding	of	the	fluidized	bed	granulation	process	has	been	achieved	in	recent	years.	Although	much	attention	has	been	drawn	to	the	research	and	de	velopment	of	suitable	PAT	tools	(e.g.,	viscometric,	NIR
spectroscopy,	and	Raman	spectroscopy	techniques)	to	control	process	conditions	and	characterize	product	attributes	in-line,	more	work	is	required	to	fully	implement	and	validate	these	PAT	tools	in	a	production	line.	10.6	FLUID	BED	DRYING	When	any	moist	solid	material	is	exposed	to	an	airstream	at	a	constant	temperature	and	humidity,	moisture
is	transferred	to	the	drying	air.	This	transfer	occurs	as	long	as	the	material’s	moisture	content	is	over	its	equilibrium	moisture	at	the	temperature	and	humidity	of	the	drying	air	stream.	The	loss	of	moisture	from	the	material	is	relative	to	the	driving	force	for	mass	transfer.	This	driving	force	is	proportional	to	both	the	temperature	and	humidity	of	the
drying	air	stream	and	the	internal	resistance	to	mass	transfer	provided	by	the	material.	One	of	the	unique	features	of	granulating	in	a	fluid	bed	processor	is	that	as	the	granulating	fluid	is	added	to	the	fluidized	powders,	constant	drying	is	taking	place	with	hot	fluidization	air.	A	fluid	bed	processor	is	also	used	as	a	dryer	for	the	granulation	that	may	be
granulated	in	a	low	or	high-shear	mixer.	Normally,	the	drying	process	takes	place	in	two	periods,	the	constant	rate	period	and	the	falling	rate	period.	In	the	constant	rate	period,	a	continuous	film	of	water	exists	at	the	surface	of	the	particle.	As	long	as	this	moisture	is	supplied	to	the	surface	at	the	same	rate,	it	is	removed	from	the	surface	through
evaporation,	the	material	dries	at	a	constant	rate.	Once	the	drying	process	reduces	the	moisture	content	of	the	material	to	the	critical	moisture,	surface	moisture	is	no	longer	present	and	diffusion	or	capillary	resistances	within	the	material	become	significant.	This	causes	the	rate	of	moisture	loss	to	be	reduced	and	the	total	moisture	decreases
asymptotically	toward	the	equilibrium	moisture.	Drying	involves	heat	and	mass	transfer.	Heat	is	transferred	to	the	product	to	evaporate	the	liquid,	and	mass	is	transferred	as	a	vapor	in	the	surrounding	gas;	hence,	these	two	phenomena	are	interdependent.	The	drying	rate	is	determined	by	the	factors	affecting	heat	and	mass	transfer.	In	heat	transfer,
heat	energy	is	transferred	under	the	driving	force	provided	by	a	temperature	difference,	and	the	rate	of	heat	transfer	is	proportional	to	the	potential	(temperature)	difference	and	the	properties	of	the	transfer	system	characterized	by	the	heat-transfer	coefficient.	In	the	same	way,	mass	is	transferred	under	the	driving	force	provided	by	a	partial
pressure	or	concentration	dif 	ference.	The	rate	of	mass	transfer	is	proportional	to	the	potential	(pressure	or	concentration)	difference	and	the	properties	of	the	transfer	system	characterized	by	a	mass-transfer	coefficient.	The	transfer	of	heat	in	the	fluid	bed	takes	place	by	convection.	The	removal	of	moisture	from	a	product	granulated	in	the	fluid	bed
processor	or	other	equipment	essentially	removes	the	added	water	called	“free	moisture”	or	solvent.	This	free	moisture	content	is	the	amount	of	moisture	that	can	be	removed	from	the	material	by	drying	at	a	specified	temperature	and	humidity.	The	amount	of	moisture	that	remains	associated	with	the	material	under	the	drying	conditions	specified	is
called	the	equilibrium	moisture	content	or	EMC.	Fluid	Bed	Granulation	327	The	evaporation	rate	of	liquid	film	surrounding	the	granule	being	dried	is	related	to	the	rate	of	heat	transfer	by	the	equation:	dw	h×A	=	×	T	dt	H	where	dw/dt	is	the	mass	transfer	rate	(drying	rate),	h	is	the	heat	transfer	coefficient,	A	is	the	surface	area,	H	is	the	latent	heat	of
evaporation,	and	δT	is	the	temperature	difference	between	the	air	and	the	material	surface.	Because	fluid	bed	processing	involves	drying	of	a	product	in	suspended	hot	air,	the	heat	transfer	is	extremely	rapid.	In	a	properly	fluidized	processor,	product	temperature	and	the	exhaust	air	temperatures	should	reach	equilibrium.	Improper	air	distribution,
hence	poor	heat	transfer	in	a	fluidized	bed,	causes	numerous	problems	such	as	caking,	channeling,	or	sticking.	The	capacity	of	the	air	(gas)	stream	to	absorb	and	carry	away	moisture	determines	the	drying	rate	and	establishes	the	duration	of	the	drying	cycle.	Controlling	this	capacity	is	the	key	to	controlling	the	drying	process.	The	two	elements
essential	to	this	control	are	inlet	air	temperature	and	airflow.	The	higher	the	temperature	of	the	drying	air,	the	greater	is	its	vapor	holding	capacity.	Since	the	temperature	of	the	wet	granules	in	a	hot	gas	depends	on	the	rate	of	evaporation,	the	key	to	analyzing	the	drying	process	is	psychrometry	[45–47].	Psychrometry	is	defined	as	the	study	of	the
relationships	between	the	material	and	energy	balances	of	water	vapor-air	mixture.	Psychrometric	charts	(Figure	10.15)	simplify	the	crucial	calculations	of	how	much	heat	must	be	added	and	how	much	moisture	can	be	added	to	or	removed	from	the	air.	The	process	of	drying	involves	both	heat	and	mass	transfers.	For	drying	to	occur,	there	must	be	a
concentration	gradient,	which	must	exist	between	the	moist	granule	and	the	sur	rounding	environment.	As	in	heat	transfer,	the	maximum	rate	of	mass	transfer	that	occurs	during	drying	is	proportional	to	the	surface	area,	the	turbulence	of	the	drying	air,	the	driving	force	be	tween	the	solid	and	the	air,	and	the	drying	rate.	Because	the	heat	of
vaporization	must	be	supplied	to	evaporate	the	moisture,	the	driving	force	for	mass	transfer	is	the	same	driving	force	required	for	heat	transfer,	which	is	the	temperature	difference	between	the	air	and	the	solid.	Schaefer	and	Worts	[48]	have	shown	that	the	higher	the	temperature	differences	between	incoming	air	and	the	product,	the	faster	is	the
drying	rate.	Therefore,	product	temperature	should	be	monitored	closely	to	control	the	fluidized	bed	drying	process.	In	a	batch	fluidized	bed	dryer	operated	under	a	constant	inlet	air	flow	rate,	the	average	moisture	content	of	the	particulates	will	pass	through	three	distinct	temperature	phases	(Figure	10.16).	At	the	beginning	of	the	drying	process,
the	material	heats	up	from	the	ambient	temperature	to	ap	proximately	the	wet-bulb	temperature	of	the	air	in	the	dryer.	This	temperature	is	maintained	until	the	granule	moisture	content	is	reduced	to	the	critical	level.	At	this	point,	the	material	holds	no	free	surface	water,	and	the	temperature	starts	to	rise	further.	The	drying	capacity	of	the	air
depends	upon	the	relative	humidity	(RH)	of	the	incoming	air.	At	100%	RH,	the	air	holds	the	maximum	amount	of	water	possible	at	a	given	temperature,	but	if	the	temperature	of	the	air	is	raised,	the	RH	drops	and	the	air	can	hold	more	moisture.	If	air	is	saturated	with	water	vapor	at	a	given	tem 	perature,	a	drop-in	temperature	will	force	the	air	mass
to	relinquish	some	of	its	moisture	through	condensation.	The	temperature	at	which	moisture	condenses	is	the	dew	point	temperature.	Thus,	the	drying	capacity	of	the	air	varies	significantly	during	processing.	By	dehumidifying	the	air	to	a	preset	dew	point,	incoming	air	can	be	maintained	at	a	constant	drying	capacity	(dew	point)	and	hence	provide
reproducible	process	times.	Julia	ZH	Gao	et	al.	[50]	studied	the	importance	of	inlet	air	velocity	to	dry	product	granulated	in	a	high-shear	granulator	and	dried	in	a	fluid	bed	dryer.	The	manufacturing	process	involved	granulating	the	dry	components	containing	63%	water-insoluble,	low-density	drug	in	a	high-shear	granulator,	milling	the	wet	mass,	and
drying	in	a	fluid	bed	dryer.	The	granules	were	dried	at	an	328	Pharmaceutical	Granulation	Technology	FIGURE	10.15	Psychrometric	Chart.	FIGURE	10.16	Product	Temperature	Changes	During	Drying.	Source:	From	Refs.	[49,49A].	inlet	air	temperature	of	60°C.	Two	different	air	velocities	were	examined	for	their	effect	on	the	drying	uniformity	of	the
product.	The	authors	observed	that	the	excessive	velocity	indicated	by	the	rapid	rise	in	the	exhaust	air	temperature	resulted	in	nonuniform	drying	of	the	product	besides	resulting	in	an	inefficient	process.	Granules	exhibit	an	intrinsic	breakage	propensity	during	drying,	which	is	dependent	on	water	content	and	the	extent	of	stress	exposed	to	the
granules	[51].	Water	content	and	granule	sizes	are	critical	processes	and	quality	parameters	during	the	drying	process.	Nieuwmeyer	et	al.	[52]	expanded	on	the	concept	that	the	larger	granules	contain	more	water	than	smaller	granules	and	developed	a	model	to	determine	the	water	content	of	granule	based	on	nearinfrared	(NIR)	to	monitor	the
drying	process	in	a	fluid	bed.	This	model	provided	the	median	water	content	of	granules	and	hence	the	drying	endpoint.	According	to	the	authors,	based	on	the	amount	Fluid	Bed	Granulation	329	of	moisture	in	the	granules,	determined	by	the	NIR	technique,	granule	size	determination	can	be	made.	This	approach	provides	a	faster	way	to	determine
the	water	content	than	the	offline	mea	surement	more	commonly	employed.	The	combination	of	granulating	solvent	and	drying	conditions	could	result	in	the	conversion	of	some	of	the	products	to	alternate	crystalline	forms	during	the	drying	process.	To	use	NIR	in	fluid	bed	drying,	knowing	the	basic	properties	of	the	drug	substance	being	granulated
is	critical.	Davis	et	al.	[53]	studied	the	drying	of	glycine	and	microcrystalline	cellulose	(MCC)	(1:1)	aqueous	granulation	in	a	fluid	bed	unit	as	well	as	in	a	tray	dryer.	Using	the	NIR,	the	researcher	concluded	that	the	slower	drying	techniques,	such	as	tray	drying,	resulted	in	significantly	less	formation	of	αglycine	a	polymorph.	The	drying	rate
determined	the	overall	polymorph	content.	The	faster	the	granulation	was	dried,	the	more	rapid	the	increase	in	supersaturation	concerning	the	metastable	form	and	the	greater	the	thermodynamic	driving	force	for	the	nucleation	and	crystallization	of	the	metastable	form.	The	granulation	rapidly	dried	by	fluidized	bed	drying	resulted	in	more	crystal-
lization	of	α-glycine	than	the	granulations	that	were	tray	dried.	Drying	a	high-shear	wet	granulated	if	not	wet-milled	could	be	very	cohesive.	In	the	case	of	cohesive	materials	in	the	fluid	bed,	the	interparticle	forces	are	considerable	and	they	control	the	behavior	of	a	bed.	Thus,	during	the	fluidization,	the	bed	cracks	into	large	portions,	and	the	gas
tends	to	flow	into	the	gap	between	the	fissures.	Then,	channeling	occurs	in	the	bed,	and	eventually,	the	gas-solid	contact	is	very	low,	and	heat	and	mass	transfer	operations	are	weakened.	In	such	cases,	a	mechanical	agitator	as	a	part	of	the	product	container,	for	breaking	up	the	cohesive	granulation	cake,	is	employed.	The	alter	native	is	to	pass	the
wet	granulated	product	through	a	mill	with	four	to	eight	mesh	screen	to	break	up	the	lumps.	10.7	GRANULATION	PROCESS	As	with	any	granulating	system,	with	fluid	bed	granulation	processing,	the	goal	is	to	form	ag	glomerated	particles	using	binder	bridges	between	the	particles.	To	achieve	a	good	granulation,	particles	must	be	uniformly	mixed,
and	liquid	bridges	between	the	particles	must	be	strong	and	easy	to	dry.	Therefore,	this	system	is	sensitive	to	the	particle	movement	of	the	product	in	the	unit,	the	addition	of	the	liquid	binder,	and	the	drying	capacity	of	the	air.	The	granulation	process	in	the	fluid	bed	requires	a	binary	nozzle,	a	solution	delivery	system,	and	compressed	air	to	atomize
the	liquid	binder.	Figure	10.17	shows	the	equipment	setup	for	granulation	using	the	fluid	bed	processor.	Thurn	[54]	in	a	1970	thesis	investigated	details	of	the	mixing,	agglomerating,	and	drying	operations,	which	take	place	in	the	fluid	bed	process.	Results	indicated	that	the	mixing	stage	was	particularly	influenced	by	the	airflow	rate	and	air	volume.
It	was	suggested	that	the	physical	properties	of	the	raw	materials	such	as	hydrophobicity	might	exert	a	strong	influence	upon	the	mixing	stage.	At	the	gran	ulation	stage,	attention	was	paid	to	the	nozzle	and	it	was	concluded	that	a	binary	design	(two-fluid)	nozzle	gave	a	wide	droplet	size	distribution	yielding	a	homogeneous	granule.	The	need	for
strong	binders	was	recommended	to	aid	granule	formation	and	it	was	suggested	that	the	wettability	of	the	raw	materials	required	attention.	Several	research	papers	have	been	published	on	the	influence	of	raw	material	[37,48,53,55–68],	binder	type	[5,8,47,53,62,64,69–78],	binder	concentration,	and	binder	quantity	[8,56,61,64,66,71,72,78–91].
Binder	in	the	form	of	foam	instead	of	liquid	has	been	utilized	by	some	pharmaceutical	companies.	Using	foams	of	aqueous	solutions	of	low	molecular	weight	hypro	mellose	polymers	(E3PLV	and	E6PLV)	or	conventional	solution	for	fluid	bed	granulation	did	not	affect	the	physical	properties	of	granules	or	tablets	compressed	from	these	granules.
However,	they	found	that	because	of	foam,	the	granule	formation	is	achieved	more	efficiently.	It	was	further	claimed	that	variables	associated	with	nozzles	were	eliminated	by	using	foam	and	that	the	water	requirement	was	reduced	along	with	shorter	production	time	[91].	330	Pharmaceutical	Granulation	Technology	FIGURE	10.17	Typical	Fluid	Bed
Processor	Set	Up	Integrated	with	the	Solution	Delivery	System	and	Discharge	Through	the	Mill	in	the	IBC.	Source:	IMA,	S.p.A.	Italy.	10.8	VARIABLES	IN	GRANULATION	Factors	affecting	the	fluid	bed	granulation	process	can	be	divided	into	three	broad	categories:	1.	Formulation-related	variables	2.	Equipment-related	variables	3.	Process-related
variables	10.8.1	FORMULATION-RELATED	VARIABLES	Ideally,	the	particle	properties	desired	in	the	starting	material	include	a	low	particle	density,	a	small	particle	size,	a	narrow	particle	size	range,	the	particle	shape	approaching	spherical,	a	lack	of	particle	cohesiveness,	and	a	lack	of	stickiness	during	the	processing.	Properties	such	as	cohe-
siveness,	static	charge,	particle	size	distribution,	crystalline	or	amorphous	nature,	and	wettability	are	some	of	the	properties	that	have	an	impact	on	the	properties	of	granules	formed.	The	cohe	siveness	and	static	charges	on	particles	present	fluidization	difficulty.	The	same	difficulties	were	observed	when	the	formulation	contained	hydrophobic
material	or	a	mixture	of	hydrophilic	and	hydrophobic	materials.	The	influence	of	hydrophobicity	of	primary	particles	has	been	shown	by	Aulton	and	Banks	[17],	where	they	demonstrated	that	the	mean	particle	size	of	the	product	was	directly	related	to	the	wettability	of	the	primary	particles	expressed	as	cos	θ	(where	θ	is	the	contact	angle	of	the
particles).	It	was	also	reported	that	as	the	hydrophobicity	of	the	mix	is	increased,	a	decrease	in	granule	growth	is	observed.	Aulton,	Banks,	and	Smith	in	a	later	publication	showed	that	the	addition	of	a	surface-active	agent	such	as	sodium	laurel	sulfate	improves	fluidized	bed	granulation	[92].	In	a	mixture	containing	hydrophobic	and	hydrophilic
primary	particles,	granule	growth	of	hydrophilic	materials	takes	place	selectively	creating	content	uniformity	problems.	Formulating	a	controlled	release	granulation	can	be	accomplished	by	using	fluid	bed	granulation.	Fluid	Bed	Granulation	331	A	controlled	release	matrix	formulation	of	naproxen	was	successfully	developed	using	fluid	bed
granulation	[93].	The	change	in	granulation	when	a	new	active	pharmaceutical	ingredient	(API)	is	introduced,	even	the	same	material	with	a	different	lot	number,	can	be	caused	by	several	factors.	Surface	free	energy	is	considered	as	one	of	the	material	properties	for	a	successful	outcome	of	the	granulation	process	[43].	10.8.1.1	Low-Dose	Drug
Content	Wan	et	al.	[25]	studied	various	methods	of	incorporating	a	low-dose	drug	such	as	chlorphenir	amine	maleate	in	lactose	formulation	with	polyvinylpyrrolidone	(PVP)	as	the	granulating	solution.	They	concluded	that	the	randomized	movement	of	particles	in	the	fluid	bed	might	cause	segre	gation	of	the	drug	and	that	uniform	drug	distribution
was	best	achieved	by	dissolving	the	drug	in	a	granulating	solution.	The	mixing	efficiency	of	drug	particles	with	the	bulk	material	was	found	to	increase	in	the	proportion	of	the	granulating	liquid	used	to	dissolve	the	drug.	The	optimum	nozzle	atomizing	pressure	was	deemed	to	be	important	to	avoid	spray	drying	the	drug	particles	or	overwetting,	which
creates	uneven	drug	distribution.	Higashide	et	al.	[94]	studied	the	fluidized-bed	granulation	using	5-fluorouracil	in	the	concentration	of	0.3%	in	1:1	mixture	of	starch	and	lactose.	The	hydroxypropyl	cellulose	(HPC)	was	used	as	the	binder.	The	ratios	of	starch	and	lactose	contained	in	the	granules	were	measured	gravimetrically.	The	researchers	found
that	a	bigger	amount	of	the	drug	and	starch	was	found	in	larger	granules	than	in	smaller	granules.	The	results	were	attributed	to	the	hydrophobicity	of	the	5-fluorouracil,	starch,	and	the	hydrophilicity	of	lactose.	10.8.1.2	Binder	A	more	general	discussion	on	the	types	of	binders	used	in	the	pharmaceutical	granulations	and	their	influence	on	the	final
granule	properties	can	be	studied	in	chapter	4	of	this	book.	Different	binders	have	different	binding	properties,	and	the	concentration	of	individual	binders	may	have	to	be	changed	to	obtain	similar	binding	of	primary	particles.	Thus,	the	type	of	binder,	binder	content	in	the	formulation,	and	concentration	of	the	binder	have	a	major	influence	on
granule	properties.	These	properties	include	friability,	flow,	bulk	density,	porosity,	and	size	distribution.	Davies	and	Gloor	[95,96]	reported	that	the	types	of	binders	such	as	povidone,	acacia,	gelatin,	and	HPC	all	have	different	binding	properties	that	affect	the	final	granule	properties	mentioned	earlier.	Hontz	[97]	investigated	MCC	concentration,	inlet
air	temperature,	binder	(PVP)	con	centration,	and	binder	solution	concentration	effects	on	tablet	properties.	Binder	and	MCC	con	centrations	were	found	to	have	a	significant	effect	on	tablet	properties.	Alkan	et	al.	[98]	studied	binder	(PVP)	addition	in	solution	and	as	a	dry	powder	in	the	powder	mix.	They	found	a	larger	mean	granule	size	when	the	dry
binder	was	granulated	with	ethanol.	However,	when	the	binder	was	in	solution	the	granules	produced	were	less	friable	and	more	free-flowing.	A	similar	finding	was	confirmed	by	other	researchers	[99,100].	Binder	temperature	affects	the	viscosity	of	the	so	lution	and,	in	turn,	affects	the	droplet	size.	Increased	temperature	of	the	binder	solution
reduces	the	viscosity	of	the	solution	reducing	the	droplet	size	and	hence	producing	a	smaller	mean	granule	size.	Binder	solution	viscosity	and	concentration	affect	the	droplet	size	of	the	binder.	Polymers,	starches,	and	high	molecular	weight	PVP	cause	increased	viscosity,	which,	in	turn,	creates	larger	droplet	size	and	subsequently	larger	mean
granule	particle	size	[101].	Diluted	binders	are	preferred	because	they	facilitate	finer	atomization	of	the	binder	solution,	provide	the	control	of	the	particle	size,	reduce	friability,	and	increase	the	bulk	density	even	though	the	tackiness	or	binding	strength	may	suffer	[8,71–73,102].	Under	conditions	that	optimal	process	parameters	are	selected,
spreading	of	the	binder	over	a	substrate,	binder-substrate	adhesion,	and	binder	cohesion	are	the	main	parameters	that	influence	optimum	granulation	[103].	Planinsek	et	al.	[104]	investigated	and	concluded	that	the	surface	free	energy	of	the	formulation	ingredients	is	important,	and	they	found	a	good	correlation	between	the	spreading	coefficient	of
binder	over	the	substrate	and	the	friability	of	the	granules	(Table	10.2).	332	Pharmaceutical	Granulation	Technology	TABLE	10.2	Heats	of	Vaporization	for	Commonly	Used	Solvents	Solvent	Solvent	Boiling	Point	°C	Density	(g/mL)	The	Heat	of	Vaporization	(kcal/g)	Methylene	chloride	Acetone	40.0	56.2	1.327	0.790	77	123.5	Methanol	65.0	0.791	262.8
Ethanol	Isopropanol	78.5	82.4	0.789	0.786	204.3	175.0	Water	100.0	1.000	540.0	10.8.1.3	Binder	Solvent	In	most	instances,	water	is	used	as	a	solvent.	The	selection	of	solvents	such	as	aqueous	or	organic	depends	upon	the	solubility	of	the	binder	and	the	compatibility	of	the	product	being	granulated.	Generally	organic	solvents,	because	of	their	rapid
vaporization	from	the	process,	produce	smaller	granules	than	the	aqueous	solution.	Different	solvents	have	different	heats	of	vaporization	as	shown	in	Table	10.2.	Incorporating	a	binder	or	mixture	of	binders	of	low	melting	point	and	incorporating	it	with	the	drug	substance	in	the	dry	form	can	eliminate	the	requirement	of	solvent	for	the	binder.	The
temperature	of	the	incoming	air	is	sufficient	to	melt	the	binder	and	form	the	granules.	Seo	et	al.	[105]	studied	fluid	bed	granulation	using	meltable	polymers	such	as	polyethylene	glycol	(PEG)	3000,	or	esters	of	PEG	and	glycerol	(Gelucire	50/13).	They	showed	that	melt	agglomeration	by	atomization	of	a	melted	binder	in	a	fluid	bed	occurs	by	initial	nu-
cleation	followed	by	coalescence	between	nuclei.	The	nuclei	are	formed	by	immersion	of	the	solid	particles	in	the	binder	droplets	provided	that	the	droplet	size	is	larger	than	the	size	of	the	solid	particles.	The	agglomerate	growth	rate	is	supposed	to	be	practically	independent	of	the	droplet	size	if	the	binder	viscosity	is	so	low	that	the	droplets	can
spread	over	the	agglomerate	surface.	If	the	droplets	are	unable	to	spread	because	of	high	viscosity,	the	growth	rate	is	sup	posed	to	be	inversely	proportional	to	the	droplet	size.	These	effects	of	droplet	size	are	different	from	those	seen	in	aqueous	fluid	bed	granulation,	probably	because	the	aqueous	process	is	af 	fected	by	the	evaporation	of	binder
liquid.	10.8.2	EQUIPMENT-RELATED	VARIABLES	10.8.2.1	Equipment	Design	To	fluidize	and	thus	granulate	and	dry	the	product,	a	certain	quantity	of	process	air	is	required.	The	volume	of	the	air	required	will	vary	based	upon	the	amount	of	material	that	needs	to	be	processed.	The	ratio	of	drying	capacity	of	the	process	air	and	quantity	of	the	product
needs	to	be	maintained	constant	throughout	the	scaling-up	process.	Most	of	the	fluid	bed	units	available	are	modular	ones,	where	multiple	processes,	such	as	drying,	granulating,	bottom	(Wurster)	coating,	rotary	fluid	bed	granulating,	or	coating,	can	be	carried	out	by	changing	the	container	specially	designed	for	an	individual	process.	The	recent
offerings	by	some	manufacturers	offer	a	single	unit	with	nozzle	configuration	such	that	all	of	these	processes	can	be	carried	out	without	changing	the	con	tainers	[106].	10.8.2.2	Air-Distributor	Plate	The	process	of	agglomeration	and	attrition	because	of	random	fluidization	requires	control	of	the	particle	during	the	granulation	process.	Optimization	of
the	process	requires	control	over	fluidized	particles.	This	is	a	complex	phenomenon	because	of	the	prevailing	fluidizing	conditions	and	Fluid	Bed	Granulation	333	particle	size	distribution,	which	changes	the	process.	As	the	conditioned	air	is	introduced	through	the	lower	plenum	of	the	batch	fluid	bed,	the	fluidizing	velocity	of	a	given	volume	of	air
determines	how	fluidization	will	be	achieved.	Perforated	air-distributor	plates,	described	previously,	provide	an	appropriate	means	of	sup	plying	air	to	the	product.	These	plates	are	identified	by	their	percentage	of	open	area.	Airdistributor	plates	that	have	4	to	30	%open	area	are	normally	available.	These	interchangeable	plates	or	plates	with
adjustable	openings	provide	a	range	of	loading	capacities	so	that	batches	of	various	sizes	can	be	produced	efficiently	and	with	uniform	quality.	To	prevent	channeling,	an	operator	can	select	a	plate	with	optimum	lift	properties.	For	example,	a	product	with	low	bulk	density	requires	low	fluidizing	velocity.	A	distributor	plate	having	a	small	open	area	to
give	a	large	enough	pressure	drop	may	provide	uniform	fluidization	of	such	a	product	without	reaching	en	training	velocity	and	impinging	the	process	filters.	Alternatively,	a	product	with	higher	bulk	density	can	be	fluidized	and	processed	using	a	plate	with	a	larger	open	area.	10.8.2.3	Fan	(Blower)	and	Pressure	Drop	(ΔP)	The	blower	creates	a	flow	of
air	through	the	fluid	bed	processor	or	a	fan	located	downstream	from	the	process	chamber.	This	fan	imparts	motion	and	pressure	to	air	using	a	paddle-wheel	action.	The	moving	air	acquires	a	force	or	pressure	component	in	its	direction	of	motion	because	of	its	weight	and	inertia.	This	force	is	called	velocity	pressure	and	is	measured	in	inches	or
millimeters	of	the	water	column.	In	operating	duct	systems,	a	second	pressure	that	is	independent	of	air	velocity	or	movement	is	always	present.	Known	as	static	pressure,	it	acts	equally	in	all	directions.	In	exhaust	systems	such	as	fluid	bed	processors,	a	negative	static	pressure	exists	on	the	inlet	side	of	the	fan.	The	total	pressure	is	thus	a
combination	of	static	and	velocity	pressures.	Blower	size	is	determined	by	calculating	the	pressure	drop	(ΔP)	created	by	all	the	components	of	the	fluid	bed	processing	system.	Proper	selection	of	blower	is	essential	in	fluid	bed	design.	A	blower	with	appropriate	ΔP	will	fluidize	the	process	material	adequately.	However,	a	blower	without	enough	ΔP	will
not	allow	proper	fluidization	of	the	product	resulting	in	longer	process	time	and	improper	granulation.	A	similar	effect	can	be	seen	when	a	product	with	unusually	high	bulk	density	is	processed	in	place	of	normal	pharmaceutical	materials,	or	an	air-distributor	plate	offering	high	resistance	because	of	its	construction.	This	creates	a	pressure	drop	that
the	blower	was	not	designed	to	handle.	A	properly	sized	blower	or	fan	should	develop	sufficient	ΔP	so	that	the	exhaust	damper	can	be	used	in	the	3060%	open	position.	Any	additional	components	such	as	scrubbers,	exhaust	HEPA,	police	filters,	catalytic	thermal	oxidizer,	or	overall	length	of	the	inlet	or	outlet	duct	and	additional	components	in	the
AHU	would	require	a	larger	blower/static	pressure,	which	can	be	recommended	by	the	supplier	of	the	fluid	bed	processor.	10.8.2.4	Filters	and	Shaker/Blowback	Cycle	Mechanism	To	retain	entrained	particles	of	process	material,	process	filters	are	used.	To	maintain	these	filters	from	building	up	layers	of	fine	process	material,	and	causing	higher
pressure	drop	and	thus	im 	proper	fluidization,	these	filters	are	cleaned	during	the	granulation	process.	When	bag	filters	are	used,	mechanical	means	are	used	to	clean	them.	This	mechanical	cleaning	of	the	bag	filters	re	quires	a	cessation	of	airflow	and	thus	the	fluidization,	during	the	filter	cleaning	process.	In	units	with	a	single-bag	house,	this	results
in	a	momentary	dead	bed,	where	no	fluidization	takes	place.	This	interruption	in	the	process	extends	the	processing	time.	To	avoid	process	interruptions,	a	multi-shaking	filter	bag	arrangement	is	desired,	where	the	granulation	process	is	continuous.	Using	bag	filters	with	a	blowback	or	using	cartridge	filters,	where	air	under	pressure	is	pulsed
through	the	filters,	the	continuous	filter	cleaning	process	is	achieved.	Generally,	filters	should	be	cleaned	frequently	during	the	granulation	step,	to	incorporate	the	fines	in	the	granulation.	This	is	possible	if	the	cleaning	frequency	is	high	and	the	period	between	the	filter	cleanings	is	short.	Rowley	[107]	reported	the	effect	of	the	bag-shake/interval
cycle.	He	discussed	the	possibility	of	improving	334	Pharmaceutical	Granulation	Technology	particle	size	distribution	by	optimizing	the	shaking	time	and	the	corresponding	interval	between	bag	shakes.	Following	general	guidelines	for	filter	cleaning	frequency	and	duration	are	recommended.	Single-bag	shaker	unit:	Frequency	is	2–10	minutes
between	filter	cleaning	and	5-10	seconds	for	shaking.	This	may	vary	as	the	fine	powders	form	granules	and	the	frequency	between	the	shakes	or	duration	of	shaking	interval	can	be	extended.	In	any	case,	the	occurrence	of	the	collapsed	bed	should	be	kept	at	a	minimum	in	a	single	shaker	unit.	Multiple-bag	shaker	unit:	Since	this	is	a	continuous
process,	the	frequency	of	shaking	for	each	section	is	approximately	15–30	seconds	between	filter	cleanings	and	about	5	seconds	for	shaking	the	filters.	If	a	low-pressure	blowback	system	is	used	for	the	bags,	the	frequency	of	cleaning	is	about	10–30	seconds.	Cartridge	filters:	These	offer	continuous	processing	and	require	a	cleaning	frequency	of	10–
30	seconds.	The	cleaning	frequency	and	cleaning	duration	are	now	offered	as	an	automated	system	where	instead	of	having	to	base	the	cleaning	frequency	on	time,	the	trigger	point	for	filter	cleaning	is	the	buildup	of	a	pressure	drop	across	the	filters.	This	automates	the	process	and	eliminates	operator	input.	10.8.2.5	Other	Miscellaneous	Equipment
Factors	Granulator	bowl	geometry	is	considered	to	be	a	factor	that	may	have	an	impact	on	the	agglom 	eration	process.	The	fluidization	velocity	must	drop	from	the	bottom	to	the	top	rim	of	the	bowl	by	more	than	half	to	prevent	smaller,	lighter	particles	from	being	impinged	into	the	filter	creating	segregation	from	heavier	product	components	in	the
bowl.	Generally,	the	conical	shape	of	the	container	and	expansion	chamber	are	preferred	where	the	ratio	of	the	cross-sectional	diameter	of	the	distributor	plate	to	the	top	of	the	vessel	is	1:2.	Most	of	the	suppliers	of	these	equipment	offer	units	with	a	multiprocessor	concept	where	a	single	unit	can	be	used	for	drying,	agglomerating,	airsuspension
coating,	or	rotary	fluid	bed	processing	by	changing	the	processing	container	while	the	rest	of	the	unit	is	common.	This	approach	does	eliminate	the	concerns	about	the	geometry	of	the	processor	because	of	the	way	these	units	are	constructed.	10.8.3	PROCESS-RELATED	VARIABLES	The	agglomeration	process	is	a	dynamic	process	where	a	droplet	is
created	by	a	two-fluid	nozzle	and	deposited	on	the	randomly	fluidized	particle.	The	binder	solvent	evaporates	leaving	behind	the	binder.	Before	all	of	the	solvent	is	evaporated	other	randomized	particles	form	bonds	on	the	wet	site.	This	process	is	repeated	numerous	times	to	produce	a	desired	agglomerated	product.	Several	process	variables	control
the	agglomeration.	Process	variables	most	important	to	consider	are	listed	as	follows:	1.	2.	3.	4.	5.	6.	7.	8.	Process	inlet	air	temperature	Atomization	air	pressure	Fluidization	air	velocity	and	volume	Liquid	spray	rate	Nozzle	position	and	number	of	spray	heads	Product	and	exhaust	air	temperature	Filter	porosity	and	cleaning	frequency	Bowl	capacity
These	process	parameters	are	interdependent	and	can	produce	a	desirable	product	if	this	inter	dependency	is	understood.	Inlet	process	air	temperature	is	determined	by	the	choice	of	binder	vehicle,	whether	aqueous	or	organic,	and	the	heat	sensitivity	of	the	product	being	agglomerated.	Generally,	aqueous	vehicles	will	enable	the	use	of	temperatures
between	60°C	and	100oC.	On	the	Fluid	Bed	Granulation	335	other	hand,	organic	vehicles	will	require	the	use	of	temperatures	from	50oC	to	below	room	temperature.	Higher	temperatures	will	produce	rapid	evaporation	of	the	binder	solution	and	will	produce	smaller,	friable	granules.	On	the	other	hand,	a	lower	temperature	will	produce	larger,	fluffy,
and	denser	granules.	Figure	10.18	shows	the	relationship	between	the	inlet	and	product	air	temperature,	and	outlet	air	humidity	during	the	granulation	process.	The	process	of	drying	while	applying	spraying	solution	is	a	critical	unit	operation.	This	mass	transfer	step	was	previously	discussed.	The	temperature,	hu	midity,	and	volume	of	the	process
air	determine	the	drying	capacity.	If	the	drying	capacity	of	the	air	is	fixed	from	one	batch	to	the	next,	then	the	spray	rate	can	also	be	fixed.	If	the	drying	capacity	of	the	air	is	too	high,	the	binder	solution	will	tend	to	spray	dry	before	it	can	effectively	form	bridges	between	the	primary	particles.	If,	on	the	other	hand,	the	drying	capacity	of	the	air	is	too
low,	the	bed	moisture	level	will	become	too	high	and	particle	growth	may	become	uncontrollable.	This	will	result	in	unacceptable	movement	of	the	product	bed.	As	previously	discussed,	the	appropriate	process	air	volume,	inlet	air	temperature,	and	binder	spray	rate	are	critical	to	achieving	proper	and	consistent	particle	size	distribution	and	granule
characteristics.	There	are	many	ways	to	arrive	at	the	proper	operating	parameters.	An	excess	of	liquid	feed,	either	over	the	whole	bed	or	in	a	localized	region,	produces	excessive	and	uncontrollable	particle	agglomeration	and	leads	to	a	loss	of	fluidization,	or	what	Nienow	and	Rowe	[108]	have	called	wet	quenching.	Akio	Miwa	et	al.	[109]	calculated
the	amount	of	water	needed	for	the	mixture	of	components	before	the	fluid	bed	granulation.	The	range	of	an	appropriate	amount	of	water	for	each	component	in	a	model	formulation	was	estimated	with	a	refractive	near	infra-red	(NIR)	moisture	sensor;	using	these	values,	the	authors	calculated	the	range	of	the	suitable	amount	of	water	to	add	to	the
model	formulation.	The	authors	performed	fluid	bed	granulation	with	NIR	sensors	and	the	calculated	amount	of	water	to	conclude	that	the	predictive	method	was	able	to	calculate	the	amount	of	water	needed	for	the	granulation.	FIGURE	10.18	Temperature	and	Humidity	Changes	During	the	Granulation	Process.	336	Pharmaceutical	Granulation
Technology	The	following	procedure	was	found	by	the	authors	to	be	one	of	the	ways	one	can	set	the	operating	parameters	when	granulating	with	fluid	bed	processors.	1.	Determine	the	proper	volume	of	air	to	achieve	adequate	mixing	and	particle	movement	in	the	bowl.	Avoid	excessive	volumetric	airflow	so	as	not	to	entrain	the	particles	into	the
filters.	2.	Choose	an	inlet	air	temperature	that	is	high	enough	to	negate	weather	effects	(outside	air	humidity	or	inside	room	conditions).	The	air	temperature	should	not	be	detrimental	to	the	product	being	granulated.	(To	achieve	consistent	process	year-round,	a	dehumidification/	humidification	system	is	necessary,	which	provides	the	process	air	with
constant	dew	point	and	hence	constant	drying	capacity.)	3.	Achieve	a	binder	solution	spray	rate	that	will	not	spray	dry	and	will	not	overwet	the	bed.	This	rate	should	also	allow	the	nozzle	to	atomize	the	binder	solution	to	the	required	droplet	size.	4.	As	stated	earlier,	a	typical	air	velocity	used	for	spray	granulation	is	from	1.0	to	2.0	m/sec.	Table	10.3	is
based	on	the	psychrometric	chart,	which	gives	the	first	guess	at	determining	the	proper	spray	rate	for	a	spray	granulation	process	in	a	fluid	bed	processor	(Table	10.3).	Variables	in	the	fluid	bed	granulation	process	and	their	impact	on	the	final	granulation	were	summarized	by	Davies	and	Gloor	[102],	where	they	state	that	the	physical	properties	of
granulation	are	dependent	on	both	the	individual	formulations	and	the	various	operational	variables	associated	TABLE	10.3	Calculation	of	Fluid	Bed	Spray	Rate	Given	Process	data	Air	volume	range:	Minimum	(1.2	m/sec)	_________________m3/hr	Maximum	(1.8	m/sec)	Inlet	air	temperature	and	humidity	to	be	used:	_________________m3/hr
_______°C_______	%RH	Solids	in	sprayed	solution	______________%	solids	From	psychrometric	chart	Air	density	at	point	where	air	volume	is	measured:	______________m3/kg	air	Inlet	air	absolute	humidity	(H):	______________g	H2O/kg	air	Maximum	outlet	air	absolute	humidity	(H):	(Follow	the	line	of	constant	adiabatic	conditions)	______________g	H2O/kg	air
Use	100%	outlet	RH	for	spray	granulator	or	30–60%	RH	(as	required	for	column	coating)	Calculations	for	spray	rate	Step	1.	Convert	air	volumetric	rate	to	air	mass	rate	Minimum	_________m3/hr	÷	(60	×	__________m3/kg	air)	=	___________kg	air/min	Maximum	________m3/hr	÷	(60	×	___________m3/kg	air)	=	___________kg	air/min	Step	2.	Subtract	inlet	air
humidity	from	outlet	air	humidity:	________(g	H2O/kg	air)	H	out	−	________(g	H2O/kg	air)	H	in	=	_______g	H2O	removed/kg	air	Step	3.	Calculate	(minimum	and	maximum)	spray	rate	of	the	solution:	This	will	provide	a	range	of	generally	acceptable	spray	rates	based	on	the	airflow	used	in	the	unit	Step	1	(Minimum)_________	×	step	2__________	÷	[1	−
(________	%	solids	÷100]	=	_________spray	rate	g/min)	at	minimum	air	flow	Step	2	(Maximum)_________	×	step	2	÷	[1	−	(________	%	solids	÷	100]	=	spray	rate	g/min)	at	minimum	airflow	Fluid	Bed	Granulation	337	TABLE	10.4	Significant	Variables	and	Their	Impact	on	the	Fluid	Bed	Granulation	Process	Process	Parameter	Impact	on	the	Process
References	1.	Inlet	air	temperature	Higher	inlet	temperature	produces	finer	granules	and	lower	temperature	produces	larger	stronger	granules.	76,85	2.	Humidity	An	increase	in	air	humidity	causes	larger	granule	size,	longer	38	3.	Fluidizing	airflow	drying	times.	Proper	airflow	should	fluidize	the	bed	without	clogging	the	17,	20,	76	filters.	Higher
airflow	will	cause	attrition	and	rapid	4.	Nozzle	and	position	evaporation,	generating	smaller	granules	and	fines.	A	binary	nozzle	produces	the	finest	droplets	and	is	preferred.	62	The	size	of	the	orifice	has	an	insignificant	effect	except	when	binder	suspensions	are	to	be	sprayed.	Optimum	nozzle	height	should	cover	the	bed	surface.	Too	close	to	the	bed
will	wet	the	bed	faster	producing	larger	granules,	while	too	high	a	position	will	spray-dry	the	binder,	create	finer	granules,	and	increase	granulation	time.	5.	Atomization	air	volume	and	pressure	The	liquid	is	atomized	by	the	compressed	air.	This	mass-to-	38,	62,87,91	liquid	ratio	must	be	kept	constant	to	control	the	droplet	size	and	hence	the	granule
size.	The	higher	liquid	flow	rate	will	produce	a	larger	droplet	and	larger	granule	and	the	reverse	will	produce	smaller	granules.	At	a	given	pressure	and	an	increase	in	orifice	size	will	increase	droplet	size.	6.	Binder	spray	rate	Droplet	size	is	affected	by	liquid	flow	rate,	and	binder	viscosity,	17.	60,68,	76	,	91,	and	atomizing	air	pressure	and	volume.	The
finer	the	droplet,	the	smaller	the	resulting	average	granules.	with	the	process.	The	solution	spray	rate	increase	and	subsequent	increase	in	average	granule	size	resulted	in	a	less	friable	granulation,	higher	bulk	density,	and	a	better	flow	property	for	a	lactose/	corn	starch	granulation.	Similar	results	were	obtained	by	an	enhanced	binder	solution,
decreasing	nozzle	air	pressure,	or	lowering	the	inlet	air	temperature	during	the	granulation	cycle.	The	position	of	the	binary	nozzle	concerning	the	fluidized	powders	was	also	studied.	It	was	concluded	that	by	lowering	the	nozzle,	binder	efficiency	is	enhanced,	resulting	in	an	average	granule	size	increase	and	a	corresponding	decrease	in	granule
friability.	The	significant	process	parameters	and	their	effect	on	the	granule	properties	are	summarized	in	Table	10.4.	Maroglou	[110]	listed	various	parameters	affecting	the	type	and	rate	of	growth	in	batch	flui	dized	granulation	(Table	10.4)	and	showed	the	influence	of	process	parameters	and	the	material	parameters	on	the	product.	10.9
FLUIDIZED	HOT	MELT	GRANULATION	(FHMG)	Melt	granulation	belongs	to	the	group	of	hot-melt	technologies,	which	represent	an	alternative	to	the	classical	solvent-mediated	technological	processes	of	agglomeration.	Melt	granulation	is	an	emer	ging	technique	based	on	the	use	of	binders	that	have	a	relatively	low	melting	point	(between	50°C	and
80°)	and	act	as	a	molten	binding	liquid.	Combining	low	melting	binders	with	powders	and	using	338	Pharmaceutical	Granulation	Technology	the	fluid	bed	hot	air	to	melt	the	binders	that	effectively	act	as	a	liquid	binder	to	form	granules.	The	application	of	this	approach	can	also	produce	solid	dispersion	of	poorly	soluble	drugs	to	increase	the	solubility
and	bioavailability.	The	main	advantage	of	hot-melt	processes	is	the	absence	of	solvents,	which	can	be	efficiently	utilized	in	enhancing	the	chemical	stability	of	moisture	sensitive	drugs	and	also	improving	their	physical	properties.	Moreover,	the	drying	phase	is	eliminated,	which	results	in	a	more	economical	and	environmentally	friendly	process.	There
are	also	some	limitations	to	using	melt	granulation	processes.	Melt	granulation	or	thermoplastic	granulation	is	based	on	agglomeration	carried	out	using	a	binder	material,	which	is	solid	at	room	temperature	and	softens	and	melts	at	higher	temperatures	(i.e.,	50–90°C).	When	melted,	the	action	of	the	binder	liquid	is	similar	to	that	in	a	wet-granulation
process.	The	binder	is	added	either	in	a	powder	form	to	the	starting	material	at	ambient	temperature,	followed	by	heating	the	binder	above	its	melting	point	(in	situ	granulation),	or	in	a	molten	form,	sprayed	on	the	heated	materials	in	fluid	bed	(spray-on	granulation).	Kkeeca	et	al.	[111]	showed	that	melt	granulation	using	hydrophilic	binders	is	an
effective	method	to	improve	the	dissolution	rate	of	poorly	water-soluble	drugs.	The	binder	addition	pro	cedure	was	found	to	influence	the	dissolution	profile	obtained	from	granules	produced	in	FHMG.	The	spray-on	procedure	resulted	in	a	higher	dissolution	rate	of	carvedilol	from	the	granules.	FHMG	has	been	proposed	as	an	approach	to	taste
masking	of	bitter	drugs	[112].	Waxy	binders	have	been	used	in	the	preparation	of	conventional	and	sustained-release	tablets	[113],	and	more	recently	in	the	preparation	of	fast-release	tablets	[114].	Yanze	et	al.	[115]	reported	the	preparation	of	effervescent	granules	using	PEG	6000	as	a	melt	binder	using	fluidized	bed	melt	granulation.	The	melt
solidification	technique	for	the	preparation	of	sustained-release	ibuprofen	beads	with	cetyl	alcohol	has	been	studied	in	the	laboratory	[116].	Abbereger	et	al.	[117],	Seo	et	al.	[118]	Tan	et	al.	[119]	and	Boerefijn	et	al.	[120]	investigated	the	effect	of	binder	spray	rate	droplet	size,	particle	size,	bed	temperature,	atomization	air	pressure,	and	fluidization
air	velocity	on	the	process	performance,	using	polyethylene	glycol	as	a	model	binder	and	glass	ballotini	and	lactose	as	seeds.	The	results	indicated	that	the	melt	flow	rate	and	fluidization	air	velocity	strongly	affect	how	the	agglomerates	are	formed	and	the	resulting	particle	size.	Each	phase	of	the	granulation	process	must	be	controlled	carefully	to
achieve	process	re	producibility.	When	binder	liquid	is	sprayed	into	a	fluidized	bed,	the	primary	particles	are	wetted	and	form	together	with	the	binder,	relatively	loose,	and	very	porous	agglomerates.	Densification	of	these	agglomerates	is	brought	about	almost	solely	by	the	capillary	forces	present	in	the	liquid	bridges.	A	portion	of	the	liquid	is
immediately	lost	by	evaporation;	it	is	therefore	important	that	the	liquid	binder	sprayed	into	the	bed	should	be	relatively	large	in	quantity	compared	with	that	used	in	the	high-	or	low-shear	granulation	process.	The	particle	size	of	the	resulting	granule	can	be	controlled	to	some	extent	by	adjusting	the	quantity	of	binder	liquid	and	the	rate	at	which	it	is
fed,	that	is,	the	droplet	size.	The	mechanical	strength	of	the	particles	depends	principally	on	the	composition	of	the	primary	product	being	granulated	and	the	type	of	the	binder	used.	Aulton	et	al.	[121]	found	that	lower	fluidizing	air	temperature,	a	dilute	solution	of	binder	fluid,	and	a	greater	spray	rate	produced	better	granulation	for	tableting.	10.10
PROCESS	CONTROLS	AND	AUTOMATION	The	agglomeration	process	is	a	batch	process,	and	accurately	repeatable	control	of	all	critical	process	parameters	(CPPs)	is	necessary	for	a	robust	system.	At	the	same	time,	it	is	a	good	example	of	a	multivariate	process	in	which	effective	and	reliable	process	control	tools	are	necessary	to	ensure	endproduct
quality.	The	initial	nucleation	that	takes	place	as	the	droplet	hits	the	particle	surfaces	in	the	fluidized	powder	bed	is	characterized	by	a	fast	agglomerate	growth	rate.	This	phase	is	followed	by	a	slower	granule	growth	phase	or	a	transition	phase	where	the	amount	of	nongranulated	fines	has	substantially	decreased	[53].	In	this	transition	region,	the
slower	growth	kinetics	enables	easier	process	control,	and	the	process	endpoint	will	most	likely	be	found	in	this	place.	Earlier	designs	of	the	fluid	Fluid	Bed	Granulation	FIGURE	10.19	339	(a,	b)	PLC-Based	Control	Panel	and	Screen.	Source:	The	Glatt	Group.	bed	processor	used	pneumatic	controls,	which	provided	safe	operation	in	hazardous	areas	but
relied	heavily	on	human	actions	to	achieve	repeatable	product	quality	and	accurate	data	acquisition.	Current	designs	use	PLCs	and	personal	computers	(PCs)	to	achieve	sophisticated	control	and	data	acquisition.	The	operating	conditions	are	controlled	to	satisfy	parameters	of	multiple	user-configured	recipes	and	critical	data	is	collected	at	selected
time	intervals	for	inclusion	in	an	end-of-batch	report.	Security	levels	protect	access	to	all	user-configured	data	with	passwords	permitting	access	only	to	selected	functions.	With	the	appropriate	security	level	not	only	are	operating	conditions	configured	but	also	the	identification	of	each	valid	recipe	and	operator	is	entered.	The	identification	is	verified
before	any	operator	actions	are	permitted	and	are	included	with	the	end-of-run	report.	The	use	of	computerrelated	hardware	requires	some	additional	validation,	but	with	coordination	between	the	control	system	provider	and	the	end	user,	the	validation	of	software	can	be	managed.	Figure	10.19a,	b	shows	a	PLC-based	control	panel	with	a	typical
operator	screen.	The	most	important	sensors	for	control	of	the	drying	process	are	inlet	and	exhaust	air	tem 	perature	and	a	sensor	for	airflow	measurement,	located	in	the	air	transport	system.	Other	sensors	for	the	spray	agglomeration	process	are	product	bed	temperature,	atomization	air	pressure	and	volume,	pressure	drops	(across	the	inlet	filter,
the	product	container	with	the	product	being	pro	cessed,	and	outlet	process	air	filter),	inlet	air	humidity	or	dew	point,	process	filter	cleaning	fre	quency	and	duration,	spray	rate	for	the	binder	solution,	and	total	process	time	(Table	10.5).	All	of	these	sensors	provide	constant	feedback	information	to	the	computer.	These	electronic	signals	may	then	be
stored	in	the	computer’s	memory	and	then	recalled	as	a	batch	report.	With	this	ability	to	recall	data	analysis,	greater	insight	can	be	gained	into	the	process.	10.10.1	ADVANCES	IN	PROCESS	CONTROL	AND	AUTOMATION	The	degree	of	the	instrumentation	of	pharmaceutical	unit	operations	has	increased.	This	in	strumentation	provides	information
on	the	state	of	the	process	and	can	be	used	for	both	process	control	and	research.	A	central	part	of	optimizing	production	is	increasing	the	level	of	automation.	Besides	monitoring	the	process	parameters,	several	approaches	are	being	developed	for	measuring	the	moisture	of	the	product	to	determine	the	endpoint	of	the	process	and	consequently	the
inprocess	particle	size	analysis.	Numbers	of	publications	discuss	on-line	moisture	measurement	and	process	end-point	determination	using	NIR.	10.10.1.1	Near-Infrared	(NIR)	The	non-destructive	character	of	vibrational	spectroscopy	techniques,	such	as	NIR,	makes	them	novel	tools	for	in-line	quality	assurance	[122].	NIR	has	been	widely	used	for	the
measurement	of	340	Pharmaceutical	Granulation	Technology	TABLE	10.5	Influence	of	Operating	Parameters	on	the	Granulated	Product	A.	Operating	Parameters	Droplet	size	Rheology	NARa	Atomization	air	velocity	Surface	tension	Nozzle	position	Bed	moisture	content	Nozzle	type	Solution	type	and	feed	rate	Bed	temperature	Fluidization	velocity
Aspect	ratio	Nozzle	position	and	atomization	velocity	Air	distributor	design	Jet	grinding	Binder	solution/suspension	concentration	Bridge	strength	and	size	Rheology	Binder	solution/suspension	concentration	Bridge	Strength	and	size	Type	of	Binder	Wettability	Molecular	length	and	weight	Particle-solvent	interaction	B.	Material	Parameters	Rheology
Surface	tension	Material	to	be	granulated	Viscosity	Average	particle	size	Size	distribution	Shape	and	porosity	Drying	characteristics	Density	and	density	differencesb	Notes	a	NAR	is	the	ratio	of	air-to-liquid	flow	rates	through	the	nozzle	of	a	twin	fluid	atomizer	expressed	either	in	mass	units	or	in	volume	units	(air	at	STP).	b	Especially	important
relative	to	elutriation	and	segregation.	water	in	various	applications	[123].	NIR	can	be	applied	for	both	quantitative	analyses	of	water	and	for	determining	the	state	of	water	in	solid	material.	This	gives	a	tool	for	understanding	the	phy	sicochemical	phenomena	during	the	manufacture	of	pharmaceutical	granulation.	Accurate	NIR	inline	particle	size
analysis	of	moving	granules	is	challenging	because	the	scattering	and	absorptive	properties	of	the	granules	vary.	Also,	since	particle	size	data	are	not	directly	obtained	using	NIR	techniques,	pretreatment	of	spectra	and	chemometric	modeling	are	needed.	The	pharmacopeias	have	defined	some	characteristics	of	analysis	with	NIR	[124,125].
Developing	a	functional	automation	system	requires	new	measuring	techniques;	new	in-line	measuring	devices	are	needed	[126–130].	Solid-water	interactions	are	one	of	the	fundamental	issues	in	pharmaceutical	technology.	The	state	of	water	in	a	solid	material	may	be	characterized	using	X-ray	diffraction,	microscopic	methods,	thermal	analysis,
vibrational	spectroscopy,	and	nuclear	magnetic	resonance	spectroscopy	[131].	Traditionally,	the	control	of	fluidized	bed	gran	ulation	has	based	on	indirect	measurements.	These	control	methods	applied	to	utilize	the	properties	of	process	air	by	Schaefer	and	Worts	[48].	Frake	et	al.	[132]	demonstrated	the	use	of	NIR	for	inline	analysis	of	the	moisture
content	in	pellets	of	size	0.05–0.07	mm	during	spray	granulation	in	Fluid	Bed	Granulation	341	the	fluid	bed	processor.	Rantanen	et	al.	[133,134]	described	a	similar	approach	for	moisture	content	measurement	using	rationing	of	three	to	four	selected	wavelengths.	He	with	his	coworkers	reported	that	the	critical	part	of	the	in-line	process	was	the	sight
glass	for	probe	positioning	that	was	continuously	blown	with	heated	air.	They	also	reported	spectra	baselines	caused	by	particle	size	and	refractive	properties	of	the	in-line	samples;	they	recurred	to	analyze	several	data	pretreatments	to	eliminate	these	effects	on	their	fixed	wavelength	setup.	Solvents	other	than	water	have	also	been	evaluated	for
real-time	quantification.	Nieuwmeyer	et	al.	[52]	determined	the	particle	size	and	the	drying	endpoint	of	granules	using	NIR.	Lipsanen	et	al.	[135]	evaluated	the	instrumentation	system	to	determine	the	parameters	expressing	the	changing	conditions	during	the	spraying	phase	of	a	fluid	bed	process	using	an	inline	spatial	filtering	technique	(SFT)	probe
to	the	variations	in	properties	of	the	product	being	processed.	Vazquez	recently	provided	a	comprehensive	review	of	FT-NIR	application	in	measuring	fluid	bed	drying	end	[136].	Rantanen	et	al.	[137]	used	NIR	to	monitor	the	moisture	as	well	as	airflow.	Using	in-line	multichannel	NIR,	the	multivariate	process	data	collected	was	analyzed	using
principal	component	analysis	(PCA).	The	authors	showed	that	a	robust	process	control	and	measurement	system	combined	with	reliable	historical	data	storage	can	be	used	for	analyzing	the	fluid	bed	granulation	process.	PCA	modeling	proved	a	promising	tool	to	handle	multidimensional	data	that	was	collected	and	for	the	reduction	of	the
dimensionality	of	process	data.	FT-NIR	spectra	gave	useful	information	for	understanding	the	phenomenon	during	granulation.	Rantanen	et	al.	[138]	further	studied	the	application	of	NIR	for	fluid	bed	process	analysis.	The	authors	used	NIR	to	study	moisture	measurement	combined	with	temperature	and	humidity	measurements.	By	controlling	the
water	during	the	fluid	bed	granulation,	the	granulation	process	was	controlled.	They	concluded	that	the	varying	behavior	of	formulations	during	pro	cessing	can	be	identified	in	a	real-time	mode.	Thus,	they	found	that	NIR	spectroscopy	offered	unique	information	on	granule	moisture	content	during	all	phases	of	granulation.	10.10.1.2	Other
Approaches	for	Process	Control	(a).	Self-Organizing	Maps	On-line	process	data	is	usually	multidimensional,	and	it	is	difficult	to	study	with	traditional	trends	and	scatter	plots.	Rantanen	et	al.	[139]	have	suggested	a	new	tool	called	“self-organizing	maps”	(SOM)	for	dimension	reduction	and	process	state	monitoring.	As	a	batch	process,	granulation
traversed	through	several	process	states,	which	was	visualized	by	SOM	as	a	two-dimensional	map.	Besides,	they	demonstrated	how	the	differences	between	granulation	batches	can	be	studied.	(b).	At-Line	Measurement	Laitinen	et	al.	presented	a	paper	at	a	recent	conference	[140]	proposing	an	at-line	optical	technique	to	study	particle	size.	Using	a
CCD	camera	with	optics	and	illumination	units	with	stabilized	collimated	light	beams,	the	authors	took	two	images	of	36	granule	samples	by	illuminating	the	samples	alternatively.	Two	digital	images	with	matrices	of	their	grayscale	values	were	obtained	and	the	differences	between	the	two	matrices	were	calculated.	This	method	provided	a	very	rapid
(1	min/sample)	measurement	of	particle	size	with	a	very	sample	size	(less	than	0.5	g).	(c).	Focused	Beam	Reflectance	Measurement	(FBRM)	This	device	uses	a	focused	beam	of	laser	light	that	scans	in	a	circular	path	across	a	particle	or	342	Pharmaceutical	Granulation	Technology	particle	structure	passing	in	front	of	the	window.	Upon	hitting	the
particle,	light	is	scattered	in	all	directions.	Hu	et	al.	[141]	investigate	granule	growth	in	a	fluidized	bed	granulation	(FBG).	The	chord	length	distribution	(CLD)	measured	by	the	FBRM	was	used	to	represent	granule	particle	size	distribution	(PSD).	The	CLD	evolution	measured	by	the	FBRM	confirmed	that	the	granule	ag	glomeration	was	mainly
dominated	by	the	binder	on	the	granule	surface.	The	light	scattered	back	toward	the	probe	is	used	to	measure	the	chord	length	or	the	length	between	any	two	points	on	a	particle.	Such	devices	are	supplied	commercially	and	claim	to	be	useful	for	monitoring	on-line	measurement	of	particle	size	in	the	fluid	bed	granulation	process.	A	newly	developed
FBRM	C35	utilizes	a	mechanical	scraper	to	prevent	the	probe	from	fouling.	(d).	Parsum	Spatial	Filtering	Technique	(SFT)	With	the	Parsum	probe	(Figure	10.20),	laser	light	obscuration	signal	from	individual	particles	can	be	translated	into	size	information	for	analysis	by	the	extended	spatial	filter	as	particles	pass	through	an	aperture	on	the	probe	tip.
In	wet	granulation,	probe	fouling	could	be	one	of	the	most	significant	obstacles	that	hinder	representative	and	accurate	measurement.	Pressurized	air	is	used	to	disperse	particles	in	the	Parsum	probe	and	minimize	fouling,	an	extended	spatial	filter	can	convert	light	ob	scuration	signals	from	individual	particles	into	size	information	for	analysis.
Measurement	range	spans	from	50	μm	up	to	6	mm	at	velocities	up	to	50	m/s.	Particle	size	calculations	are	based	on	statistical	evaluation	of	a	specified	quantity	of	individual	particles.	The	chord	length	of	an	individual	particle	is	measured,	which	is	the	link	between	two	points	on	the	perimeter	of	the	measured	particle’s	projection	face.	Huang	et	al.
demonstrated	that	Parsum	is	a	useful	tool	for	in-line	particle	size	characterization	during	fluid	bed	granulation	for	a	formulation	containing	40%	(w/w)	BCS	class	4	compound	granulated	with	10%	(w/w)	aqueous	solution	of	povidone	(KollidonK25).	All	data	gen	erated	by	the	Parsum	probe	during	production	can	be	utilized	by	the	multivariate	statistical
metho	dology	to	study	batch-to-batch	variation	and	evaluate	overall	batch	performance	[142–144].	A	process	control	strategy	based	on	the	real-time	process	and	product	measurement	information	was	used	to	develop	a	feed-forward	control	strategy	using	spatial	filter	velocimetry	(SFV)	[145–151]	and	focused	beam	reflectance	measurement	(FBRM)
[152,153]	and	moisture	was	used	to	determine	the	optimum	drying	temperature	of	the	consecutive	drying	phase	via	real-time	monitoring	of	process	(i.e.,	spraying	temperature	and	spray	rate)	and	product	(i.e.	granule	size	distribution	and	moisture)	parameters	during	spraying	period.	Besides	this	feed-forward	strategy,	a	quantitative	Partial	Least
Square	(PLS)	model	for	in-line	moisture	content	prediction	of	the	granulated	end	product	was	built	using	NIR	data.	Thus,	combining	SFV	and	moisture	trajectories,	real-time	monitoring	of	the	granu	lation	and	drying	progress	desired	density	requirement	was	accomplished	[154].	(e).	Artificial	Neural	Network	Neural	networks	have	been	used	by
scientists	for	optimizing	formulations	as	an	alternative	to	statistical	analysis	because	of	their	simplicity	for	use	and	the	potential	to	provide	detailed	in	formation.	The	neural	network	builds	a	model	of	the	data	space	that	can	be	consulted	to	ask	“what	if”	kinds	of	questions.	Recently,	there	has	been	an	interest	in	the	industry	for	using	artificial	neural
network	(ANN)	for	process	control.	Similar	to	the	human	brain,	an	ANN	predicts	events	or	information	based	upon	learned	pattern	recognition.	ANNs	are	computer	systems	developed	to	mimic	the	operations	of	the	human	brain	by	mathematically	modeling	its	neuro	physiological	structure	(i.e.,	its	nerve	cells	and	the	network	of	interconnections
between	them).	In	ANN,	the	nerve	cells	are	replaced	by	computational	units	called	neurons	and	the	strengths	of	the	interconnections	are	represented	by	weights	[155].	This	unique	arrangement	can	simulate	some	of	the	neurological	processing	abilities	of	the	brain	such	as	learning	and	concluding	Fluid	Bed	Granulation	FIGURE	10.20	343	Parsum
Probe.	Source:	Malvern	Instruments.	.	experience	[156].	Using	the	process	control	system,	quality	assurance	results,	or	energy	usage	data,	an	ANN	develops	supervisory	setpoints	for	the	system.	When	ANN	and	process-control	systems	are	used	together,	they	form	a	production	control	system.	Product	control	occurs	when	a	system	measures	defined
product	attributes	in	real-time	and	use	the	knowledge	to	adjust	the	control	system.	While	the	process-control	system	runs	the	process	(i.e.,	fans,	motors,	and	hea	ters),	the	ANNs	control	the	moisture	level	and	consistency	of	the	product.	The	fluidized-bed	processor	process-control	system	includes	an	operator	interface,	sensing	elements,	and	final
control	elements.	The	inputs,	in	that	case,	are	inlet	air	temperature,	outlet	air	temperature,	airflow	rate,	and	energy	consumption.	Additional	contributing	factors	are	the	fouling	coefficient	of	the	dryer	bags,	the	quantity	of	a	product	in	the	processor,	and	the	type	of	product	with	its	unique	characteristics.	Watano	et	al.	[157]	described	a	practical
method	for	moisture	control	in	fluid	bed	granulation	utilizing	neural	networks.	Wet	granulation	of	pharmaceutical	powder	was	conducted	using	an	agitation	fluidized	bed,	and	moisture	content	was	continuously	measured	by	the	IR	moisture	sensor.	A	neural	network	system	for	moisture	control	was	developed	using	moisture	content	and	its	changing
rate	as	input	variables,	and	the	moisture	control	characteristics	were	investigated	by	the	neural	network	system	with	backpropagation	learning.	Good	response	and	stability	without	overshoot	were	achieved	by	adopting	the	developed	systems.	This	system	also	maintained	favorable	stability	under	various	operating	conditions.	Several	researchers	have
published	papers	detailing	the	use	of	ANN	for	different	applications	[158–160].	Behzadi	et	al.	[161]	reported	on	the	validation	of	a	modified	fluid	bed	granulator.	Sucrose	was	granulated	under	different	operating	conditions	and	their	effects	on	the	size	distribution,	flow	rate,	repose	angle,	and	tapped	and	bulk	volumes	of	the	granulation	were
measured.	A	generalized	regression	neural	network	(GRNN,	a	variation	of	radial	basis	function	networks)	was	used	to	model	the	system.	A	good	correlation	was	found	between	the	predicted	and	experimental	data.	A	review	of	the	lit	erature	suggests	a	strong	interest	on	the	part	of	researchers	in	applying	neural	networks	to	the	development	of
modified	release	oral	solid	dosage	forms	(f).	Three-Dimensional	Particle	Measurement	To	address	the	issues	with	in-line	measurement	of	particle	size	because	probes	and	windows	appearing	prone	to	coating,	Närvänen	et	al.	[162]	used	a	camera-described	image	analysis	method	344	Pharmaceutical	Granulation	Technology	to	measure	particle	size	in
3D	and	in	color.	In	an	online	application,	they	were	able	to	successfully	retrieve	images	and	were	able	to	determine	the	median	granule	size	trend.	(g).	Triboelectric	Probe	for	Moisture	Measurement	Portoghese	et	al.	[163]	developed	a	method	to	measure	moisture	content	in	the	fluid	bed	by	using	a	triboelectric	probe.	(h).	Fuzzy	Logic	Koerfer	and
Simutis	[164]	showed	that	fuzzy	logic	can	be	used	for	simulated	real-time	observa	tions	of	fluidized	bed	agglomeration	process	and	in	general	to	eliminate	several	trials	and	error	approach	for	the	process.	Watano	and	coworkers	[165]	have	used	fuzzy	logic	to	control	granulation	processes	in	agitatating	fluid	bed.	Additional	information	on	process
control	for	granulation	pro	cesses	can	be	obtained	in	Chapter	26	of	this	book.	10.11	PROCESS	SCALE-UP	In	fluid	bed	granulation,	the	spreading	of	the	binder	liquid	droplets	in	the	powder	bed	is	much	more	crucial,	because	it	is	the	phenomenon	that	controls	most	of	the	agglomeration.	The	process	parameters	are	all	interdependent,	hence	it	is
critical	to	obtain	a	stable	regime	by	fully	balancing	the	different	input	variables	as	you	scale	up	the	process.	Scale	transfer	in	fluid	bed	granulation	involves	similar	equipment	designs,	parameters	related	to	starting	materials,	input	variables	–	such	as	spraying	conditions,	amount	of	solvent	energy	input,	and	efficiency	–	and	processing	time.	More
detailed	engineering	treatment	can	be	seen	in	Chapter	24	of	this	book.	10.11.1	SCALE-UP	AND	EQUIPMENT	DESIGN	The	scale-up	from	the	laboratory	equipment	to	production	size	units	is	dependent	on	equipment	design.	The	importance	of	scalability	is	well-understood	and	accepted	by	the	manufacturers	of	fluid	bed	processors.	Various	sizes	in
their	product	line	are	logically	designated	and	manufactured.	The	design	and	selection	of	the	processor	are	very	important	for	the	laboratory	and	production	unit.	Because	airflow	is	one	of	the	components	of	the	drying	capacity	of	a	fluid	bed	system,	the	ratio	of	air	volume	per	kilogram	or	liter	of	the	product	is	very	critical	to	achieve	linear	scale-up.
The	other	design	feature	is	the	cross-sectional	area	of	the	product	container,	and	how	it	has	been	designed	throughout	the	various	sizes	that	a	manufacturer	supply.	The	relationship	between	various	sizes	of	the	process	containers	can	be	utilized	to	calculate	the	scale-up	of	binder	spray	rate,	and	if	the	crosssectional	area	is	designed	linearly,	then	the
spray	rate	scale-up	can	be	linear.	Nozzle	position	should	always	be	such	that	it	should	cover	the	powder	bed,	and	hence	the	location	and	the	number	of	nozzle	ports	are	an	important	consideration	as	you	scale	up.	10.11.2	SCALE-UP	AND	PROCESS	FACTORS	The	fluid	bed	agglomeration	process	is	a	combination	of	three	steps,	namely,	dry	mixing,
spray	ag	glomeration,	and	drying	to	the	desired	moisture	level.	The	granule	size	is	directly	proportional	to	the	bed	humidity	during	granulation	[47],	and	hence	control	of	this	humidity	during	scale-up	is	essential.	Gore	et	al.	[166]	studied	the	factors	affecting	the	fluid	bed	process	during	scale-up.	The	authors	found	that	processing	factors	that	most
affected	granule	characteristics	were	processing	air	Fluid	Bed	Granulation	345	temperature,	the	height	of	the	spray	nozzle	from	the	bed,	rate	of	binder	addition,	and	the	degree	of	atomization	of	the	binder	liquid.	The	atomizing	air	pressure	and	the	wetness	of	the	bed	are	two	of	the	most	important	elements	of	fluid	bed	granulation.	A	higher	atomizing
air	pressure	yields	a	finer	droplet	of	binder	solution.	Therefore,	granule	growth	(as	described	earlier	in	this	section)	is	affected	by	the	atomizing	air	pressure.	A	major	factor,	which	must	be	considered	during	the	scale-up	of	the	fluid	bed	granulation	process,	is	maintaining	the	same	droplet	size	of	the	binder	for	assuring	successful	scale-up.	Another
study	[167]	confirmed	the	influence	of	spray	nozzle	setup	parameters	and	drying	capacity	of	the	air.	The	study	concluded	that	more	attention	should	be	to	the	easily	overlooked	nozzle	atomizing	air	pressure	and	volume.	When	considering	the	atomizing	air	pressure,	attention	must	be	paid	to	ensure	enough	air	is	delivered	to	the	nozzle	tip.	This	can	be
assured	by	placing	air	pressure	and	volume	measurement	devices	at	the	nozzle.	The	data	also	show	that	the	drying	capacity	of	the	process	air	influences	the	final	granulated	particle	size.	Jones	[168]	has	suggested	various	process-related	factors	that	should	be	considered	during	the	scaleup	of	fluid	bed	processing.	Because	of	the	higher	degree	of
attrition	in	the	larger	unit	compared	with	the	smaller	unit,	the	bulk	density	of	the	granulation	from	the	larger	fluid	bed	is	approximately	20%	higher	than	the	smaller	unit.	He	also	reemphasized	the	importance	of	keeping	the	bed	moisture	level	below	the	critical	moisture	level	to	prevent	the	formation	of	larger	agglomerates.	Since	the	higher	airflow
along	with	the	temperature	(drying	capacity)	in	a	larger	unit	provides	a	higher	evaporation	rate,	one	must	maintain	the	drying	capacity	in	the	larger	unit	such	that	the	bed	temperature	is	similar	to	the	smaller	unit	bed	temperature.	This	can	be	accomplished	either	by	increased	spray	rate,	increased	air	temperature,	increased	airflow,	or	by	the



combination	of	these	variables	to	obtain	suitable	results.	Since	the	ratio	of	bed	depth	to	the	air	distributor	increases	with	the	size	of	the	equipment,	the	fluidization	air	velocity	is	kept	constant	by	increasing	the	air	volume.	In	the	past,	the	scale-up	was	carried	out	by	selecting	the	best	guess	process	parameters.	The	recent	trend	is	to	employ	the
factorial	and	modified	factorial	designs	and	search	methods.	These	statistically	designed	experimental	plans	can	generate	mathematical	relationships	between	the	independent	variables	such	as	process	factors	and	dependent	variables	such	as	product	properties.	This	approach	still	requires	an	effective	laboratory/pilot-scale	development	program	and
an	understanding	of	the	variables	that	affect	the	product	properties.	In	summary,	when	scaling	up,	the	following	processing	conditions	should	be	similar	to	the	pilot-scale	studies:	1.	Fluidization	velocity	of	the	process	air	through	the	system	2.	The	ratio	of	granulation	spray	rate	to	drying	capacity	of	fluidization	air	volume	3.	The	droplet	size	of	the
binder	spray	liquid	Each	of	these	values	must	be	calculated	based	on	the	results	of	the	operation	of	the	pilot	size	unit.	Pilot	size	equipment	studies	should	also	be	conducted	in	a	wide	range	to	determine	the	allowable	operating	range	for	the	process.	Matharu	and	Patel	[169]	presented	a	scale-up	case	study	where	a	low-dose	multiple-strength	product
(0.5–5%	w/w	active)	was	sprayed	granulated	and	scaled	up	from	a	pilot-scale	fluid	bed	processor	and	scaled	up	to	production	size	equipment.	Their	approach	was	based	on	matching	air	velocity	between	the	two	scales	of	operation.	The	impact	of	droplet	size	was	determined	by	varying	the	independent	parameters.	Based	on	their	study,	the	authors
have	suggested	an	equation,	which	takes	into	account	material	and	equipment	parameters.	Rambali	[170,171]	scaled	up	the	granulation	process	from	small	(5	kg)	to	medium	(30	kg)	to	large	(120	kg)	to	obtain	a	target	geometric	mean	granule	size	of	400	μm.	The	scaling-up	was	based	on	the	relative	droplet	size	and	the	powder	bed	moisture	content	at
the	end	of	the	spraying	cycle.	The	authors	found	that	the	effect	of	the	change	in	relative	droplet	size	on	the	granule	size	was	different	for	each	fluid	bed.	They	applied	an	experimental	design	on	the	small-	and	medium-scale	unit,	and	regression	models	for	the	346	Pharmaceutical	Granulation	Technology	granule	size	were	proposed	to	scale	up	the
granulation	process	on	the	small	to	medium	scale.	Using	only	the	relative	droplet	size,	authors	were	able	to	scale	up	the	process	to	the	larger	unit.	10.12	PROCESS	TROUBLESHOOTING	In	the	life	cycle	of	a	product,	troubleshooting	is	inevitable.	Over	the	years,	a	raw	material	vendor	may	stop	supplying	an	ingredient,	requiring	a	replacement.	A
producer	may	change	the	manu	facturing	process,	and	while	the	new	material	may	meet	the	specifications	on	their	certificate	of	analysis,	it	may	have	an	unexpected	and	adverse	impact	on	your	product	or	process.	A	material	for	exhaust	air	filters	may	be	discontinued	affecting	process	air	volume	performance.	Finding	a	new	fabric	and	identifying	a
test	that	will	quantify	its	equivalence	is	certainly	a	challenge,	and	the	list	goes	on.	With	all	of	this	in	mind,	when	does	process	troubleshooting	start?	When	does	a	production	batch	fail?	When	do	the	finished	product	attributes	begin	to	drift	toward	the	failure	limits?	When	did	the	process	and	equipment	parameters	begin	to	drift?	Or	does	it	start	during
formulation	development?	Process	troubleshooting	should	be	both	proactive	and	reactive.	A	product	that	is	formulated	well	and	a	process	that	has	a	broad	operating	window	and	is	well	characterized	will	be	easier	to	troubleshoot	once	the	inevitable	occurs.	The	goal	during	the	development	process	is	this:	for	a	well-designed	product,	the	raw	materials
and	process	variables	and	their	impact	on	critical	quality	attributes	(CQA)	are	generally	well	understood.	Applying	statistics,	via	the	design	of	experiments	(DoE),	will	quantify	the	impact	of	the	variables	and	the	robustness	of	a	product	and	its	process.	Continued	use	of	DoE	can	confirm	these	findings	during	scale-up	to	pilot	and	production	scale
equipment,	and	this	leads	to	the	establishment	of	operating	ranges	that	were	derived	experimentally	rather	than	arbitrarily	(e.g.,	applying	operational	qua	lification	[OQ]	limits).	10.12.1	METRICS:	GRANULE	PROPERTIES	AND	TABLETING	The	variables	in	fluidized	bed	processing	have	an	impact	on	granule	properties	such	as	particle	size
distribution	and	bulk	(and	tap)	density,	two	metrics	that	are	valuable	tools	in	product	and	process	understanding	as	well	as	in	retrospective	(or	reactive)	troubleshooting.	These	are	likely	to	impact	tablet	attributes	such	as	hardness,	friability,	disintegration,	and	possibly	dissolution	rate.	Unfortunately,	in	too	many	instances,	particle	size	distribution
(both	before	and	after	any	milling	or	sizing	step)	and	bulk	and	tap	densities	are	not	routinely	recorded	as	in-process	parameters	beyond	the	process	validation	activities.	They	may	be	taken	under	protocol	up	to	that	point,	but	to	avoid	the	potential	that	a	specification	may	eventually	be	required	(possibly	leading	to	granulation	batch	rejections	on	an
arbitrary	basis),	these	metrics	are	often	eliminated	from	the	batch	records	for	routine	production.	This	is	unfortunate.	If	a	production	batch	exhibits	failures	such	as	delamination	of	tablets	or	friability,	the	troubleshooter	must	work	from	the	tablet	press	backward.	Granulation	machine	parameters	may	give	insight	into	the	root	cause	and	the	prop-
erties	of	the	granules	themselves	will	likely	help	to	confirm	the	findings.	The	fluid	bed	spray	granulation	process	should	take	place	slowly	and	deliberately,	building	granules	to	the	desired	size	range	by	the	precise	control	of	CPPs.	A	subsequent	milling	step	should	not	substantively	alter	the	particle	size	distribution	of	the	dried	granulation.	It	should
merely	shift	the	small	fraction	(typically	less	than	5%)	of	oversized	granules	into	the	size	range	of	the	aggregate.	It	should	also	not	be	of	an	aggressive	type	of	milling	that	may	dramatically	affect	the	performance	of	the	granulation	on	a	tablet	press.	By	nature,	fluid	bed	granules	are	porous	and	friable	in	comparison	with	those	made	using	a	high	shear
granulator.	They	do	not	need	the	force	of	a	high	shear	mill	to	break	the	oversized	agglomerates.	A	high	shear	mill	may	do	a	considerable	amount	of	damage	to	the	granules,	causing	an	unnecessary	number	of	fines,	and	this	would	almost	certainly	impact	the	tableting	properties.	A	comparison	of	the	particle	size	distributions	taken	before	and	after	the
milling	step	will	expose	the	magnitude	of	the	impact	of	the	mill.	Fluid	Bed	Granulation	347	A	poorly	functioning	spray	nozzle	will	typically	cause	a	combination	of	fines	and	coarse,	dense	granules.	It	does	so	as	a	consequence	of	nonuniformity	of	droplets	–	the	majority	is	a	fine	mist,	but	there	is	likely	to	be	a	component	of	very	large	droplets	(exceeding
50	μm)	that	form	granules	with	nearly	liquid	centers	and	the	resulting	particle	size	distribution	may	be	bimodal.	The	consequent	dense	granules	will	result	in	nonuniformity	of	moisture	distribution	because	there	is	little	inter	stitial	porosity.	Internal	moisture	cannot	move	to	the	surface	for	evaporation.	The	surfaces	may	dry	and	“case	hardened”
making	it	all	the	more	likely	that	the	moisture	will	become	entrapped.	In	some	cases,	the	wet	granules	will	blind	the	screen	during	the	final	milling	step,	and	in	others,	the	mill	will	grind	them	finer	and	mask	their	existence.	In	either	case,	there	is	a	strong	possibility	that	their	presence	will	have	an	adverse	impact	on	tableting	properties.	It	may	seem
that	taking	the	moisture	content	of	granules	of	various	sizes	would	be	an	effective	metric	for	identifying	this	problem.	However,	by	the	time	the	batch	has	been	tableted,	the	moisture	will	be	equilibrated	in	the	re	maining	granulation	and	the	disparity	shadowed.	If	the	problem	is	seen	in	a	particular	granulation	batch,	moistures	should	be	taken	as	soon
as	the	batch	has	finished.	In	a	dried	granulation,	the	high	density	of	these	granules	may	be	revealed	in	the	particle	size	distribution	as	a	rogue	peak,	and	bulk	and	tap	density	numbers	for	the	aggregate	will	likely	increase.	10.12.2	PROACTIVE	TROUBLESHOOTING	–	DESIGN	OF	EXPERIMENTS	A	comment	often	heard	when	discussing	the	formulation
and	product	development	is	as	follows:	“DoE?	We	don’t	have	the	time	or	the	resources	to	do	it.”	A	consequence	is	that	all	too	often	a	product	that	is	successful	in	the	clinic	is	a	menace	on	the	manufacturing	floor.	When	used	ef 	fectively	in	small-scale	batches,	DoE	is	a	learning	tool	–	it	helps	identify	and	quantify	CPPs.	The	selected-response	variables
may	extend	well	beyond	the	CQAs,	sometimes	teaching	one	things	one	didn’t	expect.	At	the	pilot	scale,	successful	experimentation	in	a	broadened	domain	establishes	the	operating	limits	for	the	CPPs.	A	machine’s	operating	limits	are	too	often	selected	either	ar	bitrarily	or	simply	reflect	the	OQ	ranges	identified	during	the	equipment	qualification
stage	of	the	installation.	Unfortunately,	these	values	are	generated	from	the	data	taken	from	an	empty	machine,	and	this	will	almost	certainly	not	reflect	the	behavior	during	batch	processing.	Finally,	a	limited	number	of	early	production-scale	batches	should	confirm	the	results	of	the	pilot-scale	DoE.	Figure	10.21	shows	the	particle	size	distributions
for	a	series	of	batches	produced	on	a	pilot	scale	(220	L)	top	spray	fluidized	bed	granulator	for	a	domain	screening	study.	There	is	a	significant	response	within	the	selected	domain	for	the	parameters	being	evaluated.	Isolating	the	results	by	process	parameters,	the	responses	can	be	seen	individually	in	Figures	10.22–10.24.	In	Figure	10.22,	it	is
apparent	that	inlet	air	temperature	has	a	significant	impact	on	the	average	particle	size,	with	the	peak	shifting	from	250	μm	(60	mesh)	for	the	high	inlet	temperature	experiment	to	420	μm	(40	mesh)	for	the	low	value.	What	is	notable	is	that	the	size	distribution	is	very	narrow	–	in	each	batch,	more	than	50%	is	retained	on	one	screen.	It	also	profoundly
impacts	the	bulk	density	for	the	granulation	–	0.43	g/cc	and	0.52	g/cc,	a	20+%	difference.	This	commonly	has	a	considerable	influence	on	tableting	properties,	particularly	on	the	potential	for	delamination	and	tablet	friability	(commonly	seen	with	low-density	granulations).	In	Figure	10.23,	it	is	also	apparent	that	the	spray	rate	has	an	impact,	and	in
this	case,	the	domain	value	selected	as	“high”	was	too	high.	Resulting	granulation	was	coarse;	though	after	milling,	it	was	reasonable	in	particle	size	distribution.	However,	it	took	a	considerable	amount	of	time	for	the	sizing	step,	and	the	dif 	ference	before	and	after	milling	was	notable.	As	a	consequence,	the	domain	was	adjusted	and	the	high	value
for	spray	rate	was	lowered.	This	particular	batch	teaches	a	valuable	lesson	–	a	goal	of	DoE	is	to	quantify	the	impact	of	process	parameters	on	the	selected	response	variables.	To	gain	the	most	knowledge	about	the	robustness	of	a	product,	it	is	prudent	to	operate	within	a	broad	domain,	but	this	exposes	the	process	to	the	potential	that	a	batch	may	fail,
diminishing	the	power	of	the	DoE	to	an	extent.	For	this	reason,	it	is	suggested	that	the	first	batch	or	two	processed	for	348	FIGURE	10.21	Pharmaceutical	Granulation	Technology	Particle	Size	Distribution	for	a	Fluid	Bed	Spray	Granulation	DoE.	Source:	The	Glatt	Group.	FIGURE	10.22	Values).	The	Influence	of	Inlet	Air	Temperature	on	Particle	Size
and	Bulk	Density	(High	and	Low	Source:	The	Glatt	Group.	the	study	are	intentionally	(not	randomly)	selected	as	the	candidates	that	have	the	greatest	propensity	to	fail	–	the	extremes	of	the	DoE.	If	a	batch	“fails”	during	processing,	meaning	that	it	cannot	be	produced	successfully	or	dramatically	impacts	productivity	or	efficiency,	the	domain	should	be
revisited.	Complete	randomization	of	a	series	of	experiments	may	not	be	the	best	alternative	because	if	a	batch	produced	in	the	middle	of	the	study	is	a	disaster,	some	of	the	power	of	the	study	may	be	lost,	or	other	batches	may	need	to	be	added	(e.g.,	edge	points	in	a	center	composite	design).	As	the	figures	demonstrate,	there	is	a	notable	response
for	particle	size	distribution	and	bulk	density	within	the	tested	domain.	Interestingly,	all	batches	tableted	suc	cessfully	–	hardness,	friability,	disintegration,	and	dissolution	all	met	specifications.	The	product	and	process	are	robust.	What	is	also	interesting	is	that	the	DoE	revealed	something	unexpected	–	the	response	variables	need	not	be	limited	to
product	considerations.	A	fluidized	bed	spray	granulation	process	starts	with	raw	materials	that	are	small	in	particle	size.	The	outlet	air	filter	type	must	be	selected	with	care	to	assure	that	the	yield	and	potency	of	the	finished	product	will	be	acceptable.	Additionally,	from	a	productivity	perspective,	it	is	best	if	multiple	batches	can	be	Fluid	Bed
Granulation	FIGURE	10.23	Values).	349	The	Influence	of	Spray	Rate	on	Particle	Size	and	Bulk	Density	(Center	Point	and	High	Source:	The	Glatt	Group.	FIGURE	10.24	The	Influence	of	Atomizing	Air	Pressure	on	Particle	Size	and	Bulk	Density	(Center	Point	and	High	Values).	Source:	The	Glatt	Group.	produced	without	the	need	for	outlet	air	filter
cleanings.	The	need	to	remove,	replace,	and	clean	an	outlet	filter	after	every	batch	is	undesirable.	Operators	and	the	work	area	are	exposed	to	the	airborne	product,	and	the	time	for	the	exchange	impedes	productivity	and	increases	the	chances	of	damage	to	the	filter	because	of	excess	handling	and	washing.	In	this	series	of	experiments,	it	was	seen
that	outlet	filter	differential	pressure	was	strongly	related	to	the	moisture	of	the	product	during	the	spray	granulation	process.	Figure	10.26	shows	the	filter	pressure	response	for	the	first	few	minutes	of	processing.	Batch	“C”	(Figure	10.25)	shows	a	filter	pressure	peaking	at	500	mm,	and	at	this	pressure,	even	for	a	short	duration,	there	is	a	possibility
of	catastrophic	failure	(rupture	or	separation	of	the	filter	from	its	“D”	ring).	Partial	or	complete	loss	of	the	batch	is	a	possibility	and	should	be	avoided	if	at	all	possible.	A	process	air	volume	“ramp”	of	about	10	minutes	(rising	from	a	lower	value	initially	to	the	desired	high	airflow	rate	for	the	duration)	was	employed	to	eliminate	the	problem	at	the	front
end	of	the	process.	However,	batches	produced	with	low	in-process	moistures	during	spraying	resulted	in	filter	pressure	building	to	a	high	level	later	as	the	batch	progressed,	and	this	too	is	350	FIGURE	10.25	Pharmaceutical	Granulation	Technology	Filter	Differential	Pressure	and	Spray	Rate	for	Various	Batches.	Source:	The	Glatt	Group.	FIGURE
10.26	Historical	Trend	Display	Showing	Escalating	Outlet	Filter	Pressure	as	a	Consequence	of	lOw	In-process	Moisture	Content.	Source:	The	Glatt	Group.	undesirable.	High	spray	rates	kept	the	filter	pressure	low	from	beginning	to	end,	and	from	a	production	perspective,	this	is	far	more	attractive.	Multiple	batches	can	be	produced,	improving
operating	efficiency	and	keeping	operator	exposure	to	the	API	at	a	minimum.	Tracings	for	filter	differential	pressure	for	dry	and	wetter	batches	are	illustrated	in	Figures	10.26–10.27.	For	commercialization,	the	scale-up	(tech	services)	staff	can	select	from	a	variety	of	process	conditions.	However,	it	is	in	the	company’s	best	interest	to	select	a	process
that	yields	higher	inprocess	moisture	so	that	productivity	is	enhanced.	Both	the	shorter	process	time	and	the	opportunity	to	produce	many	batches	between	filter	washings	are	strongly	positive	findings	of	the	DoE	study.	10.12.3	REACTIVE	TROUBLE	SHOOTING:	ACQUIRED	DATA	TROUBLESHOOTING	TOOL	AS	A	PROCESS	A	significant	number	of
companies	continue	to	record	in-process	data	by	hand	(via	the	process	operators).	The	typical	recording	interval	depends	on	the	total	process	time,	but	in	general,	it	is	once	every	10–15	minutes.	Although	it	is	an	accurate	representation	of	the	process	when	the	Fluid	Bed	Granulation	351	FIGURE	10.27	Historical	Trend	Display	Showing	Outlet	Filter
Pressure	at	a	Low	and	Constant	Value	as	a	Consequence	of	Higher	In-process	Moisture	Content.	Source:	The	Glatt	Group.	operator	recorded	the	readings,	it	is	of	very	little	use	for	retrospective	troubleshooting.	A	fluid	bed	process	is	very	dynamic	and	the	“point	in	time”	numbers	do	not	reflect	the	intrinsic	and	rapid	oscillation	of	parameters	such	as
process	air	volume	and	product	and	filter	differential	pressure.	Additionally,	erratic	variability	in	the	spray	rate,	which	would	indicate	a	spray	nozzle	defect,	would	not	be	reflected	at	all	in	the	handwritten	data.	Electronically	acquired	data	is	superior	from	the	perspective	that	it	is	recorded	more	frequently.	The	typical	recording	interval	is	30–60
seconds,	and	as	such,	the	resolution	is	improved	by	a	factor	of	10×	to	30×.	It	is	also	not	sub	jective,	as	is	the	operator’s	collected	data.	The	increased	resolution	affords	the	possibility	that	the	root	cause	for	the	out	of	spec	batch	can	be	identified.	Figure	10.28	shows	a	tracing	for	spray	rate	in	which	the	erratic	peaks	and	troughs	are	an	indication	of	a
defective	spray	nozzle.	This	type	of	behavior	is	a	frequent	reason	for	poor	particle	size	distribution.	A	granulation	produced	under	these	conditions	may	exhibit	a	bimodal	particle	size	distribution	with	the	coarse	fraction	containing	higher	moisture	content	than	the	aggregate,	as	described	earlier.	The	benefit	of	historical	data	is	illustrated	in	Figure
10.28,	in	which	the	data	recording	rate	was	60	seconds.	However,	some	process	variables,	including	spray	rate,	react	much	more	quickly,	and	at	this	interval,	much	of	the	actual	behavior	is	lost.	By	contrast,	a	historical	trend	utility	in	some	control	FIGURE	10.28	Tracing	Showing	Erratic	Spray	Nozzle	Performance.	Source:	The	Glatt	Group.	352
Pharmaceutical	Granulation	Technology	systems	displays	data	in	one-second	interval,	a	60-fold	improvement	in	resolution.	In	a	recent	laboratory	trial,	a	spray	pump	defect	caused	a	one-	to	three-second	surge	or	lag	in	spray	rate.	After	processing	the	batch,	the	data	acquired	in	the	one-minute	interval	were	plotted	and	this	behavior	was	seen	only	a
few	times	in	the	hour-long	process,	and	the	amplitude	was	not	seen.	However,	on	the	historical	trend	screen,	the	defect	was	seen	more	than	30	times	and	the	surge	and	lag	amplitude	was	seen	to	be	as	much	as	50%	of	the	set	point.	Although	the	finished	product	did	not	exhibit	negative	consequences,	the	behavior	of	the	pump	was	unacceptable	and
requires	intervention	to	determine	and	repair	the	root	cause.	Resolution	is	“revelation,”	and	the	shorter	the	collection	interval,	the	more	effective	acquired	data	will	be	as	a	troubleshooting	tool.	The	previous	examples	show	the	effectiveness	of	using	acquired	data	as	a	reactive	trouble	shooting	tool.	When	minor	or	major	excursions	for	CPP	occur	or	a
batch	outright	fails,	beyond	inquiring	of	the	operators	to	sort	out	the	reasons,	it	is	often	the	most	independent	and	reliable	source	of	information.	It	can	confirm	or	refute	the	hypothesis.	It	may	seem	that	the	acquired	data	is	only	as	effective	as	a	troubleshooting	tool.	However,	it	is	extremely	valuable	for	process	under	standing	and	anticipating	a
problem	before	it	becomes	sufficiently	serious	that	a	batch	or	series	of	batches	is	lost.	As	such,	the	examination	of	the	data	for	ALL	batches	is	highly	recommended.	10.12.4	PROCESS	TROUBLE	SHOOTING	SUMMARY	Table	10.6	addresses	“frequently	asked	questions”	concerning	process	troubleshooting.	For	several	issues,	common	root	causes	are
listed.	There	are	approaches	to	problem-solving	proposed	as	well.	In	general,	the	fluidized	bed	spray	granulation	process	yields	CQA	via	a	selection	of	process	variables	that	methodically	and	intentionally	produce	the	granulation.	Some	form	of	trouble	shooting	is	inevitable	at	some	point	during	the	life	cycle	of	the	product.	However,	a	well-designed
formulation	and	process,	as	well	as	granule	metrics	and	instrumentation,	should	permit	a	sa	tisfactory	resolution	to	the	problems	commonly	encountered.	10.13	SAFETY	IN	FLUID	BED	For	an	explosion	to	occur,	three	conditions	must	exist:	an	ignition	source,	a	fuel,	and	oxygen.	With	an	explosion,	oxygen	reacts	with	the	fuel	releasing	heat	and	gases.
If	a	dust	explosion	occurs	in	free	space,	a	fireball	of	a	considerable	extent	arises.	If	the	dust	explosion	occurs	in	a	closed	container,	then	there	is	a	sudden	pressure	rise	that	is	mainly	decided	by	the	following	factors:	type	of	dust,	size	of	the	dust,	dust/oxygen	ratio,	turbulence,	precompression,	tem 	perature,	the	shape	of	the	container,	and	an	ignition
source.	In	a	container	without	pre	compression	and	with	organic	dust	of	sufficient	fineness,	the	pressure	inside	the	container	can	rise	to	over	10-bar	overpressure.	The	fluid	bed	process	handles	a	large	amount	of	air.	This	air	in	the	presence	of	fine	product	dust	poses	a	potential	for	an	explosion.	This	hazard	can	be	enhanced	when	using	flammable
solvents.	If	sufficient	ignition	energy	(static	charge)	is	introduced,	an	explosion	within	the	processor	can	take	place.	To	contain	these	dust	or	flammable	solvent-induced	explosions,	fluid	bed	processors	are	normally	constructed	to	withstand	the	overpressure	of	2.0	bars.	Two-bar	fluid	bed	units	are	provided	with	overpressure	relief	flaps,	to	release	the
pressure	as	soon	as	it	starts	to	build	up	inside	the	processor.	The	overpressure	relief	flaps	mounted	either	horizontally	or	vertically	(Figure	10.29)	are	designed	to	vent	the	pressure	buildup	as	low	as	0.06	bar.	The	two-bar	vented	design	shows	the	propagation	of	the	overpressure	the	relief	flaps	and	the	duct	leading	from	the	flaps	open	up	to	the	outside
of	the	building.	These	flaps	are	gasketed	and	sealed	so	normal	fluid	bed	operation	is	not	affected.	It	was	an	accepted	practice	to	have	a	production	unit	with	two-bar	pressure	shock	in	tegrity;	however,	the	cleaning	of	the	gasket	area	around	the	flaps	is	always	difficult	to	avoid	having	the	product	be	exposed	to	the	outside	during	as	a	result	of
overpressure,	a	suppression	system	is	used	to	contain	the	possible	overpressure	front	from	leaving	the	unit.	The	suppression	system	Fluid	Bed	Granulation	353	TABLE	10.6	Summary	of	Troubleshooting	Process	Challenges	Issue	The	Most	Likely	Root	Cause	1.	Poor	particle	size	distribution	(coarse,	wet	granules	mingled	Spray	nozzle	performance	with
acceptable	granules	and	fines)	Proposed	action	Before	the	processing	of	any	batch,	conduct	a	functional	test	of	the	spray	nozzle	to	assure	that	it	is	performing	correctly.	Poor	particle	size	control	and	nonuniform	distribution	of	moisture	is	most	commonly	the	fault	of	a	defective	spray	nozzle.	An	effective	spray	nozzle	cleaning/maintenance	and	testing
program	is	essential.	A	functional	check	of	the	spray	nozzle	at	the	anticipated	spray	rate	and	atomizing	air	pressure/volume	must	be	conducted	after	a	major	cleaning.	Replacement	of	the	nozzle	head	(port	and	air	cap	assembly)	between	batches	is	generally	sufficient	as	a	minor	clean	to	assure	proper	performance.	The	reason	for	this	is	that	the	O-
rings	and	sealing	from	which	the	defects	originate	are	in	the	nozzle	body	itself.	If	this	component	is	not	disturbed	between	batches,	it	is	highly	unlikely	that	the	nozzle	will	malfunction	during	a	subsequent	batch.	2.	Lumps/large	aggregates	Proposed	action	Coalescence	of	granules	–	transition	into	ball	growth	Transition	into	ball	growth	is	typically	seen
in	the	latter	stages	of	the	spraying	process.	Ball	growth	is	indicated	by	the	presence	of	a	considerable	number	of	very	large	lumps	comprising	granules,	not	starting	material.	The	resolution	of	the	problem	depends	on	discerning	its	onset.	The	progression	of	particle	size	growth	is	a	powder	to	nuclei	to	uniform	agglomerates.	As	granule	size	grows,
there	is	less	overall	surface	area	to	accumulate	the	spray	liquid.	The	velocity	and	pattern	density	also	decreases	and	there	is	a	tendency	for	the	material	in	proximity	to	the	spray	nozzle	to	be	overwetted.	The	excess	surface	moisture	results	in	the	coalescence	of	granules	and	eventually	ball	growth.	While	this	is	not	a	common	occurrence,	it	is
undesirable	and	should	be	mitigated.	This	can	be	done	either	by	an	increase	in	fluidization	air	volume	or	a	slight	decrease	in	spray	rate	at	the	time	the	ball	growth	would	usually	begin.	Because	the	resulting	“balls”	comprise	porous	agglomerates,	they	may	dry	reasonably	well.	However,	their	size	typically	leads	to	a	slower	moisture	loss	and
consolidation	at	the	base	of	the	product	container.	As	a	consequence,	they	are	not	seen	in	the	sample	port	and	final	moisture	cannot	include	their	contents.	After	milling,	it	is	not	uncommon	for	the	final	moisture	content	to	be	higher	than	that	taken	at	the	end	of	the	drying	process.	3.	Nonuniform	distribution	of	potent	Particle	size	incompatibility	–	API
and	excipients	insoluble	API	Proposed	action	The	root	cause	of	the	nonuniformity	must	be	identified.	A	particle	size	distribution	should	be	conducted,	and	the	assay	can	be	performed	on	the	various	fractions	(generally	up	to	6	sieve	sizes).	Often	the	cause	is	a	particle	size	incompatibility	between	the	API	and	the	granulation	excipients,	and	this	will	be
seen	as	super	potency	in	one	or	more	of	the	sieve	fractions.	The	purpose	of	a	binder	is	to	immobilize	the	API	in	a	matrix	with	the	other	materials.	A	relatively	rigid	granule	structure	at	the	end	of	drying	and	after	milling	is	essential.	Examination	of	the	Certificate	of	Analysis	for	the	API	should	reveal	the	particle	size	distribution,	but	(Continued)	354
Pharmaceutical	Granulation	Technology	TABLE	10.6	(Continued)	Issue	The	Most	Likely	Root	Cause	it	says	nothing	of	its	shape.	Needle-like	materials	are	problematic	in	that	a	particle	size	distribution	(using	sieve	analysis)	is	a	2D	test	for	a	3D	material.	Scanning	electron	microscopy	(SEM)	will	reveal	particle	shape	and	subjectively	the	size
distribution.	If	the	material	is	found	to	be	the	root	cause,	either	an	additional	step	to	bring	it	into	compatibility	with	the	excipients	will	be	needed	(e.g.,	milling)	or	the	specification	to	the	vendor	must	be	narrowed.	If	the	API	particle	size	is	very	small	but	the	material	is	cohesive,	small	soft	lumps	of	API	likely	remain	in	the	finished	granulation.	In
comparison	to	high-shear	granulation,	there	is	far	less	mechanical	stress	in	the	fluidized-bed	process.	If	the	API	is	added	as	a	dry	material	to	other	excipients	in	the	product	container,	it	is	suggested	that	it	be	comilled	with	one	of	the	excipients	before	its	addition	to	the	remaining	materials.	The	shear	of	the	pre-milling	process	would	be	sufficient	for
de-lumping	and	would	give	the	mixing	process	a	head	start.	It	is	common	practice	at	the	end	of	a	spray	granulation	process	to	shake	filter	fines	into	the	product	container.	If	this	layer	is	substantial	and	contains	principally	very	fine	material,	it	should	be	assayed	for	potency.	If	the	material	is	found	to	be	superpotent,	the	mechanicals	for	the	filter
system	must	be	checked.	In	alternating	shaking	types	of	processors,	often	a	gas-tight	flap	has	lost	its	ability	to	seal	completely	and	it	must	be	repaired.	A	consequence	is	that	there	is	still	air	flowing	past	it	during	shaking,	therefore	fines	cannot	be	released	from	the	stiffened	filter	fabric.	This	may	be	externally	manifested	by	a	comparatively	high	filter
differential	pressure	from	start	to	finish	in	the	process.	In	cartridge	filter	systems,	the	effect	is	similar	material	adhering	to	the	filter	material	cannot	be	released	by	the	compressed	air	pulse	while	fluidization	air	continues	through	the	cartridge.	The	release	is	only	possible	at	the	end	of	the	batch	when	fluidization	ceases.	If	this	is	an	issue	during
process	development	and	scale-up,	irrespective	of	the	type	of	filter	shaking,	it	may	be	possible	to	mitigate	by	trying	different	types	of	filter	materials.	In	any	case,	the	problem	should	be	addressed	and	solved	before	it	is	released	to	routine	production.	4.	Low	potency	of	potent	API	The	poor	initial	distribution	of	API,	demixing	of	API,	preferential
retention	of	API	Proposed	action	on	machine	surfaces	(expansion	chamber,	outlet	air	filter)	Any	residue	in	the	machine	tower	should	be	assayed	for	potency	and	checked	for	particle	size	and	distribution	to	ascertain	if	it	is	of	primary	size	or	wetted	agglomerates.	If	the	material	is	fine	and	dry,	it	may	have	demixed	due	to	the	electrostatic	charge.	This
can	potentially	occur	during	vacuum	charging,	or	during	a	product	warm-up	step	before	spraying	if	the	temperature	is	high	or	the	step	exceeds	1–2	min.	In	both	cases,	the	fluidization	air	is	dry,	and	the	environment	is	fertile	for	an	electrostatic	charge.	If	there	is	considerable	residue	and	it	is	superpotent,	the	process	can	be	adjusted	such	that
fluidization	forces	the	granular	product	into	the	upper	reaches	of	the	expansion	chamber	and	the	outlet	air	filter	to	“sand”	the	residue	from	these	surfaces	(during	the	middle	and	later	stages	of	spraying).	If	the	filter	material	that	has	been	used	to	produce	the	product	is	no	longer	available,	a	replacement	must	be	found.	It	should	be	noted	that	there	is
no	standardized	test	for	determining	either	porosity	(the	size	of	particle	that	can	be	retained)	or	permeability	(quantity	of	airflow	per	unit	time	at	a	given	pressure	difference	across	the	fabric).	Essentially,	one	must	rely	on	performance	with	the	product	for	which	it	is	intended	to	be	used.	A	production	batch	(one	or	more)	(Continued)	Fluid	Bed
Granulation	355	TABLE	10.6	(Continued)	Issue	The	Most	Likely	Root	Cause	must	be	earmarked	as	“experimental”	and	processed	using	the	current	recipe.	If	the	filter	differential	pressure	is	lower,	there	is	some	risk	that	the	yield	will	also	be	less.	There	is	also	the	potential	for	the	API	to	be	lost	if	it	is	small	in	particle	size.	If	this	is	the	case,	yet	another
type	of	fabric	should	be	tested—the	fabric	should	not	dictate	process	conditions	but	must	be	selected	to	serve	the	product	and	process.	5.	Poor	process	air	temperature	Operation	of	the	machine	at	too	close	to	the	qualified	lower	limit	for	temperature	control	at	low	process	air	volume	and	airflow	settings	Proposed	action	This	is	an	unfortunate
characteristic	when	the	process	starts	at	low	air	volume	and	temperature.	The	airflow	sensor	accuracy	is	diminished	at	low	air	flows,	and	the	ability	of	an	air	handler	to	control	a	low	temperature	at	low	airflow	is	an	extreme	challenge	and	should	be	avoided	if	possible.	A	higher	air	volume	is	recommended	even	if	it	results	in	material	being	captured	in
the	outlet	air	filter.	If	the	filter	system	functions	correctly,	these	fines	will	be	returned	regularly	to	be	exposed	to	the	spray	liquid,	ultimately	becoming	agglomerates.	Evidence	of	this	is	a	steady	decay	in	filter	differential	pressure	during	spraying.	6.	Bed	stalling	(in	regions	of	the	High	in-process	and	end-spray	moisture	content.	product	container)
Proposed	action	Experimentation	to	determine	the	operating	domain	(design	space)	should	identify	an	in-process	moisture	profile	that	reaches	a	failure	limit.	If	this	is	done	and	inprocess	testing	includes	sampling	for	moisture,	bed	stalling	would	then	be	seen	as	a	consequence	of	a	breach	of	this	moisture	“threshold.”	A	common	cause	for	a	sudden
shift	from	success	to	failure	in	routine	production	is	the	calibration	of	the	process	air	volume	sensor.	Many	fluidized-bed	spray	granulations,	particularly	those	with	insoluble	raw	materials,	have	spraying	conditions	in	which	the	air	leaving	the	machine	tower	is	saturated	with	moisture.	The	liquid	spray	rate	slightly	exceeds	the	drying	capacity	of	the
process	air;	therefore,	the	bed	builds	in	moisture.	Routine	(quarterly	or	semiannual)	machine	calibration	always	includes	the	process	air	volume	sensor,	and	of	all	of	the	instruments	on	a	fluid	bed	processor,	this	is	the	most	difficult	to	calibrate.	Some	companies	conduct	point	checks	in	which	the	instrument	and	its	transmitter	are	calibrated	while
disconnected.	Others	employ	a	loop	check	in	which	the	testing	instruments	are	installed	in	tandem	with	the	sensor	connected	in	the	loop	or	a	second	instrument	is	used	in	the	ductwork	to	independently	confirm	the	accuracy	of	the	machineindicated	value.	In	either	case,	if	a	change	is	made	to	the	sensor,	the	user	of	the	processor	will	not	likely	see	the
impact	in	any	of	the	readings.	For	example,	assume	that	calibration	found	the	air	volume	sensor	to	be	indicating	a	reading	that	is	5%	higher	than	the	actual.	When	it	is	corrected,	the	first	batch-processed	may	be	found	to	have	in-process	and	end-spray	moisture	contents	that	are	higher	than	usually	seen.	All	of	the	operator	interface	terminal	(OIT)
indicated	process	parameters	are	the	same	as	usual,	but	the	batch	outcome	is	different.	The	problem	rests	with	the	air	volume	sensor	(its	changed	transmitter).	If	the	process	operates	at	saturation,	the	inlet	and	product	temperature	will	not	change	–	it	represents	the	condition	for	each	cubic	meter	or	cubic	foot	of	air	entering	and	leaving	the	batch	(at
saturation).	A	sensor	found	to	be	off	by	5%	will	mean	that	less	water	is	being	evaporated	per	unit	time,	therefore	the	bed	is	gaining	moisture	more	quickly.	If	(Continued)	356	Pharmaceutical	Granulation	Technology	TABLE	10.6	(Continued)	Issue	The	Most	Likely	Root	Cause	moisture	gain	is	sufficiently	rapid,	the	ball	growth	or	bed	stalling	threshold
may	be	reached,	and	the	batch	will	be	at	risk.	It	is	strongly	suggested	that	all	calibration	data,	especially	involving	changes	to	any	instrument	be	discussed	with	the	equipment	users	so	that	the	impact	of	these	types	of	issues	can	be	anticipated	and	are	no	“surprises.”	Abbreviation·.	API,	active	pharmaceutical	ingredient.	consists	of	low-pressure
sensors	located	within	the	processor.	These	sensors	are	designed	to	trigger	a	series	of	fire	extinguishers	(containing	ammonium	phosphate),	as	soon	as	a	preset	level	(gen	erally	0.1	bar)	of	pressure	is	set	within	the	processor	(Figure	10.30).	To	contain	any	overpressure	10	or	12	bar	units	are	available.	They	have	a	quick-acting	valve,	so	when	and	if
overpressure	occurs	in	the	unit,	the	quick-acting	valve	located	in	the	inlet,	as	well	as	exhaust	ducts,	acts,	and	the	pressure	front	is	contained	within	the	unit	because	the	units	are	de	signed	to	withstand	overpressure	of	up	to	12	bar.	Figure	10.31	shows	the	quick-acting	valves	and	Figure	10.32	shows	a	12-bar	non-vented	dome	above	the	filter	housing
and	a	2-bar	vented	area	above	the	filter	housing	showing	explosion	relief	panel.	With	the	introduction	of	potent	and	costly	drug	substances,	the	2-bar	design	is	being	replaced	with	10-	or	12-bar	designs	Figure	10.31	shows	the	Ventex-ESI	and	quick-acting	valves	for	passive	control	of	the	overpressure	front.	Figure	10.32	shows	the	2-	bar	as	well	as	a
12-bar	unit.	Most	of	the	pharmaceutical	dust	explosions	studied	[172]	show	the	overpressure	reaching	9	bars	with	a	Kst	value	(constant	of	explosion	speed)	of	200.	An	overpressure	in	a	10-	or	12-bar	unit	is	contained	within	the	unit.	A	10-	to	a	12-bar	designed	unit	does	not	require	any	explosion	relief	panels	or	gaskets.	This	eliminates	the	concerns
about	the	cleaning	of	the	gaskets	and	flaps.	Another	ad	vantage	of	a	10-	to	12-bar	unit	is	that,	in	case	of	explosion,	the	processor	containing	potent	drug	substance	is	contained	inside	the	unit	and	the	explosion	does	not	pose	an	environmental	problem	as	with	the	2.0-bar	unit.	Figure	10.33	shows	the	overpressure	valve	in	action.	The	deflagration	valve
such	as	Ventex-ESI	requires	less	maintenance	than	the	active	valve	pre	viously	used	in	the	industry.	An	explosion	force	(pressure	wave)	moving	ahead	of	the	flame	front	hurls	the	poppet	forward	to	the	valve	seat	providing	an	airtight	seal.	The	poppet	once	seated	is	locked	in	by	a	mechanical	shutoff	device,	which	retains	the	seal	until	manually	reset.
The	three	basic	FIGURE	10.29	A	Two-Bar	Unit	Overpressure	Relief	Panels	Showing	Vertical	Relief	and	a	Side	Relief.	Fluid	Bed	Granulation	357	FIGURE	10.30	FIGURE	10.31	Overpressure	Suppression	System.	(a)	Ventex	SEI	Valve	(Deflagration	Valve)	and	(b)	Quick	Action	Stop	Valve.	Source:	The	Glatt	group.	FIGURE	10.32	12-Bar	Non-Vented	Dome
Above	the	Filter	Housing	and	a	2-Bar	Vented	Area	Above	the	Filter	Housing	Showing	Explosion	Relief	Panels.	Source:	The	Glatt	Group.	358	FIGURE	10.33	Pharmaceutical	Granulation	Technology	Explosion	Protection	Valve	in	Action.	Source:	The	Glatt	Group.	versions	of	the	standard	mechanical	Ventex	valve	are	available	with	a	set	pressure	of	1.5	psi
and	a	maximum	pressure	of	150	psi.	The	Ventex-ESI	valve	closes	by	the	explosion	pressure	wave,	without	external	power	for	horizontal	or	vertical	operation.	Figure	10.33	shows	how	the	Ventex	valve	closes.	The	pressure	wave	of	an	explosion	pushes	the	closing	device	against	a	seal.	When	closed,	the	valve	is	locked	and	effectively	prevents	the	spread
of	flames	and	pressure	waves.	The	actual	position	of	the	valve	is	shown	by	a	position	indicator	and	can	be	transferred	to	a	control	unit	via	a	switch.	In	the	case	of	granulation	requiring	flammable	solvents,	process	air,	and	nozzle,	atomization	air	is	replaced	by	an	inert	gas	such	as	nitrogen,	and	the	system	is	designed	as	a	closed	cycle	with	the	solvent
recovery	capability	[173].	Several	approaches	can	be	taken	to	handle	solvent	from	the	process.	Table	10.7	summarizes	various	methods	for	solvent	emission	control	systems.	Kulling	and	Simon	[18]	reported	the	closed-loop	system	shown	in	Figure	10.34.	The	inert	gas	(generally	nitrogen)	used	for	fluidization	circulates	continuously.	An	adjustable
volume	of	gas	is	diverted	through	the	bypassed	duct	where	solvent	vapors	are	condensed,	and	solvent	collected.	The	circulating	gas	passes	through	the	heat	exchanger	to	maintain	the	temperature	necessary	for	the	evaporation	of	the	solvent	from	the	product	bed.	During	the	agglomeration	and	subsequent	drying	process,	the	solvent	load	in	the	gas
stream	does	vary.	The	bypass	valve	controls	the	flow	of	the	gas	to	the	heat	exchanger	and	the	condenser.	By	controlling	the	gas	stream	in	this	manner,	the	drying	action	is	continued	until	the	desired	level	of	drying	is	reached.	Even	though	the	cost	of	the	fluid	bed	processor	with	the	solvent	recovery	is	generally	double	the	cost	of	a	regular	single	pass
fluid	bed	processor,	such	a	system	offers	effective	measures	for	both	explosion	hazard	reduction	and	air	pollution	control.	In	1994,	the	European	parliament	issued	ATEX	directive	[174]	on	the	approximation	of	the	laws	of	the	Member	States	concerning	equipment	and	protective	systems	intended	for	use	in	potentially	explosive	atmospheres.	As	of	July
2006,	organizations	in	the	EU	must	follow	the	directives	to	protect	employees	from	explosion	risk	in	areas	with	explosive	atmospheres.	There	are	TABLE	10.7	Comparison	of	Different	Solvent	Emission	Control	Systems	Considerations	Water	Scrubbing	Catalytic	Burning	Carbon	Absorption	Condensation	System	Open	cycle	Open	cycle	Open	cycle	Open
cycle	with	N2	Capital	cost	Energy	requirement	High	High	Low	Low	Moderate	Low	Installation	External	External	External	Internal	Space	required	Flexibility	Medium	Medium	High	Medium	Moderate	Low	Small	Good	Waste	treatment	Required	CO2/H2O	emission	treatment	Required	Concentrated	Fluid	Bed	Granulation	FIGURE	10.34	359	Schematic
of	a	Closed-Loop	Fluid	Bed	Processor	with	Solvent	Recovery.	two	ATEX	directives	(one	for	the	manufacturer	and	one	for	the	user	of	the	equipment):	The	directive	was	updated	in	2014.	The	ATEX	Directive	2014/34/EU	covers	equipment	and	protective	systems	intended	for	use	in	potentially	explosive	atmospheres.	The	directive	defines	the	essential
health	and	safety	require	ments	and	conformity	assessment	procedures,	to	be	applied	before	products	are	placed	on	the	EU	market.	It	is	aligned	with	the	new	legislative	framework	policy,	and	it	is	applicable	from	April	20,	2016,	replacing	the	previous	Directive	94/9/EC	[175].	ATEX	gets	its	name	from	the	French	title	of	the	2014/34/EU	directive:
Appareils	destinés	à	être	utilisés	en	ATmosphères	EXplosibles.	Employers	must	classify	areas	where	hazardous	explosive	atmospheres	may	occur	into	zones.	The	classification	is	given	to	a	particular	zone,	and	its	size	and	location	depend	on	the	likelihood	of	an	explosive	atmosphere	occurring	and	its	persistence	if	it	does.	Areas	classified	into	zones	(0,
1,	2	for	gas-vapor-mist	and	20,	21,	22	for	dust)	must	be	protected	from	effective	sources	of	ignition.	Equipment	and	protective	systems	intended	to	be	used	in	zoned	areas	must	meet	the	requirements	of	the	directive.	Zones	0	and	20	require	category	1	marked	equipment;	zones	1	and	21	required	category	2	marked	equipment;	and	zones	2	and	22
required	category	3	marked	equipment.	Zones	0	and	20	are	the	zones	with	the	highest	risk	of	an	explosive	atmosphere	being	present.	All	manu	facturers	of	fluid	bed	processors	in	Europe	must	comply	with	this	directive.	Similar	requirements	for	safety	guidelines	are	implemented	by	the	Occupational	Safety	and	Health	Administration	(OSHA)	in	the
United	States.	10.14	MATERIAL	HANDLING	OPTIONS	The	transfer	of	materials	to	and	from	the	fluid	bed	processor	is	an	important	consideration.	The	loading	and	unloading	of	the	processing	bowl	can	be	accomplished	by	manual	mode	or	by	au	tomated	methods.	360	Pharmaceutical	Granulation	Technology	10.14.1	LOADING	The	traditional	method
for	loading	the	unit	is	by	removing	the	product	bowl	from	the	unit,	charging	the	material	into	the	bowl,	and	then	placing	the	bowl	back	into	the	unit.	This	loading	is	simple	and	cost-effective.	Unfortunately,	it	has	the	potential	of	exposing	the	operators	to	the	product	and	contaminating	the	working	area.	To	avoid	the	product	being	a	dust	and	cleaning
hazard,	a	dust	collection	system	should	be	installed	to	collect	the	dust	before	it	spreads.	A	manual	process	also	depends	on	the	batch	size	and	the	operator’s	physical	ability	to	handle	the	material	and	the	con	tainer	full	of	product.	Furthermore,	this	can	be	time-consuming	since	the	material	must	be	added	to	the	product	container,	one	material	at	a
time.	The	loading	process	can	be	automated	and	isolated	to	avoid	worker	exposure,	minimize	dust	generation,	and	reduce	loading	time.	There	are	two	main	types	of	loading	systems.	These	systems	are	similar	because	both	use	the	fluid	bed’s	capability	to	create	a	vacuum	inside	the	unit.	Here	the	product	enters	the	fluid	bed	through	a	product	in-feed
port	on	the	side	of	the	operating	unit.	This	is	done	by	having	the	fan	running	and	the	inlet	air	control	flap	set	so	that	minimum	airflow	may	pass	through	the	product	container	and	the	outlet	flap	is	almost	fully	open.	Typically,	raw	materials	to	be	granulated	or	when	the	high	shear	granulated	material	for	drying	needs	to	be	charged	into	the	fluid	bed
this	approach	helps	(Figure	10.35).	Once	the	material	has	been	charged	to	the	fluid	bed,	the	product	in-feed	valve	is	closed,	and	either	drying	or	the	granulating	process	started.	This	transfer	method	uses	some	amount	of	air	to	help	the	material	move	through	the	tube.	Loading	can	be	done	either	vertically	from	an	overhead	bin,	or	the	ground.	Less	air
is	required	through	the	transfer	pipe	when	the	material	is	transferred	vertically	because	gravity	is	working	to	help	the	process.	Vertical	transfer	methods	do	require	greater	available	height	in	the	process	area.	Loading	by	this	method	has	the	advantages	of	limited	operator	exposure	to	the	product	and	allows	the	product	to	be	fluidized	as	it	enters	the
processor.	This	method	also	reduces	the	loading	time.	The	disadvantage	of	this	type	of	system	is	the	cleaning	required	between	different	products	since	a	number	of	transfer	sources	have	to	be	cleaned.	10.14.2	UNLOADING	As	with	loading,	the	standard	method	for	unloading	is	by	removing	the	product	bowl	from	the	unit.	Once	the	bowl	is	removed,
the	operator	may	scoop	the	material	from	the	bowl,	which	is	the	most	time	consuming	and	impractical	method,	because	of	its	potential	for	exposure	to	the	product.	Alternatively,	the	product	can	be	vacuum-transferred	to	a	secondary	container	or	unloaded	by	placing	the	product	bowl	into	a	bowl	dumping	device	as	shown	in	Figure	10.36a,	b.	This
hydraulic	device	is	installed	in	the	processing	area.	The	mobile	product	container	of	the	fluid	bed	processor	is	pushed	under	the	cone	of	the	bowl	dumper	and	coupled	together	by	engaging	the	toggle	locks.	Subsequently,	the	container	is	lifted	hydraulically,	pivoted	around	the	lifting	column,	and	rotated	180°	for	discharging.	The	use	of	the	bowl
dumping	device	or	vacuum	un	loading	device	still	requires	that	the	product	bowl	be	removed	from	the	unit.	There	are	contained	and	automated	methods	for	unloading	the	product	while	the	product	bowl	is	still	in	the	fluid	bed	processor.	The	product	may	either	be	unloaded	out	of	the	bottom	of	the	product	container	or	from	the	side.	Until	recently,	the
most	common	contained	method	is	to	unload	the	material	from	the	bottom	of	the	unit.	This	requires	the	ceiling	height	high	enough	to	accommodate	or	the	installation	becomes	a	multistoried	installation.	There	are	two	types	of	bottom	discharge	options:	gravity	or	pneumatic	gravity	discharge	(Figure	10.37)	allows	for	the	collection	of	the	product	into
the	container,	which	is	located	below	the	lower	plenum.	If	the	overall	ceiling	height	limitation	prevents	from	having	the	discharge	by	gravity,	the	gravity/pneumatic	transfer	combination	can	be	considered.	The	gravity	discharge	poses	Fluid	Bed	Granulation	FIGURE	10.35	361	Ingredients	from	Integrated	Bulk	Container	(IBC)	Being	Transferred	to
Fluid	Bed.	Source:	Courtesy	IMA	S.p.A,	Italy.	cleaning	problems	since	the	process	air	and	the	product	discharge	follow	the	same	path;	assurance	of	cleanliness	is	always	of	prime	concern.	The	desire	to	limit	the	processing	area	and	development	of	the	overlap	gill	air	distributor	mentioned	earlier	in	the	chapter	has	prompted	the	consideration	of	the
side	discharge	as	an	option.	The	product	bowl	is	fitted	with	the	discharge	gate,	as	shown	in	Figure	10.38a,	b.	Most	of	the	product	being	free-flowing	granules	flows	through	the	side	discharge	into	a	con	tainer.	The	remainder	of	the	product	is	then	discharged	by	manipulation	of	the	airflow	through	the	overlap	gill	air	distributor.	The	discharged	product
can	be	pneumatically	transported	to	an	over	head	bin	if	the	dry	milling	of	the	granulation	is	desired.	The	contained	system	for	unloading	the	product	helps	to	isolate	the	operator	from	the	product.	The	isolation	feature	also	prevents	the	product	from	being	contaminated	from	being	exposed	to	the	working	environment.	Material	handling	consideration
must	be	thought	of,	early	in	the	equipment	procurement	process.	Fluid	bed	processing,	whether	used	as	an	integral	part	of	high-shear	mixer/fluid	bed	dryer	or	as	a	granulating	equipment	option,	production	efficiency,	and	eventual	automation,	can	be	enhanced	by	considering	these	loading	and	unloading	options.	10.15	OPTIMIZATION	OF	FLUID	BED
GRANULATION	PROCESS	Fluid	bed	granulation	is	a	multivariable	process.	Numerous	parameters	affect	process	optimization.	The	designed	space	approach	to	optimize	the	granulation	process	is	used	for	some	time	in	the	industry.	To	establish	a	design	space,	a	range	of	process	parameter	settings	that	have	been	de	monstrated	to	provide	the
predetermined	and	defined	end-product	quality	must	be	established.	It	is	a	multidimensional	combination	and	interaction	of	input	variables	and	process	parameters,	which	can	be	varied	within	the	design	space	but	still	provide	assurance	of	quality	[176].	362	Pharmaceutical	Granulation	Technology	FIGURE	10.36	(a)	Product	Discharge	System.	(b)
Inverted	Product	Container	with	a	Cone	Mounted	on	Top	for	In-line	Milling.	Source:	GEA	Pharma	System.	Applying	and	understanding	the	critical	process	parameters	during	the	process	and	targeting	the	desired	properties	of	the	granules	such	as	size	distribution,	flowability,	bulk	density,	tapped	density,	Carr’s	index,	Hausner’s	ratio,	and	moisture
content,	helps	to	optimize	the	granulation	process.	Type	of	diluent,	binder	concentration,	the	temperature	during	mixing,	granulation,	and	drying,	spray	rate,	and	atomization	pressure	are	some	of	the	critical	formulation	and	process	parameters.	Design	space	for	process	parameters	such	as	atomization	pressure	and	compression	force	and	its
influence	on	tablet	characteristics	can	be	evaluated	[177].	A	quality	by	design	(QbD)	strategy	to	optimize	the	fluid	bed	granulation	was	successfully	implemented	with	process	analytical	tools	by	Lourenco	et	al.	[178].	Variability	of	the	excipients	from	batch	to	batch	poses	challenges	to	optimize	the	granulation	process.	Gavan	et	al.	[179]	demonstrated
that	the	fluid	bed	granulation	can	be	adapted	through	accurate	control	of	critical	process	parameters	(CPPs)	to	eliminate	the	variability	brought	by	possible	API	or	excipient	changes.	Therefore,	assuring	consistent	end-product	quality	and	maintaining	its	characteristics	within	the	Quality	Target	Product	Profile	(QTPP)	is	possible	with	constant
monitoring	of	the	manufacturing	process.	The	micro	NIR	spectrometer	was	successfully	used	as	a	robust	PAT	monitoring	tool	that	offered	a	real-time	overview	of	the	moisture	level	and	allowed	the	supervision	and	control	of	the	granulation	process.	Merkuu	et	al.	[180]	examined	the	effect	of	process	conditions,	such	as	the	inlet	air	temperature,
atomizing	air	pressure,	and	the	amount	of	binder	solution	in	the	fluidized	bed	granulation	process.	Huolong	Liu	et	al.	optimized	the	online	granulation	process	by	de	veloping	a	multi-scale	Three	Stage	Population	Model	(TSPBM)	to	describe	the	granule	size	distribution	evolution	of	each	stage	of	the	top-spray	fluidized	bed	granulation	process.	Based	on
the	developed	model,	an	online	optimization	strategy	is	proposed	to	improve	the	granule	size	distribution	prediction	of	top-spray	fluidized	bed	granulation,	which	utilized	an	improved	dif 	ferential	evolution	(DE)	algorithm	to	solve	the	optimization	problem	[172].	Otsuka	et	al.	in	vestigated	the	most	important	variables	in	the	process	of	manufacturing
granules	by	applying	the	principal	component	analysis	(PCA)	method	[181].	The	authors	performed	PCA	for	Acetaminophen	granulation	against	13	physicochemical	properties.	As	a	result,	the	pressure	transmission	ratio,	die	wall	force,	and	Carr’s	flowability	index	was	found	to	be	crucial	variables	for	manufacturing	tablets.	The	results	were	verified	by
multiple	regression	analysis	and	the	optimized	operational	conditions	produced	the	desired	granules.	Fluid	Bed	Granulation	FIGURE	10.37	363	Loading	and	Unloading	Setup	with	Bottom	Discharge	in	an	Integrated	System.	Source:	Courtesy	of	the	Freund	Vector	Corporation.	FIGURE	10.38	(a)	Side	Discharge	Glatt.	(b)	Side	Discharge.	Source:	The
Glatt	Group	(a);	GEA	Pharma	Systems	(b).	The	procedure	of	principal	component	analysis	(PCA)	was	published	by	Karl	Pearson	in	1901.	PCA	aims	at	reducing	plenty	of	observed	variables	to	a	small	number	of	latent	variables.	The	latent	variables	are	called	factors	or	principal	components.	Principle	component	analysis	is	a	method	of	reducing	the
dimensionality	of	a	data	set	that	contains	a	large	number	of	interrelated	variables	while	retaining	the	variation	present	in	the	data	set.	This	is	achieved	by	transforming	to	a	new	set	364	Pharmaceutical	Granulation	Technology	of	variables,	called	principal	components,	which	are	uncorrelated,	and	which	are	ordered	so	that	the	first	few	retain	most	of
the	variations	present	in	all	of	the	original	variables	[182].	The	ap	plication	of	artificial	neural	networks	is	a	new	dimension	in	the	formulation	of	drugs	because	of	the	unique	advantages	such	as	nonlinearity,	the	ability	of	modeling	and	optimization	with	a	small	set	of	experiments.	ANNs	are	not	programed,	they	learn	from	the	presented	solved
problems.	Using	different	algorithms	for	learning,	they	recognize	the	relationships	and	patterns	within	the	data	presented	to	them	and	thus	acquire	the	ability	to	predict	responses	to	new	experimental	conditions.	10.16	FLUID	BED	TECHNOLOGY	DEVELOPMENTS	Parikh	[183]	has	presented	a	review	of	all	of	the	fluid	bed	equipment	developments.
Among	various	advances,	the	development	of	production	units	that	can	withstand	more	than	12-bar	pressure	shock	resistance	is	very	significant.	These	units	do	not	require	a	pressure	relief	duct	and	associated	cleaning	problems.	Units	are	now	equipped	with	the	air	handler	that	can	provide	de	signated	humidity	and	dew	point	air,	throughout	the	year
and	at	any	geographical	location.	The	fluid	bed	cleaning	in	place	(CIP)	became	a	reality	with	the	introduction	of	the	overlap	gill	air	distributors	and	the	stainless-steel	cartridge	filters	described	earlier	in	this	chapter.	The	positioning	of	the	nozzles	for	granulation	is	one	of	the	major	areas	that	most	of	the	sup	pliers	of	fluid	bed	systems	have	improved
by	placing	the	nozzle	in	the	air	distributors	or	tangential	position	as	shown	in	Figures	10.8	and	10.9,	claiming	advantages	such	as	no	mechanical	adjustment	is	necessary	to	switch	between	using	the	equipment	as	a	dryer,	a	granulator	or	a	coater,	ease	of	nozzle	removal,	and	having	a	three-component	nozzle,	and	avoid	nozzle	“bearding”	problems,
which	may	occur	when	the	nozzle	is	spraying	from	the	top.	Glatt	has	recently	introduced	a	compact	unit	called	Twin	Pro®	that	is	a	combination	of	a	highshear	mixer	and	fluid	bed	(see	Figure	10.39).	This	seems	to	be	a	major	advance	in	an	integrated	system	approach.	The	Air	Connect™	from	GEA	(Figure	10.40)	is	the	newer	design	fluid	bed	processor
for	smallscale	research	and	production	applications	(from	100	g	up	to	more	than	10	kg).	Suitable	for	granulation,	drying,	and	coating.	10.17	BOTTOM	SPRAY	The	coating	of	the	particles	is	carried	out	most	frequently	using	the	Wurster	column	(Figure	10.41a,	b).	The	Wurster	process	is	the	most	popular	method	for	coating	particles.	The	Wurster-based
coating	process	does	not	contain	any	fluid	bed	regions	in	the	traditional	sense,	as	it	is	a	circulating	fluid	bed	process.	Four	different	regions	within	the	equipment	can	be	identified:	the	up-bed	region,	the	expansion	chamber,	the	down	bed	region,	and	the	horizontal	transport	region.	The	coating	process	consists	of	three	phases:	the	start-up	phase,	the
coating	phase,	and	the	drying	and	cooling	phase.	During	the	coating	phase,	several	processes	take	place	simultaneously.	They	are	as	fol	lows:	the	atomization	of	the	coating	solution	or	suspension,	transport	of	the	atomized	droplets	of	the	coating	solution	to	the	substrate,	and	the	drying	of	the	film.	Even	though	particle	coating	with	a	bottom	spray	is
preferred,	a	number	of	products	have	been	coated	using	the	top	spray	in	the	fluid	bed.	Recently,	Ehlers	and	coworkers	[184]	coated	ibuprofen	powder	particles	with	HPMC	using	a	top	spray	without	agglomerating	powders.	Bottom	spray	coating	(Figure	10.41a)	is	also	used	for	agglomeration	as	well	as	particle	coating	as	it	was	developed	originally.	As
seen	earlier	in	this	chapter,	by	placing	the	nozzles	tangentially,	most	of	the	manufacturers	have	improved	the	operational	difficulties	encountered	when	nozzle	plugging	required	that	the	process	be	stopped	to	pull	the	nozzle	during	the	coating	process.	By	placement	of	nozzles	tangentially,	some	manufacturers	claim	that	separate	modules	to	carry	out
agglomeration,	coating,	and	drying	will	not	be	needed.	Of	the	modification	of	the	basic	Wurster	Technique,	a	column	within	column	(HS	collar)	was	introduced	by	Glatt	to	minimize	Fluid	Bed	Granulation	FIGURE	10.39	365	Twin	Pro®-	Combination	of	High	Shear	and	a	Fluid	Bed	All	in	One.	Source:	The	Glatt	Group.	agglomeration	during	coating	and
enabling	a	higher	spraying	rate.	Further	modification	of	the	Wurster	was	introduced	by	GEA	Pharma	systems	as	a	coating	as	well	as	bottom	spray	granulating	technique	with	an	introduction	of	Precision	Coater®	as	shown	in	Figure	10.41b.	Researchers	have	discussed	the	incorporation	of	microwaves	in	the	laboratory	fluid	bed	pro	cessor	[185,186].
Fluid	bed	process	using	organic	solvent	requires	inert	gas	such	as	nitrogen	to	replace	the	air	used	for	fluidization	as	discussed	earlier	in	the	chapter.	It	is	accompanied	by	the	solvent	recovery	system.	10.18	ROTARY	INSERTS	The	other	advance	of	significance	is	the	development	of	a	rotary	fluid	bed,	for	producing	denser	granulation.	Modules	were
introduced	by	various	manufacturers	and	the	technology	is	discussed	below.	The	1972	patent	[187]	for	the	rotor	technology	was	awarded	for	the	equip	ment	and	coating	of	the	granular	material.	The	subsequent	patents	[188,189]	were	awarded	for	366	FIGURE	10.40	Pharmaceutical	Granulation	Technology	Air	Connect.	Source:	GEA	Pharma	Systems.
the	coating	of	the	spherical	granules.	An	advantage	of	rotary	fluid	bed	processing	to	produce	granules	was	reported	by	Jager	and	Bauer	over	the	conventional	top	spray	granulation	tech	nique	[190].	In	this	unit,	the	conventional	air	distributor	is	replaced	by	the	rotating	disk.	The	material	to	be	granulated	is	loaded	on	the	rotating	disk.	The	binder
solution	is	added	through	FIGURE	10.41	(a)	Typical	Wurster	Coater.	(b)	Precision	Coater®.	Source:	IMA	S.p.A.	(a);	GEA	Pharma	Systems	(b).	Fluid	Bed	Granulation	367	the	atomization	nozzle	located	tangentially	to	the	wall	of	the	bowl.	The	centrifugal	force	creates	a	dense,	helical	doughnut-shaped	pattern.	This	type	of	motion	is	caused	by	the	three
directional	forces.	The	vertical	movement	is	caused	by	the	gap	or	slit	air	around	the	rotating	disk,	the	gravitational	force	folds	back	the	material	to	the	center,	and	the	centrifugal	force	caused	by	the	rotating	disk	pushes	the	material	away	from	the	center.	The	granulation	produced	in	the	rotary	fluid	bed	pro	cessor	shows	less	porosity	compared	with
the	conventionally	agglomerated	product	in	the	fluid	bed	processor.	(Figure	10.42a,	b)	Türkoglu	et	al.	produced	theophylline	granulation	using	a	rotary	fluid	bed	[191].	The	formulation	contained	lactose,	starch,	and	MCC	along	with	theophylline.	They	reported	that	the	granules	pro	duced	were	spherical	and	dense.	Three	different	drug	level
formulations	were	evaluated.	The	authors	concluded	that	a	rotary	fluid	bed	as	a	wet	granulator	has	the	potential	to	obtain	a	better	drug	content	uniformity	for	tablets	even	at	low	API	levels	such	as	1%	in	comparison	with	conventional	fluidized	beds.	The	use	of	the	rotary	fluid	bed	to	produce	spherical	granules	for	a	modified	release	application
FIGURE	10.42	Rotary	Fluid	Bed	Processing	Modules.	(a)	GXR	Rotor	(Source:	Freund-Vector	Corp)	(b)	Rotor	Module.	(Source:	The	Glatt	Group).	368	Pharmaceutical	Granulation	Technology	is	reported	by	several	authors.	Rotary	fluid	bed	technology	was	reviewed	by	Li	et	al.	[192]	and	its	usefulness	was	described	to	produce	the	pellets.	The
comparison	of	the	rotary	fluid	bed	processing	with	the	multiple-step	extrusion	and	spheronization	was	reported	by	Robinson	et	al.	[193].	The	authors	manufactured	acceptable	immediate-release	acetaminophen	pellets	using	both	of	these	techniques.	The	quality	of	the	pellet	produced	improved	as	the	minimum	quantity	of	product	was	increased	in	the
rotary	fluid	bed	processor.	The	advantage	of	using	a	single	unit	such	as	a	rotary	fluid	bed	over	multiple	unit	processes	involving	several	pieces	of	equipment	is	as	described.	The	rotary	fluid	bed	is	used	for	producing	a	pellet	by	layering	the	active	drug	suspension	or	solution	onto	nonpareil	cores	and	subsequently	coating	them	with	polymers	to	impart
modified	release	properties	[194].	Hileman	et	al.	[195]	reported	the	production	of	immediate	spheres	of	a	poorly	water-soluble	drug	in	a	rotary	fluid	bed	by	layering	the	active	drug	suspension	onto	non	pareil	cores.	These	immediate	release	spheres	were	then	overcoated	with	an	ethylcellulose/HPMC	hydroalcoholic	solution	in	the	same	unit	eliminating
the	need	for	additional	process	and	handling	steps.	Iyer	et	al.	evaluated	the	layering	of	the	aqueous	solution	of	phenylpropanolamine	hydro	chloride	with	different	binders	[196].	The	layered	beads	were	coated	in	the	rotoprocessor	and	the	Wurster	Coater	to	compare	the	utility	of	rotoprocessor	as	a	piece	of	equipment	not	only	to	produce	pellets	but	to
coat	them	as	well.	Various	equipment	manufacturers	have	promoted	powder	layering	on	the	pellets,	in	a	rotary	fluid	bed.	In	1992,	Jones	et	al.	received	a	patent	for	such	a	process	[197].	The	process	claims	to	have	the	advantages	of	layering	a	drug	substance	with	a	relatively	small	amount	of	liquid,	thus	making	this	layering	process	more	efficient.	The
commercial	application	of	this	process	has	not	been	reported	in	the	literature.	Korakianiti	et	al.	[198]	studied	the	preparation	of	pellets	using	a	rotary	fluid	bed	granulator.	The	authors	concluded	that	the	rotor	speed	and	amount	of	water	significantly	affected	the	geometric	mean	diameter	of	the	pellets	and	they	pro	posed	an	equation	to	show	that
correlation.	Piśek	et	al.	[199]	studied	the	influence	of	rotational	speed	and	surface	of	the	rotating	disk	on	pellets	produced	by	using	the	rotary	fluid	bed.	They	used	a	mixture	of	pentoxifylline	and	MCC	to	produce	pellets	using	a	suspension	of	Eudragit®	NE	30	D	as	a	binder.	The	results	showed	that	both	the	surface	and	rotational	speed	of	the	disk
influence	the	shape,	surface,	and	size	of	the	pellets	while	there	was	less	effect	on	the	density,	humidity	content,	and	yield.	They	found	the	textured	surface	of	the	disk	produced	pellets	with	a	rougher	surface	when	rotational	speed	was	increased	compared	with	the	smooth	surface,	where	increased	rotational	speed	produced	more	spherical	pellets	with
a	larger	diameter.	Kristensen	and	Hansen	[200]	compared	granulation	prepared	in	the	fluid	bed	with	a	top	spray	and	rotary	processor	and	concluded	that	the	rotary	processor	offers	better	maneuverability	in	terms	of	the	obtainable	granule	size	and	was	less	influenced	by	the	flow	properties	of	the	starting	ma	terials.	Similar	tablet	characteristics	were
found	in	the	investigated	types	of	equipment.	The	ap	plicable	range	of	liquid	addition	rates	was	found	to	be	similar	in	the	rotary	processor	and	the	top	spray	fluid	bed	module.	Generally,	wet	granulation	in	the	rotary	processor	was	found	to	be	a	good	alternative	to	conventional	fluid	bed	granulation,	particularly	when	cohesive	powders	with	poor	flow
properties	or	formulations	with	low	drug	content	are	to	be	granulated	by	a	fluidizing	air	technique.	Kristensen	[201]	in	another	study	of	granulation	of	binary	mixtures	of	MCC	and	either	lactose,	calcium	phosphate,	acetaminophen,	or	theophylline,	in	a	1:3	ratio,	using	a	50%	(w/w)	aqueous	solution	of	PEG	and	water	as	the	binder	liquid,	demonstrated
that	up	to	42.5%	w/w	PEG	can	be	incorporated	and	maybe	an	alternative	process	to	the	melt	granulation	with	hydrophilic	meltable	binders.	10.19	INTEGRATED	SYSTEMS	The	fluid	bed	technology	is	used	for	drying,	agglomerating,	coating,	and	pelletization.	However,	the	industry	is	using	the	fluid	bed	processor	for	drying,	when	there	is	a
requirement	for	higher	bulk	density	granulation,	or	a	low	concentration	of	hydrophobic	drug	formulation	is	required	to	be	incorporated	in	a	large	quantity	of	excipients,	companies	prefer	granulating	the	product	in	a	high	Fluid	Bed	Granulation	369	shear	mixer	and	drying	it	in	the	fluid	bed	dryer.	To	facilitate	these	two	separate	operations,	an
integrated	system	is	set	up	in	several	companies	where	the	transfer	of	wet	mass	from	high	shear	is	passed	through	a	mill	before	loading	in	the	fluid	bed.	This	approach	is	preferred	because	of	several	advantages	such	as	minimizing	material	handling,	less	operator	exposure	to	the	product	dust,	space	savings,	and	so	on.	It	is	normally	economically
beneficial	if	such	a	system	is	dedicated	to	a	single	product.	Figures	10.43	and	10.44	show	a	typical	integrated	system	where	containment	is	considered	for	controlling	dust	and	cross-contamination.	When	these	two-unit	operations	are	integrated	as	a	single	unit,	several	points	must	be	considered.	Following	is	the	list	of	some	of	the	questions	readers
may	want	to	consider:	1.	2.	3.	4.	5.	6.	7.	8.	9.	10.	Engineering	layout	and	the	footprint,	ceiling	height	requirements.	How	will	the	high	shear	mixer	be	loaded	with	powders	by	gravity,	vacuum,	or	manually?	How	will	the	binder	solution	be	prepared	and	delivered	to	the	mixer?	How	will	the	granulation	endpoint	be	determined	and	reproduced?	How	will
the	discharge	from	the	high	shear	mixer	be	accomplished?	Are	the	process	parameters	for	granulation	in	high	shear	and	fluid	bed	drying	established	and	are	reproducible,	indicating	a	robust	process?	How	will	the	product	be	discharged	from	the	fluid	bed	dryer?	Does	it	require	sizing	and	blending	with	the	lubricants?	Is	this	system	dedicated	to	a
single	product	or	multiple	products?	How	will	this	system	be	cleaned?	Will	the	control	of	a	process	be	done	individually	for	each	unit	or	by	an	integrated	control	system?	For	the	potent	compound	processing	requiring	high-shear	granulation	and	fluid	bed	drying,	some	companies	have	introduced	a	lab	size	unit	with	isolators	and	glove	box.	For	a
commercial	scale,	a	contained	unit	is	designed	that	minimize	or	eliminate	the	operator	exposure	to	the	potent	com 	pound.	Such	a	system	is	costly	and	does	require	an	enormous	amount	of	time	for	process	and	cleaning	validation.	In	the	case	of	APIs	of	lower	toxicity,	the	major	driving	force	in	design	is	to	prevent	the	pos	sibility	of	product	contact	with
the	free	environment.	For	APIs	of	high	potency,	the	major	concern	in	design	is	to	protect	the	workforce	from	hazardous	material.	This	has	led	to	the	use	of	barrier	technology,	downward	laminar	flow	booths,	and	other	containment	technology.	Innovative	design	solutions	are	required	to	provide	practical	answers	to	the	problems	of	containment	and
cleanliness.	APIs	are	becoming	more	and	more	potent,	meanwhile,	more	than	50%	of	all	NCE	(New	Chemical	Entities)	are	classified	as	potent	(Occupational	Exposure	Limit	(OEL)	Pharmatose®	DCL	11	>	crystalline	α-lactose	monohydrate.	21.3.1.2	Fusion	Form	Transitions	Mannitol	is	an	example	of	a	material	that	can	be	processed	to	create	fusion
formed	transitions	with	small	amounts	of	other	polyols.	Bauer,	Herkert,	and	Bartels	[13]	used	DSC,	X-ray,	and	nearinfrared	to	characterize	mannitol–sorbitol	mixtures.	If	the	amount	of	sorbitol	is	small,	the	sorbitol	can	be	“fused”	into	the	structure	of	the	mannitol	crystal	matrix	and	does	not	melt	as	an	independent	peak	in	differential	scanning
calorimetry	(DSC)	but	melts	with	the	mannitol	to	lower	the	heat	of	fusion	per	mass	of	mannitol.	This	lower	heat	of	fusion	is	an	indication	of	the	presence	of	lower	bonding	strength	in	the	mannitol	peak	along	with	the	presence	of	only	a	single	peak	in	the	DSC	scan	indicates	the	fusion	form	is	mainly	present.	Sorbitol	can	be	a	surface	deposit	based	on
concentrations	and	solubility	at	process	conditions.	Placement	of	the	fusion	form	on	the	surface	can	contribute	to	creating	a	pressure-activated	bondable	transition	[2].	21.3.1.3	Polymer	Transitions	Hydrophilic	polymers	such	as	starch	paste,	polyplasdone	(PVP),	hypermellose	(HPMC),	and	maltodextrin	are	examples	of	film-forming	polymers	used	as
granulation	transitions.	These	films	hold	residual	moisture	in	their	interior,	and	as	a	result,	the	polymer	is	plasticized.	Thus,	changes	in	the	level	of	moisture	in	the	film,	especially	if	the	polymer	is	close	to	its	glass	transition,	will	dramatically	change	the	structure	of	the	film.	At	room	temperature	(RT),	PVP	K-30	hydrated	above	25%	will	be	expanded
and	very	soft	and	easily	deformable	with	limited	strength.	Below	10%	hydration,	the	PVP	K-30	film	will	be	very	hard	and	brittle.	A	5%	PVP-based	granulation	hydrated	to	a	20%	moisture	level	will	plastically	deform	at	RT.	If	only	the	film	possesses	moisture	and	none	of	the	moisture	is	in	the	primary	particles	or	core,	the	moisture	in	the	total	granulation
will	be	1%	with	PVP	film	hydrated	at	20%.	At	0.8%	moisture	content	in	the	total	granulation,	the	PVP	Granulation	Characterization	623	hydration	is	18%,	will	be	more	brittle,	and	may	tend	to	crack.	Film	deposits	by	pouring	the	solution	and	drying	at	various	temperatures	and	to	various	hydration	levels	and	observing	the	films’	consistency	are
recommended	as	part	of	design	characterization	[14].	The	focus	of	moisture	level	control	for	hydrated	binder	film	is	twofold.	First	is	to	control	the	granulation	process	to	build	granules	with	the	proper	film	hydration.	Second	is	to	obtain	a	final	film	hydration	to	create	a	non-brittle	plastically	deforming	binder.	The	Fox	equation	[Eq.	(21.1)]	is	a
modeling	equation	for	the	influence	of	moisture	on	the	change	in	glass	transition	temperature	(Tg)	of	the	plasticized	polymer	system	[15].	1	w	w	=	1	+	2	Tg	Tg1	Tg2	(21.1)	Tg	is	the	glass	transition	temperature	of	the	mixture,	w1,	Tg1,	and	w2,	and	Tg2	are	weight	fractions	and	glass	transition	temperature	of	components	1	and	2,	respectively.
Components	are	polymer	and	water.	Above	the	Tg,	a	polymeric	system	(film)	is	more	rubbery.	Below	the	glass	transition	tem 	perature,	the	film	is	more	solid	and	glassy.	The	presence	of	moisture,	a	miscible	low	molecular	weight	additive,	increases	the	free	volume	of	the	system	and	subsequently	lowers	Tg,	thus	allowing	the	rubbery	state	and	the
plastic	deformation	and	bonding	desired	at	the	in-process	temperature	of	tableting.	An	example	in	Figure	21.2	shows	the	effect	of	water	added	to	PVP	K-30	on	the	glass	transition	of	the	polymer	system.	If	the	temperature	of	the	tableting	environment	during	the	compression	is	in	the	range	of	30	to	38	oC,	a	20%	hydrated	film	with	a	Tg	of	33	oC	will	be
at	or	above	its	glass	transition,	and	the	film	will	be	softer	and	more	rubbery.	After	tablet	ejection,	the	compact	will	cool	to	RT	and	the	film	will	become	more	rigid,	stronger,	and	glassy.	During	granulating,	polymer	hydration	is	a	key	factor	in	granule	growth	and	film	structure.	Thus	during	fluid-bed	granulation,	a	range	for	moisture	content	as	a	target
for	in-process	control	is	set	up	to	prevent	over-drying,	lack	of	tackiness,	and	film	cracking	as	well	as	to	prevent	over-wetting	of	the	granules	and	lack	of	binder	strength.	An	example	is	the	granulation	of	a	95%	acetaminophen	(APAP)	granulation	with	PVP.	APAP	neither	contains	nor	adsorbs	water	during	the	granulation	process.	Thus,	the	loss	on
drying	(LOD)	of	the	bed	is	~0%	at	the	start.	As	the	PVP	film	is	sprayed	onto	the	APAP,	the	amount	of	PVP	in	the	granulation	bed	increases.	To	maintain	the	hydration	level,	the	LOD	of	the	granulation	must	be	increased	with	the	PVP	in	the	granulation	to	maintain	the	film	hydration	at	the	target	level.	This	safe	range	for	hydration	of	the	film	is	thus	a
design	criteria	developed	to	create	a	controlled	granule	growth,	structure,	and	final	film	design.	Film	surface	stickiness	in	compression	can	hinder	compression.	Salpekar	and	Dent	[9]	reported	an	increase	in	packing	density	and	hardness	of	tablets	when	the	fluid-bed	processed	granulation	was	coated	with	0.5%	stearic	acid.	By	using	a	surface
lubricant,	the	hydration	level	of	the	final	FIGURE	21.2	Plotted	using	fox	equation.	624	Pharmaceutical	Granulation	Technology	granulation	design	could	be	increased	to	allow	for	more	plasticity,	and	with	the	improved	packing	density,	lower	compression	forces	could	be	applied	for	the	same	tablet	hardness,	thus	reducing	the	elastic	loading	of	the
APAP	core.	21.3.1.4	Moisture	Level	and	Location	Both	the	level	and	location	of	moisture	are	important	factors	for	characterization.	A	roller	com 	paction	example	is	a	dry	powder	blend	with	0.6%	moisture	added	and	mixed	into	the	dry	in	gredients	before	roll	compaction	compared	to	the	same	formula	where	the	starch	in	the	powder	blend	is	made	into
a	starch	paste,	granulated	with	the	remaining	ingredients,	and	then	dried	to	a	moisture	content	of	0.6%.	The	wetting	of	the	roll-compacted	dry	powder	premix	makes	more	durable	granules	due	to	the	wetting	of	the	powder	sugar	in	the	dry	mix.	However,	on	tableting,	tablets	made	with	the	wetted	roll-compacted	granulation	harden	with	age.	The	same
moisture	level	but	with	the	moisture	mainly	in	the	starch	polymer	when	tableted	softened	with	age.	Moisture	wetting	the	powdered	crystals	of	sucrose	formed	crystal	bridges	overtime	in	the	tablets	versus	moisture	in	the	starch	polymer	was	bond	into	the	polymer	and	the	tablets	softened	with	age.	Another	example	is	a	fluid-bed	granulation	containing
dextrose	monohydrate	which	was	run	with	a	warm	up	step	prior	to	granulating.	Lerk	et	al.	[16]	showed	that	bonding	strength	in	tablets	made	with	dextrose	monohydrate	increased	with	the	level	of	dehydration	temperature	used	to	process	the	monohydrate.	In	this	example,	if	at	the	start	of	the	fluid-bed	granulation	process,	a	prewarming	step	to
above	50oC	is	implemented	prior	to	granulating,	the	water	of	hydration	of	dextrose	monohydrate	is	removed.	Thus,	both	the	in-process	water	and	final	moisture	can	then	reside	in	the	water	hydrating	the	polymer	binder	film.	In	a	fluid-bed	process	with	a	bed	temperature	running	at	a	product	temperature	of	less	than	40oC	throughout	the	wetting	and
drying	process,	the	hydrate	is	more	preserved.	Part	of	the	moisture	in	the	final	granulation	is	then	the	water	of	hy	dration	of	dextrose	to	hydrate	the	polymeric	binder.	The	final	total	LOD	of	the	granulation	must	be	higher,	in	the	end,	to	maintain	the	polymer	in	the	properly	hydrated	condition.	The	process	choice	to	fully	hydrate	into	dextrose,	partially
hydrate	into	dextrose,	or	fully	hydrate	into	the	polymeric	binder	can	make	a	difference	in	process	robustness	and	granulation	performance.	Moisture	on	the	completion	of	drying	is	often	higher	in	larger	granules	than	smaller	ones	as	smaller	granules	dry	faster	[17].	If	the	API	is	added	in	the	binder	solution,	then	the	active	com 	position	can	vary	based
on	granule	particle	size	with	the	active	composition	also	higher	in	granules	with	higher	moisture	content.	Often	the	process	over-dries	the	finer	particles	to	obtain	a	satisfactory	moisture	level	in	the	coarser	fractions.	Thus,	a	potential	variation	exists	in	hydrated	compositions	in	coarse	versus	fines	[14].	The	binder	concentration	can	also	be	higher	on
the	surface	of	particles	than	in	the	particle	core	based	on	the	drying	temperature	even	though	the	total	particle	has	the	correct	binder	concentration	[18].	This	binder	movement	and	relocation	difference	is	due	to	binder	as	a	solute	migrating	at	a	faster	rate	at	higher	drying	temperatures	versus	the	concentration	gradient	attempting	to	maintain	a
similar	concentration	in	all	areas.	Location	and	amount	of	moisture	are	important	in	design	characterization	for	both	performance	and	physical	stability.	Surface	moisture	can	be	measured	using	near	infrared	reflectance	(NIR).	NIR	is	both	simple	to	apply	and	fast	but	requires	calibration.	Microwaves-based	moisture	testing	units	have	the	potential	for
deeper	particle	penetration.	Capacitance	techniques	measure	the	moisture	volumetrically.	Thus,	they	have	the	potential	of	measuring	surface	to	volume	moisture	distribution	by	applying	more	than	one	techniques	[19].	Capacitance	measures	non-bound	water	and	not	total	moisture.	Measuring	total	moisture	can	be	done	with	the	proper	setup	and



verification	by	either	loss	on	drying	(LOD)	or	Karl	Fischer	(KF)	methods.	Loss	on	drying	methods	require	both	high-enough	temperatures	and	long-enough	drying	times,	but	weight	loss	from	thermal	decomposition	of	the	sample	needs	to	be	avoided.	A	continuous	tracing	of	moisture	loss	by	thermal	gravimetric	analysis	(TGA)	is	an	LOD	method	that	is
useful	in	mapping	the	moisture	energy	in	a	granulation	[4].	Zografi	et	al.	[20]	developed	a	predictive	equation	for	calculating	the	minimum	humidity	for	the	storage	of	a	granulation	to	prevent	moisture	adsorption	using	the	materials	tested	for	water	vapor	Granulation	Characterization	625	sorption	energy.	Badawy	et	al.	[21]	showed	in	a	processing
study	that	moisture	content	had	the	largest	effect	on	the	compressibility	of	the	granulation	compared	with	seven	other	process	para	meters.	Within	the	tested	levels,	increasing	moisture	content	increased	the	granulation	compres	sibility.	Armstrong	et	al.	[11]	studied	the	impact	of	moisture	on	the	surface	of	anhydrous	dextrose	and	dextrose
monohydrate	granulation.	Water	on	dextrose	anhydrous	has	a	very	complex	re	lationship.	As	water	is	added	to	anhydrous	dextrose,	the	surface	gets	tacky	as	shown	by	increased	tensile	strength	for	tablets	made	with	the	granulated	powder	with	the	small	and	increasing	amount	of	water	in	a	dextrose	anhydrous	granulation.	The	tensile	strength
increased	with	added	moisture	by	adding	up	to	8.6%	water.	Above	9.2%	moisture	in	the	granulation,	the	tensile	strength	in	the	tablets	formed	from	the	granulation	fell	dramatically.	Excess	water,	above	9.2%,	is	reported	by	Armstrong	to	be	a	physical	barrier	that	prevents	interparticulate	bonding	by	hydrodynamic	re	sistance	to	compression.
Greonwold	et	al.	[22]	also	suggested	that	excess	water	in	sucrose	gran	ulation	opposes	the	formation	of	strong	bonds.	Water-soluble	carbohydrates	are	usually	dried,	“bone	dry.”	Some	residual	water	still	remains,	but	always	for	most	mono-	and	disaccharides,	retaining	less	than	1%	water	is	the	target	for	granulation	for	chewable	tablets.	This	low	level
of	moisture	is	needed	to	set	up	a	stable	amorphous	transition.	A	brittle	fracture	occurs	at	these	transitions	at	low	pressure,	creating	clean	surfaces	to	allow	at	higher	pressure	close	contact	and	crystal	bond	formation	creating	bonds.	21.3.2	SURFACE	Both	physical	and	compositional	surface	differences	can	have	a	huge	impact	on	functionality.	An
example	of	a	chemistry	difference	on	the	granulation	surface	due	to	drying	temperature	was	de	scribed	by	Ridgeway	and	Rubinstein	for	an	ambient-dried	5%	PVP	granulation	of	magnesium	hy	droxide	[18].	Scraping	off	surface	samples	and	dissecting	out	the	core	for	analysis,	they	reported	that	after	drying	at	a	19.6	oC	drying	temperature,	the	surface
contained	less	than	2%	PVP.	However,	the	same	granulation	dried	at	59.6	oC	the	surface	reached	13%	PVP.	Both	drying	conditions	contained	less	than	2%	PVP	in	the	core	even	though	the	total	granule	contained	5%	PVP.	An	example	of	a	physical	difference	in	the	porosity	of	the	granule	surface	is	a	comparison	of	an	ambient-dried	versus	a	vacuum-
dried	granulation	[14].	As	in	the	Ridgeway	and	Rubinstein	ex	ample,	ambient	drying	increased	the	concentration	of	binder	at	the	surface,	but	the	same	granu	lation	vacuum-dried	at	a	lower	product	temperature	not	only	had	a	reduced	binder	concentration	but	also	had	a	more	porous	and	friable	surface.	With	both	higher	porosity	and	less	binder	con-
centration,	the	granulation	from	the	vacuum	dried	process	was	less	compactable.	Seager	et	al.	[10]	went	a	bit	further	for	acetaminophen	granulated	by	the	fluid	bed	with	gelatin;	after	making	a	tablet,	they	cut	the	tablet	in	half,	dissolved	the	active	out	of	the	granulation	using	acetone,	and	left	the	web	of	the	protein	S	gelatin	binder	film	to	be
observed.	The	structure	of	the	web	was	shown	to	be	both	uniform	in	thickness	and	continuous	across	from	one	side	of	the	tablet	to	the	other	in	the	fluid-bed	processed	product.	The	distribution	of	gelatin	by	roll	compaction,	spray-drying,	and	fluid-bed	processing	was	also	imaged	[10].	Tillotson	and	Propst	[2]	characterized	the	images	of	the	surface	of
~140-µm	spherical	spraydried	mannitol	preparation	as	a	plate-like	“solid	layers,”	see	Figure	21.3,	whose	layer	thicknesses	is	less	than	0.1	µm.	Material	tableted	to	12	kN	and	cross-sectioned	(Figure	21.4)	revealed	fragments	of	less	than	0.1-µm-thick	plates	from	the	fractured	spray-dried	mannitol	product.	The	image	of	the	particle	surface	plate
thickness	corresponds	closely	to	the	image	of	fragmented	thickness	visible	in	the	cross-sectioned	tablet	formed	from	the	material.	The	fracturing	transition	is	described	as	a	deposit	of	mannitol	with	maltitol	and	sorbitol	co-fused	into	the	mannitol	crystal	surface.	The	ability	of	this	material	to	develop	at	low	compression	forces	in	tableting	of	a	low
friability	and	maintain	that	low	friability	even	at	higher	compressive	forces	without	lamination	was	related	to	the	very	thin	~0.1-µm	crystal	fragments	as	“moving	units”	formed	during	early	626	Pharmaceutical	Granulation	Technology	FIGURE	21.3	From	US	patent	9358212	(June	2016).	FIGURE	21.4	From	US	patent	9358212	(June	2016).
compression	that	easily	migrated	with	pressure	at	higher	compressive	forces.	Both	the	compression	profile	and	compaction	profile	were	linear	with	increase	in	compression	pressure	with	little	to	no	changes	in	friability.	21.3.3	GRANULAR	LEVEL	CHARACTERIZATION	Characterization	on	a	granule	level	is	a	data	set	of	placement,	physical	form,	and
porosity	of	the	granule	and	visual	imaging.	An	example	of	combining	photo-micrographs	for	location	and	assay	for	confirmation	is	illustrated	in	a	granulation	core	formation	example	[5].	Tablets	made	with	the	granulation	laminated.	The	granulation	was	formed	in	a	tumble	blender	and	vacuum-dried.	The	same	granulation	composition	when	made
using	a	batch	continuous	high-pressure	granulating	process	did	not	laminate.	The	presence	of	a	core	was	found	by	bisecting	coarse	granules	of	the	tumble	granulation	process	(Figure	21.5).	The	granulation	was	done	with	calcium	carbonate,	powder	sucrose,	and	starch.	By	adding	a	lake	color	to	the	granulation	formula,	the	core	which	did	not	take	on
the	color	was	visible	in	the	bisected	granules.	The	non-core	coating	was	of	normal	Granulation	Characterization	FIGURE	21.5	627	Calcium	carbonate	granulation	core.	potency	at	37%	calcium	carbonate.	The	core	assayed	to	over	95%	in	calcium	carbonate	content.	By	removing	the	600	µm	and	larger	granules	from	the	tumble	granulated	and	vacuum-
dried	granu	lation,	the	material	tableted	normally.	Adding	back	15%	or	more	of	the	600	µm	and	larger	granules	to	the	granulation	caused	the	tablets	to	become	soft	and	laminate.	21.3.3.1	Granule	Physical	Structure	An	example	of	controlling	the	physical	form	design	was	described	by	Hutton	and	Palmer	[23]	for	a	spray-dried	lactose	granulation.
Using	smaller	crystals	~10	µm	in	size	of	lactose	in	the	spray-dried	lactose	slurry,	substantially	100%	of	lactose	agglomerated	and	the	agglomerates	were	much	more	spherical	in	structure.	Any	non-agglomerated	crystals	could	be	removed	as	fines	and	recycled.	The	granule	architecture	for	matrix	granules	was	defined	by	Newitt	and	Conway-Jones	[24]
as	pendular,	funicular,	capillary,	and	kneaded	capillary.	The	authors	used	a	granulation	of	sand	with	water	of	varying	surface	tensions	using	mixtures	of	ethanol	and	water	from	0%	to	100%	to	demonstrate	the	impact	of	structure	on	granule	strength.	The	strength	of	the	structures	was	determined	by	placing	weights	on	a	pan	containing	a	layer	of
coarse	granules	under	the	pan	and	determining	the	weight	needed	to	crush	the	granules.	They	found	that	granule	strength	in	creased	linearly	(R2	=	0.98)	with	increasing	surface	tension	of	the	wetting	liquid.	The	authors	defined	the	various	granular	structural	designs	based	on	the	percent	of	porosity	filled	with	solvent.	With	0%	porosity	filled	being
dry	sand	with	water	added,	pendular	forming	from	>0%	to	~22%,	funicular	forming	between	~22%	to	~80%	and	capillary	from	~80%	to	~120%	of	porosity	filled	with	solvent.	The	amount	of	solvent	determines	not	only	granule	strength	but	also	granule	size.	Compression,	packing	density,	is	a	separate	characterization	of	granule	development	from
bonding	strength.With	%	porosity	filled	with	a	binder	a	third	granule	design	criteria.	Thus,	a	key	target	for	the	development	of	a	robust	granulation	is	to	achieve	a	similar	granulation	packing	density.	If	packing	is	same,	the	granule	strength	is	then	controlled	by	the	amount	of	binder	in	the	porosity	to	hold	the	structure	together.	Confirmation	of	the
final	granulation	porosity	(packing	density)	and	binder	content,	distribution,	is	therefore	important	in	confirming	design	repeatability	and	robustness	[5].	21.3.3.2	Granule	Density	and	Porosity	To	classify	the	granulation	design	type,	the	%	porosity	remaining	needs	to	be	determined	along	with	granule	density.	To	determine	granule	density,	we	need	to
determine	the	granular	volume	628	Pharmaceutical	Granulation	Technology	for	a	weight	of	the	sample	tested,	the	envelop	volume.	The	envelope	volume	of	a	sample	of	granules	can	be	determined	by	mixing	the	granules	in	a	volumetric	cylinder	with	very	small	latex	microbeads	[25].	Very	small	latex	microbeads	are	added	to	a	rotating	cylinder	filled
with	a	known	volume	and	weight	of	a	sample	to	be	tested.	As	the	plunger	is	rotating	in	the	cylinder,	the	plunger	also	maintains	a	packing	pressure	on	the	system.	As	the	very	small	beads	work	them 	selves	into	the	voidage	in	the	granular	bed,	the	total	bed	volume	decreases	and	the	plunger	moves	into	the	cylinder.	The	plunger	force	of	compression	is
selectable	(to	not	crush	the	granules)	and	therefore	is	repeatable	from	test	to	test.	A	preliminary	compression	cycle	with	only	the	dis	placement	medium	in	the	cell	establishes	a	zero-volume	ho	baseline.	The	granules	are	then	placed	in	the	cylinder	with	the	dry	latex	medium,	and	the	compression	process	is	repeated.	The	difference	in	the	distance,	ht,
where	the	piston	penetrates	the	cylinder	during	the	test,	and	the	distance,	ho,	where	it	penetrates	during	the	baseline	procedure	(h	=	ho	—	ht),	is	used	to	calculate	the	displacement	volume	or	envelope	volume	(VEV)	of	the	medium,	using	the	formula	for	the	volume	of	a	cylinder	of	height	h:	VEV	=	r	2h	(21.2)	m	VEV	(21.3)	and	EV	=	The	solid	density
can	be	skeletal	density	or	the	compressed	density.	The	skeletal	density	of	a	granule	can	be	determined	using	a	helium	pycnometer	(AccuPyc	1330,	Micromeritics	Instrument	Inc.,	Norcross,	Georgia,	USA).	This	device	measures	the	volume	of	the	space	that	helium	gas	can	penetrate	[25].	A	dried	granule	porosity	is	calculated	by	dividing	envelope
density	ρev	by	the	solid	density	ρs	and	subtracting	from	1:	%Granule	porosity	=	1	EV	100	(21.4)	s	Thus,	porosity	is	generated	as	a	calculation	for	relative	density,	the	density	of	the	granule	relative	to	the	density	of	the	solids	contained	in	the	granule.	The	lower	density	of	the	granule	versus	the	solid	fraction	is	due	to	the	porosity	of	the	granule.	Instead
of	using	skeletal	density	for	the	solid	density,	a	compressed	density	can	be	used.	Compressed	density	uses	high-pressure	compression	of	a	weighed	sample	in	a	die	cavity	on	a	hydraulic	press.	This	is	meant	to	compress	out	all	voids	and	both	open	and	closed	pores.	The	compressed	density	of	the	sample	can	be	determined	as	the	mass	tested	pressed	to
its	minimum	volume	in	the	die	cavity	[4].	Paronen	and	IIkka	[26]	have	suggested	that	an	increase	in	internal	granular	porosity	increases	the	propensity	of	the	granules	to	fragment,	leading	to	the	formation	of	stronger	tablets.	This	is	seen	as	a	“crush	in	place”	for	increasing	speed	of	deformation	under	load	allowing	for	rapid	de	formation	in	high-speed
tableting	operations.	For	granulations	that	are	less	prone	to	fragmentation,	Johansson	et	al.	[27]	showed	that	increased	interior	granular	porosity	increased	the	degree	of	deformation,	resulting	in	higher	densities	at	lower	pressures	during	compression	and	stronger	tablets.	Granulation	Characterization	629	21.3.4	GRANULATION	LEVEL
CHARACTERIZATION	Total	porosity	of	a	granulation	bed	is	found	using	the	following	equation:	%Bed	porosity	=	1	BD	100	(21.5)	s	Where	BD	is	the	bulk	density	of	the	granulation	obtained	by	measuring	the	volume	occupied	by	a	known	weight	of	granulation	[3].	We	can	use	either	the	loose	density	or	the	tapped	density	for	BD	.	By	knowing	the	%	bed
porosity,	we	can	track	the	status	and	change	in	porosity	during	processing.	In	a	loose	bed,	the	elimination	of	bed	porosity	reduces	percolation	segregation	but	can	also	cause	failure	to	mix	when	using	diffusive	mixers	such	as	tumbling	type	tote	bins	or	double	cone	mixers.	21.4	GRANULATION	PERFORMANCE	A	common	goal	is	to	link	structural
characteristics	to	performance.	Once	linked,	the	design	structure	serves	to	justify	performance.	Changes	in	materials	and	processing	are	justified	as	safe	if	a	similar	structural	design	is	obtained.	If	the	change	in	performance	is	not	explained	by	a	change	in	design,	then	the	characterization	of	the	design	is	flawed	and	needs	correction.	21.4.1
GRANULATION	FLOWABILITY	An	extension	of	the	USP	method	for	testing	of	bulk	and	tapped	density	[3]	is	the	calculation	of	the	Carr	Index	(Compressibility	Index)	[28]	Carr	index	=	100	×	(P	P	A)	(21.6)	Where	P	is	the	tapped	density	(after	vibration)	and	A	is	the	bulk	density	(untapped).	The	higher	the	Carr	index	value,	the	poorer	is	the	flowability.
Values	lower	than	15	are	considered	a	good	flowing	material	for	tableting.	Values	in	the	range	of	25	to	30	are	considered	best	for	capsule	filling	[7].	As	a	compressibility	index,	the	Carr	Index	value	is	a	volume	index.	The	amount	of	variability	in	bulk	density	possible	in	the	granulation	is	estimated	as	the	range	of	density	from	loose	to	packed	density	in
feeding	the	material	into	a	volumetric	measuring	system	like	a	tablet	die	cavity.	The	higher	the	range	between	loose	and	packed	density	(higher	Carr	value),	the	more	likely	BD	variability	will	affect	weight.	Thus,	larger	Carr	Index	values	are	more	likely	to	cause	tablet	weight	variation	issues.	Harwood	and	Pilpel	describe	a	direct	measurement	of
granulation	flow	rate	as	the	“flow	through	an	orifice”	technique	in	great	detail	[29].	The	test	is	a	“use	simulation	test”	and	can	use	a	hopper	charged	with	the	granules	to	be	tested	and	flow	the	granules	through	an	orifice.	Hopper	flow	is	important	as	most	flow	issues	on	tablet	presses	are	hopper	flow	issues	versus	an	issue	with	materials	feeding	out	of
the	feeder	into	the	die	cavity.	Time	to	discharge	a	fixed	weight	(300	to	500	gm)	out	of	the	funnel	is	measured.	Another	method	discharges	the	material	onto	a	scale	for	weighing	[30].	Material	discharges	first	hit	a	deflector	to	remove	flow	impact	on	the	scale	and	then	to	the	balance.	The	gain	in	weight	is	monitored	with	time	intervals	to	track	a	fixed
weight	gain.	The	average	and	variation	in	the	time	needed	for	the	fixed	weight	gain	can	then	be	used	to	calculate	average	weight	gain	and	weight	variation	as	average	time	and	time	variation	to	gain	the	fixed	weight.	Another	variation	in	flow	is	measured	through	orifices	of	various	diameters	until	the	diameter	is	too	small	and	flow	is	stopped	[29].
Jenike	[31]	proposed	a	split	ring	shear	cell	measurement	of	the	flow	friction	of	granules	under	a	normal	load.	The	split	cell	is	filled	and	packed	with	the	sample	to	be	tested.	The	upper	ring	of	the	two-piece	split	disk	cell	is	pushed	across	the	lower	ring.	The	material	filling	the	interior	of	split	630	Pharmaceutical	Granulation	Technology	FIGURE	21.6	US
patent	6481267B1	[32].	rings	is	sheared	in	this	motion.	The	force	required	to	push	the	upper	ring	is	the	resistance	created	in	the	granulation	bed.	The	sample	bed	is	normally	loaded	(packing	weighted)	to	prevent	bed	ex	pansion.	The	loading	weight	is	also	not	enough	to	cause	the	bed	to	be	compressed	during	shear.	Thus,	the	flowing	friction	in	the
material	is	measured	as	the	force	needed	to	push	the	upper	disk	over	a	non-expanding	or	compressed	lower	bed.	Values	of	friction	are	used	to	predict	flow	rates	and	storage	bin	design.	Currently,	rotating	ring	shear	cells	are	favored	as	the	units	have	unlimited	rotary	travel	distances.	This	allows	the	ring	shear	tester	to	measure	a	complete	yield	locus
without	changing	the	sample	or	refilling	the	shear	cell	[32].	The	powder	rheometry	measures	flow	resistance	or	friction	as	the	energy	to	separate	particles.	An	example	of	a	powder	flow	rheometer	is	the	Freeman	FT4	Powder	Rheometer	(Figure	21.6)	[33].	The	Freeman	rheometer	consists	of	a	specially	designed	agitator	on	a	shaft	placed	in	a	cylinder.
The	agitator	can	be	both	rotated	and	lifted	or	lowered	by	the	shaft	at	a	fixed	rate	in	the	powder	sample	being	tested.	The	agitator	design	is	a	special	spiral	curvature	such	that	at	a	fixed	rotational	speed	and	a	predetermined	lift	or	lowering	speed,	the	tip	of	the	blade	of	the	agitator	will	only	slice	through	the	material	and	not	compress	or	lift	the	bed.	At
this	specially	balanced	combination	of	paddle	rotational	speed	and	vertical	speed,	the	granules	in	the	sample	are	neither	compressed	nor	expanded	but	only	separated	by	the	thickness	of	the	blade	as	the	paddle	turns	in	the	sample.	The	shaft	is	instrumented	for	torque.	The	resistance	to	the	turning	motion	is	a	measure	of	the	resistance	to	surface
separation.	At	higher	lift	speed	than	the	balanced	speed,	the	sample	can	be	fluidized	or	if	lowered	at	higher	speed	compressed.	Thus,	we	have	a	torque	and	a	displacement	curve	generated.	The	test	can	be	a	torque	displacement	curve	for	a	bed	without	density	change,	with	an	expanded	bed,	and	with	a	compressed	bed.	Material	conditioning	is	needed
to	obtain	a	uniform	air	voidage	distribution	in	the	sample,	either	loose	or	packed	voidage,	to	develop	a	repeatable	starting	point	[33,34].	The	area	under	the	torque	displacement	curve	is	the	work	done	(mJ)	by	the	paddle	as	it	moves	up	or	down	the	powder	bed.	That	work	required	is	related	to	the	energy	in	the	powder	bed	resisting	Granulation
Characterization	631	the	motion.	Influence	of	humidity	and	amount	of	fines	or	additives	can	show	a	smaller	or	greater	work	required	for	particle	separation.	21.4.2	GRANULATION	DEFORMATION	STRENGTH	Harwood	and	Pilpel	[29]	as	did	Newitt	and	Conway-Jones	[24]	measured	granule	strength	by	adding	weights	to	a	weighing	pan	placed	over	a
narrow	size	cut	of	granules	until	the	granules	were	crushed.	This	direct	crushing	approach	was	modified	by	both	Ganderton	and	Hunter	[35]	and	Gold	et	al.	[36].	Gold	et	al.’s	modification	records	the	force	required	to	crush	the	granule	when	a	straingauged	ring	platen	moving	at	a	constant	strain	rate	was	used.	Direct	measurement	of	tensile	strength
is	difficult	for	granules	as	the	surface	area	forming	in	the	break	is	hard	to	measure	and	the	break	is	more	of	a	crushing	versus	a	straight	plane	break.	These	methods	have	inherent	difficulties	in	measuring	the	strength	of	granules	smaller	than	40	mesh.	Granule	attrition	was	measured	by	Mehta	et.	al.	[37]	using	a	ball	mill	to	determine	the	durability	of
granules.	A	Roche	Friability	Tester	was	used	by	Serpelloni	and	Boonaertused	[38]	in	de	termining	granule	friability.	The	unit	is	charged	with	a	screen	cut	of	granulation	to	be	tested,	a	set	of	stainless	steel	spherical	balls	are	added	to	the	wheel,	and	friability	is	tested.	The	percentage	loss	of	mass	is	the	value	that	is	represented	as	the	granulation
friability.	21.4.3	HIGH-PRESSURE	CHARACTERIZATION	Both	roll	compaction	and	the	tableting	process	compact	powders.	Compaction	consists	of	two	distinct	processes:	compression	and	consolidation.	Compression	is	a	loss	in	volume	of	the	gran	ulation	bed.	Consolidation	is	the	formation	of	a	solid	body	(bond	formation).	Compaction	thus	represents
the	decrease	in	voids	and	internal	particle	porosity,	the	increase	in	contact	surface	area	(Acs),	and	the	creation	of	bonds.	Compression	is	first	repacking	and	at	higher	pressures	the	deformation	of	particles.	The	bed	being	compressed	is	losing	porosity	and	is	densifying.	Starting	at	low	pressures,	the	granules	are	rearranging	and	packing	in	the	bed.
This	bed	deformation	is	a	“slip	into	place”	mechanism	where	granule	moves	to	occupy	open	spaces.	Once	lodged	in	a	fixed	position,	the	granule	must	deform.	Another	mechanism	for	volume	loss	is	“crushing	in	place”	[2].	In	the	crush,	in	place,	the	granule	collapses,	losing	internal	porosity.	Hollow	spray-dried	particles	such	as	spray-dried	lactose	are
examples	of	a	“crush	in	place”	design.	Crush	in	place	is	a	brittle	fracturing	mechanism.	Crush	is	fast	and	not	a	time-dependent	deformation	and	suited	for	higher	tableting	speeds	versus	slip	in	place.	Slip	in	place	requires	time	for	deformation.	If	the	particle	deforms	to	slip	in	place	without	breaking,	the	deformation	is	more	plastic	in	nature.	Plastic
deformation	is	time-dependent.	All	materials	elastically	load	to	a	greater	or	lesser	degree,	and	as	such	if	they	do	not	yield,	they	can	push	back	once	the	pressure	is	released	and	the	compact	is	expanded	[6].	Clean	surfaces,	such	as	semisolid	transition,	when	brought	in	close	contact,	can	form	bonds.	Semisolid	transitions	can	also	move	under	pressure
and	fill	any	open	space	and	thus	increase	the	contact	surface.	An	example	reported	by	Chirkot	and	Propst	[39]	of	a	low-shear	granulation	with	limited	binder	distribution	formed	harder	tablets	with	lower	friability	at	lower	compression	pressures	than	fluid-bed	granulations.	At	higher	pressures,	however,	the	fluid-bed	granulations	made	harder	tablets
than	the	low-shear	formulation,	but	friability	was	higher.	This	was	said	to	be	due	to	a	more	uniform	binder	distribution	contained	in	a	fluid-bed	granulation	versus	the	low-shear	process.	Measuring	the	compression	event	and	identify	and	quantitate	the	mechanisms	of	deformation	and	bonding	requires	the	measurement	of	the	pressure	being	applied
and	the	displacement	as	well	as	the	bond	strength	formed.	For	the	compression	event,	a	tablet	simulator	with	force	and	displacement	measurement	abilities	is	used	[25].	The	information	of	force	applied	and	displacement	is	used	in	calculating	relative	density	[Eq.	(21.7)],	porosity	[Eq.	(21.8)],	and	degree	of	porosity	reduction	632	Pharmaceutical
Granulation	Technology	[Eq.	(21.9)].	These	values	are	essential	parameters	for	determining	plasticity	(Heckel	equation),	packing	and	deformation	pressure,	and	relative	densities	using	the	Cooper–Eaton	analysis.	D=	a	(21.7)	t	=1	D	=1	a	(21.8)	(21.9)	o	In	each	equation,	D	is	the	relative	density	of	a	powder	compact	at	pressure	P,	ρa	is	the	apparent
density	of	a	powder	compact	at	pressure	P,	ρt	is	the	true	density	of	a	powder,	ε	is	the	porosity,	and	ρo	is	the	bulk	density	of	a	powder.	21.4.3.1	Plastic	Deformation	The	Heckel	equation	[Eq.	(21.10)]	allows	for	the	determination	of	the	yield	pressure	needed	to	maintain	plastic	deformation.	It	is	applied	to	medium-	and	high-pressure	situations	used	in
tablet	making	[27,40]:	1	(21.10)	=	kP	+	A	1	D	where	D	is	the	relative	density	of	a	powder	compact	at	pressure	P.	Constant	k	is	a	measure	of	the	1/(yield	pressure)	of	a	compressed	material.	Constant	A	is	related	to	the	die	filling	and	particle	rearrangement	before	deformation	and	bonding	of	the	discrete	particles	[41].	Thus,	a	Heckel	plot	allows	for	the
interpretation	of	the	mechanism	of	deformation	and	the	plasticity	of	the	material.	Asgharnejad	and	Storey	[42]	used	the	Heckel	plasticity	of	materials	and	API	to	develop	a	for	mulation	predictive	strategy	for	very	small	samples	of	high-dose	active	ingredient	using	a	tablet	press	simulator.	ln	21.4.3.2	Repack	and	Deformation	The	Cooper–Eaton
equation	[Eq.	(21.11)]	considers	that	powder	compaction	occurs	in	two	steps.	The	first	is	the	filling	of	the	voids	in	the	granulation	by	rearrangement	of	granules	without	any	size	change.	The	second	proceeds	into	energies	needed	for	the	deformation	of	the	granules	by	pressing	them	into	pores	smaller	than	their	size	[26,41].	1/	Do	1/	D	=	a1	exp	1/	Do	1
k1	+	a2	exp	P	k2	P	(21.11)	where	Do	is	the	relative	density	at	zero	pressure	and	D	is	the	relative	density	at	pressure	P.	Cooper–Eaton	constants	a1	and	a2	describe	the	theoretical	maximum	densification	that	could	be	achieved	by	filling	voids	of	the	same	size	(a1)	and	of	a	smaller	size	(a2)	than	the	actual	particles.	The	value	of	a1	+	a2	should	equal
unity	for	the	equation	to	apply.	The	most	probable	pressures	at	which	the	respective	densification	processes	would	occur	are	described	by	k1	and	k2	[41].	The	bond	strength	(tensile	strength)	is	the	breaking	force	needed	to	rupture	the	compact	divide	by	the	area	of	the	break.	In	tablets,	this	is	determined	by	compressing	a	compact	diametrically	in	a
tablet	hardness	tester	[Pharmatron	tablet	tester	(model	6D,	Dr.	Schleuniger	Pharmatron	Inc.,	Manchester,	New	Hampshire,	USA)].	The	radial	tensile	strength	of	the	compact	is	calculated	from	Granulation	Characterization	FIGURE	21.7	633	Redrawn	from	US	Patent	9358212.	the	compact	breaking	strength	and	tablet	thickness	using	Eq.	(21.12)	of
Fell	and	Newton	[43],	in	which	the	radial	tensile	strength	σt	is	given	by	Eq.	(21.12).	t	=	2F	dth	(21.12)	Where	σt	is	the	tensile	strength	(MPa),	F	is	the	force	required	to	cause	failure	in	tension	(N),	d	is	the	diameter	of	the	compact	(mm),	and	th	is	the	thickness	of	the	compact	(millimeter).	If	the	surfaces	come	in	close-enough	contact,	bonds	will	form.	If
all	surfaces	are	in	contact,	compact	porosity	is	zero	and	the	tensile	strength	of	the	compact	represents	the	bond	strength	per	unit	area.	Thus,	the	strength	of	the	compact	formed	is	a	combination	of	compression,	the	fraction	of	the	total	surface	area	bonding	(Ab),	times,	consolidation,	and	the	bond	strength	per	unit	area	σb	[Eq.	(21.13)]	[25].	TS	=	b	Ab
At	(21.13)	Extrapolating	total	surface	area	(At)	bonding	as	porosity	remains	at	zero,	the	tablet	tensile	strength	σb	can	be	determined.	This	assumes	a	linear	projection	with	no	compaction	failures	[2].	An	example	of	determining	the	bonding	strength	per	unit	area	as	a	granulation	design	criteria	is	a	spray-dried	co-processed	mannitol	granulation	by
Tillotson	and	Propst	[2].	The	compaction	profile	plot	in	Figure	21.7	at	seven	compression	pressures	is	plotted	as	compact	porosity	remaining	versus	the	calculated	tensile	strength	of	compacts	made	from	the	granulation.	The	linear	regression	intercept	is	8.6	Mpas	and	is	the	bonding	strength	per	unit	area	for	the	granulation.	This	then	becomes	a
design	performance	standard	for	the	spray-dried	product.	21.4.3.3	Focus	on	Granulation	Surface	Three	types	of	surface	interfaces	are	present	in	granules:	(i)	the	air	to	solid;	(ii)	the	solid	to	solid;	and	(iii)	solid	to	semisolid	(or	liquid)	interfaces.	Total	air	to	solid	surface	is	the	sum	of	the	outer	surface	of	granule	and	the	surface	in	the	granular	pores.
21.4.4	GRANULATION	SURFACE	AREA	The	total	air	to	solid	surface	area	of	granulation	for	outer	surface	and	open	pores	can	be	measured	by	the	Brunauer,	Emmett	and	Teller	Equation	(BET)	gas	adsorption	method.	Developed	by	634	Pharmaceutical	Granulation	Technology	Brunauer,	Emmet,	and	Teller	[44],	the	method	features	two	ranges	for	the
adsorption	of	gas.	At	lower	relative	partial	pressures,	range	of	0.05	<	P/P0	<	0.35,	of	nitrogen	(the	adsorption	gas)	to	a	carrier	gas	(helium),	total	surface	area	is	measured.	Higher	than	0.35	partial	pressures	extends	the	test	to	measure	open	pores	size	and	volume	as	well	as	pore	size	distribution	per	volume.	In	the	BET	equation	[Eq.	(21.14)],	the
slope	and	intercept	are	found	for	a	plot	of	1/V[(P0/P)	–	1]	on	the	y	axis	and	P/P0	on	the	x	axis.	With	slope	and	intercept	known,	the	value	for	Vm	(the	volume	of	a	monolayer	of	gas	adsorbed)	is	calculated:	P	1	(C	1)	P	=	+	V	(P0	P	)	Vm	C	Vm	CP0	(21.14)	Where	V	is	the	volume	of	gas	adsorbed	at	pressure	P,	P	is	the	partial	pressure	of	adsorbate,	C	is	a
constant	relating	to	the	heats	of	adsorption	and	condensation	for	the	material,	P0	is	the	saturation	pressure	of	adsorbate	at	experimental	temperature,	and	Vm	is	the	volume	of	gas	adsorbed	as	a	monolayer	on	the	surface.	Plots	of	1/V[(P0/P)	–	1]	on	the	y	axis	and	P/P0	on	the	x	axis	generates	a	straight	line.	Vm	and	C	are	calculated	from	both	the	slope
and	the	intercept	of	this	line.	The	specific	surface	area	(SSA)	in	units	of	square	meters	per	gram	is	calculated	using	Eq.	(21.15):	SSA	=	(Vm	N0	Acs	)	M	(21.15)	where	N0	is	the	Avogadro’s	number,	Acs	is	the	cross-sectional	area	of	adsorbate,	and	M	is	the	mass	of	a	solid	sample.	21.4.4.1	Granule	Size	and	Size	Distribution	For	a	spherical	particle,	its
diameter	is	a	unique	number	that	describes	not	only	particle	size	but	also	surface	area,	shape,	volume,	and	mass	(if	the	density	is	known).	Most	particle	size	mea	surements	are	quoted	relative	to	the	equivalent	diameter	of	a	spherical	particle.	21.4.5	EQUIVALENT	DIAMETERS	Equivalent	surface	diameter	can	be	calculated	from	a	particle	surface	area
using	Eq.	(21.16):	S	ds	=	(21.16)	Similarly,	an	equivalent	volume	diameter	can	be	calculated	using	Eq.	(21.17):	dv	=	3	6V	(21.17)	If	the	particles	consist	of	a	single	size	and	shaped	rods	with	a	diameter	of	100	μm	and	height	of	300	μm,	the	volume	is	1.18	×	10–6	μm3:	V=	(50)2300	(21.18)	The	laser	analysis	sees	the	particle	as	a	distribution	with	a	size
range	of	100	and	300	μm.	Granulation	Characterization	635	The	sphere	of	equivalent	diameter	for	the	volume	of	the	particle	is	160	μm	found	by	Eq.	(21.19):	3	6V	(21.19)	A	single	particle	of	non-spherical	shapes	like	rods	is	seen	by	a	laser	analyzer	as	a	distribution.	Thus,	it	is	important	to	know	the	particle	shape	when	interpreting	particle	size	data.
Various	ratios	for	number,	surface,	and	volume	as	weighted	mean	diameters	can	be	used	to	aid	in	interpreting	the	size	data.	Equation	20	is	the	surface-weighted	mean	diameter,	D[2,3].	D	[2,	3]	=	ni	di3	ni	di2	(21.20)	D[2,3]	is	inversely	related	to	the	specific	surface	area,	and	as	such,	it	is	very	useful	in	applications	that	involve	surface,	such	as	in
coating	application.	Equation	21.21	is	the	volume-weighted	mean	diameter,	D[3,4].	D[3,4]	has	its	best	uses	in	mixture	studies	as	D[3,4]	gives	a	relationship	of	particle	size	as	a	mass	size	mean	for	comparison:	D	[3,	4]	=	ni	di4	ni	di3	(21.21)	For	a	spherical	particle,	the	volume	mean	diameter	and	the	surface-weighted	mean	diameter	are	the	same.	Thus,
their	ratio	is	1	for	spheres:	1=	D	[2,	3]	for	a	sphere	D	[3,	4]	(21.22)	Thus,	if	the	ratio	of	surface	to	volume-weighted	mean	diameters	is	not	approximately	1,	it	is	a	good	practice	to	obtain	a	visual	image	of	the	shape	of	the	particles	being	tested.	Particle	size	can	be	measured	by	sieve	analysis,	laser	light	scattering,	or	optical	microscopy	as	described	in
Chapter	3	in	this	book	on	drug	substance	and	excipient	characterization	for	granu	lating.	21.4.5.1	Sieve	Analysis	Dry	sieve	analysis	is	a	preferred	method	for	measuring	percent	coarse	particles	in	a	sample.	A	small	number	of	coarse	particles	by	count	can	be	a	very	large	percentage	in	a	mass	distribution.	Sieving	allows	for	larger	sample	sizes	to	be
tested	and	thus	a	greater	chance	of	obtaining	a	better	estimate	of	the	coarse	content.	A	sieve	is	a	screen	with	normally	square	apertures	(hole).	The	granulation	is	placed	on	top	of	a	stack	of	five	to	six	sieves,	which	have	successively	smaller-sized	openings	from	top	of	the	stack	to	the	bottom.	The	stack	is	vibrated,	rotated,	and/or	mallet	shocked,	or	a
combination	of	motions	and	the	particles	collected	on	top	of	the	sieves.	The	data	is	usually	represented	in	terms	of	percentage	retained	or	percentage	passing	the	sieve	versus	the	screen	size,	or	an	accumulative	distribution	found	on	or	through	the	sieve	cut.	It	is	always	important	to	be	sure	that	enough	time	is	given	to	the	sieving	step	and	the	sieve	is
not	overloaded.	It	is	also	important	to	make	sure	that	the	sieve	is	not	blinded.	Due	to	the	issue	of	blinding	the	smallest	screen	used	in	granulation,	sieving	has	a	45-μm	aperture	[5].	636	FIGURE	21.8	Pharmaceutical	Granulation	Technology	From	EP	191635192.2	[47].	As	part	of	sieve	analysis,	it	is	important	in	design	characterization	to	assay	the	sieve
cut	for	the	content	of	API,	binder,	and	moisture	content.	21.4.6	Granulation	Shape	Particle	shape	can	be	quantified	by	different	methods.	One	easy	way	is	the	relationship	of	volumeweighted	mean	to	surface-weighted	mean	in	laser	particle	size	analysis	[45].	L	=	[D	[4,	3]]	[D	[3,	2]]	(21.23)	If	the	particles	are	spherical,	this	ratio	is	equal	to	1.	The	effect
of	particle	shape	on	bulk	powder	properties	has	been	illustrated	by	Rupp	[46].	The	bulk	volume	increases	as	the	shape	becomes	less	spherical.	The	flow	rate	also	drops	with	loss	in	a	spherical	shape.	Automated	light	obscuration	imaging	is	a	visual	imaging	tool	that	can	be	used	for	both	analysis	of	particle	size	and	particle	shape.	Dynamic	imaging
systems	move	particulates	past	the	microscope	optics	while	using	high-speed	flash	illumination.	A	significant	population	of	particles	can	be	analyzed	for	both	size	and	shape.	In	examining	the	shape	characteristics	of	a	spherical	melt	granule,	Propst	et.	al.	[47]	examined	samples	of	over	100,000	particles	for	shape	characteristics.	Figure	21.8	shows	ten
actual	particle	images	of	a	competitor’s	product	from	EP	patent	191635192.2	[47].	The	numbers	are	particle	identification	numbers.	More	than	100,000	particle	images	are	stored	and	can	be	sorted	and	examined	similarly	by	Yu	and	Handcock	[48]	for	aspect	ratio,	circularity,	convexity,	solidity,	and	numerous	other	shape	parameters.	Static	imaging
systems	offer	even	more	versatility	in	exploring	the	chemical	composition	of	individual	granules	in	the	sample	by	Raman	Spectroscopy	[49].	In	static	imaging,	the	particulate	is	dispersed	onto	a	stage	where	it	remains	fixed	during	analysis.	Classification	of	particles	based	on	shape	can	also	be	done	by	physical	separation	based	on	shapes.	A	method
that	sorts	particles	by	shape	is	described	by	Ridgeway	and	Rupp	[50]	in	which	the	granulation	is	fed	onto	a	vibrating	triangular	metal	deck.	Particles	of	different	shape	segregate	on	the	deck	and	are	collected	for	analysis	by	weight.	Samples	and	data	represent	a	weight	dis	tribution	for	spherical	to	non-spherical	shapes.	Granulation	Characterization
637	21.5	ACTIVE	PRINCIPLE	CHARACTERIZATION	21.5.1	CRYSTALLINITY	AND	POLYMORPHISM	Understanding	the	effect	of	granulation	on	the	form	of	the	bulk	drug	has	gained	increasing	at	tention	in	the	past	few	years.	A	detailed	description	of	X-ray	diffraction	is	provided	by	Suryanarayanan	and	the	references	cited	therein	[51].	X-ray
diffraction	is	mostly	used	to	identify	the	crystalline	form	of	a	pure	solid	substance.	Modulated	temperature	X-ray	powder	diffraction	(XRPD)	is	being	used	increasingly	in	the	pharmaceutical	industry	at	both	preformulation	and	formulation	stages.	Airaksinen	et	al.	[52]	studied	polymorphic	transitions	during	drying	using	two	methods:	a	multi-chamber
microscale	fluid-bed	dryer	or	a	variable	temperature	powder	X-ray	diffractometer.	Relative	amounts	of	dif 	ferent	polymorphic	forms	of	theophylline	remaining	in	the	dried	granules	were	determined	by	XRPD.	The	authors	concluded	that	metastable	anhydrous	theophylline	predominated	when	the	granules	were	dried	at	40	°C	to	50	°C.	Temperature
above	50°C	produced	mostly	anhydrous	theophylline,	and	more	than	20%	of	the	metastable	form	remained	even	at	90°C.	Morris	et	al.	[53]	reported	polymorphic	changes	when	hydroxymethylglutarate	coenzyme	A	reductase	inhibitor	was	wet-granulated	with	water.	The	starting	material	was	in	the	anhydrous	form,	which	was	then	converted	into	an
amorphous	form	during	the	wet	granulation	process.	The	loss	in	crystallinity	was	experimentally	determined	using	XRPD.	Exposure	of	this	granulation	to	an	environment	of	greater	than	33%	RH	caused	a	form	conversion	into	its	crystalline	hydrate.	This	series	of	experiments	demonstrated	the	usefulness	of	a	sophisticated	technique,	such	as	XRPD,	in
the	assessment	of	the	physical	stability	of	APIs	during	granulation.	21.5.2	HYDRATES	Approximately	one-third	of	APIs	are	capable	of	forming	hydrates.	Hydrates	can	have	a	lower	solubility	rate.	This	tendency	of	materials	to	form	hydrates	can	impact	dissolution	and	stability.	A	hydrate	screening	study	for	nitrofurantoin	using	NIR/Raman	Spectroscopy
in	an	acetone/water	system	was	reported	by	Aaltonen	et	al.	[54].	Räsänen	et	al.	[55]	studied	the	polymorphic	conversion	of	theophylline	during	wet	granulation	using	NIR.	The	authors	found	that	at	a	low	level	of	granulation	liquid	(0.3	mol	of	water	per	mole	of	anhydrous	theophylline),	water	absorption	maxima	in	the	NIR	region	occurred	first	at
around	1475	and	1970	nm.	These	absorption	maxima	were	identical	to	those	of	theophylline	monohydrate.	At	higher	levels	of	granulation	liquid	(1.3	±	2.7	mol	of	water	per	mole	of	anhydrous	theophylline),	increasing	absorption	maxima	occurred	at	1410	and	1905	nm	because	of	OH	vibrations	of	free	water	molecules.	Aaltonen	et	al.	applied	this	to	in-
line	NIR	and	Raman	spectroscopy	during	fluid-bed	drying	to	track	the	dehydration	of	theophylline	monohydrate	[56].	21.5.3	API	UNIFORMITY	One	of	the	benefits	of	granulating	is	the	ability	to	generate	a	uniform	dispersion	of	the	API	in	all	granular	particles	to	assure	content	uniformity.	Also,	the	lack	of	dust	is	an	advantage	in	controlling	cross-
contamination	and	employee	exposure.	In	the	design	to	assure	mode,	it	is	the	granulation	consistency	that	needs	to	be	verified.	In	pharmaceutical	delivery	systems,	it	is	the	API	dose	that	is	being	delivered	and	the	target	for	the	design	to	be	assured.	The	dose	(tablet	weight	times	%API)	delivered	is	variable	based	on	the	weight	of	the	dosage	form	and
its	%API	composition.	It	is	important	to	separate	the	two,	dose	form	weight	variability	from	the	variation	in	%	composition	during	investigations	and	verification	of	process	performance.	An	example	of	the	separation	of	the	variability	of	weight	versus	compositional	variation	of	the	granulation	is	the	weighing	of	60	tablets	for	weight	variation	[5].	Weigh
another	set	of	ten	tablets,	638	Pharmaceutical	Granulation	Technology	and	assay	each	tablet.	If	the	dose	per	tablet	is	controlled	only	by	the	variability	in	the	tablet	weight,	the	mg/mg	composition	would	be	a	fixed	composition.	All	tablets	would	have	the	same	%	active.	As	tablet	weight	increases,	the	mg/mg	concentration	changes	the	granulation,
making	the	tablet	having	a	variable	potency.	Besides	the	investigation	into	the	composition	of	the	granulation	using	the	sieving	approach	discussed	earlier,	visual	imaging	can	be	used	for	investigations.	An	example	of	a	Metoprolol	Tartrate	granulation	with	lactose	using	a	PVP	solution	in	a	high-shear	granulator	was	found	to	contain	particles	of
different	appearance.	Based	on	assay	as	well	as	dissolution	rates	on	a	mi	croscope	slide,	the	less	white	and	more	cream-colored	particles,	which	dissolved	faster,	were	Metoprolol	Tartrate	clusters	that	survived	both	the	granulation	and	drying	process.	The	dry	powder	ingredients	required	premilling	on	charging	to	remove	the	API	clusters	to	eliminate
the	problem	as	the	use	of	chopper	and	higher	agitator	speeds	alone	was	not	enough	to	remove	the	clusters.	Drugs	with	high	solubility	in	the	granulation	solvent	have	a	higher	tendency	to	migrate	during	drying	creating	a	drug-rich	surface	on	the	drying	particle	[5].	Attrition	or	abrasion	during	sub	sequent	handling	leads	to	the	formation	of	highly
drug-concentrated	fines	relative	to	the	larger	particles.	Kapsidou	et	al.	[57]	showed	that	drug	migration	increased	with	drug	solubility	and	was	projected	to	be	a	problem	above	a	target	range	per	granulation	system.	Viscosity	has	a	significant	effect	on	drug	migration.	Drug	migration	increased	from	the	pendular	state	(being	dried)	to	the	funicular
state	(being	dried).	Kiekens	et	al.	[58]	showed	that	a	minimum	liquid	viscosity	of	100	Mpas	was	needed	to	stop	the	migration	of	riboflavin	in	a-lactose	using	PVP	K-90	as	the	wet	binder.	REFERENCES	1.	The	United	States	Pharmacopeia.	USP	.	Rockville,	MD,	2007.	2.	Tillotson	J.,	Propst	C.	Highly	compactable	and	durable	direct	compression	excipients
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References......................................................................................................................................	654	22.1	INTRODUCTION	A	high	percentage	of	the	drugs	available	in	the	market	are	administered	via	the	oral	route	and	via	dosage	forms	like	tablet,	hard	and	soft	gelatin	capsule,	suspension,	and	solution	due	to	either	convenience	and/or	its	cost-
effectiveness	[1–4].	This	route,	compared	to	the	intravenous	as	well	as	any	other	extravascular	routes,	is	much	more	complex	with	respect	to	the	physiological	conditions	existing	at	the	absorption	site.	Additionally,	the	complexity	in	drug	absorption	via	the	oral	route	arises	due	to	the	different	environment	drug	molecules	encounter	in	the
gastrointestinal	tract	as	well	as	the	nature	of	the	membrane	the	drug	molecules	have	to	cross	before	reaching	the	general	circulation.	Therefore,	the	oral	bioavailability	of	a	drug	becomes	a	primary	focus	and	an	important	consideration	for	drug	discovery	of	new	chemical	entities.	It	is	well	recognized	that	poor	bioa	vailability	and	greater	variability	in
bioavailability	can	result	in	poor	therapeutics	response	and	greater	variability	in	therapeutic	response,	respectively.	This	becomes	a	greater	concern	for	drugs	that	exhibit	a	narrow	therapeutic	range.	641	642	Pharmaceutical	Granulation	Technology	The	oral	bioavailability	of	a	drug	is	influenced	by	several	properties,	including	drug	dissolution	rate,
solubility,	intestinal	permeability,	and	pre-systemic	metabolism.	Frequently,	the	rate-limiting	step	to	drug	absorption	from	the	gastrointestinal	tract	is	drug	release	and	drug	dissolution	from	the	dosage	form.	Therapeutic	agents	with	aqueous	solubility	lower	than	100	µg/mL	often	present	dissolution	limitations	to	absorption.	Physicochemical,
formulation-related,	process-related,	and	physiological	factors	can	all	influence	drug	dissolution.	For	many	drugs,	pharmacological	responses	and	therapeutic	effects	can	be	related	to	observed	blood	concentrations.	This	is	based,	essentially,	on	the	following	tenets,	which	collectively	form	the	foundation	for	the	validity	of	bioavailability	testing.	The
first	tenet	is	that	drug	concentration	in	the	blood	reflects,	or	is	related	to,	its	concentration	at	the	site	of	action	in	any	part	of	the	body.	The	second	assumption	is	that	the	intensity	of	the	pharmacological	activity	of	a	drug	is	related	to	its	concentration	at	the	site	of	action.	This	assumption,	however,	does	not	hold	true	for	certain	drugs.	In	this	case,	a
bioavailability	study	provides	direct	information	only	about	drug	concentration,	but	not	the	therapeutic	response.	Despite	these	limitations,	bioavailability	studies	have	proven	to	be	extremely	helpful	in	assessing	the	rate	and	extent	of	drug	absorption	and	suggesting	any	mod	ifications	of	drug	formulation	that	may	be	required	to	optimize	the	product.
Oral	bioavailability	(F)	of	a	drug	is	the	product	of	a	fraction	of	drug	absorbed	(Fa),	a	fraction	of	drug	escaping	intestinal	metabolism	(Fg),	and	a	fraction	of	drug	escaping	liver	metabolism	(Fh)	[5,6].	F	=	Fa	Fg	Fh	(22.1)	Therefore,	the	oral	bioavailability	of	a	drug	is	largely	a	function	of	its	solubility	characteristics	in	gastrointestinal	fluids,	absorption
into	the	systemic	circulation,	and	metabolic	stability.	Oral	ab	sorption	and	the	fraction	of	drug	absorbed	into	the	intestine	are	functions	of	a	drug’s	solubility	and	permeability	[7].	Historically,	the	concept	of	bioavailability	from	orally	administered	drugs	is	closely,	if	not	exclusively,	associated	with	dosage	form	performance.	In	particular,	poor
bioavailability	is	in	creasingly	an	issue	in	the	drug	discovery	process	[6].	In	situations	where	different	chemical	entities	are	simultaneously	under	investigation,	dosage	form	performance	is	just	one	of	the	possible	contributing	factors	to	the	poor	bioavailability.	Other	possible	contributing	factors	may	include	diminished	access	for	drug	absorption	due
to	chemical	degradation,	physical	inactivation	due	to	binding	or	complexation,	microbial	biotransformation,	insufficient	contact	time	in	transit	through	the	gastrointestinal	tract,	and	poor	permeability	across	the	gastrointestinal	mucosa.	Drug	dis	solution	and	drug	absorption	processes	and	their	consequential	effects	on	bioavailability	appear	to	be
interdependent	processes,	which	are	influenced	by	the	physicochemical	properties	of	drugs,	in	particular	for	hydrophobic	drugs.	22.2	DRUG	DISSOLUTION	Drug	dissolution	is	a	prerequisite	for	drug	absorption,	which,	in	turn,	influences	the	rate	and	extent	at	which	the	administered	dose	of	a	drug	reaches	the	general	circulation.	For	many	drugs	that
cross	intestinal	mucosa	easily,	the	onset	of	drug	levels	will	be	controlled	by	the	time	required	for	the	dosage	form	to	release	its	drug	content	and	then	for	the	drug	to	dissolve.	Dissolution	is	a	process	by	which	a	solid	substance	dissolves.	As	a	fundamental	property	of	a	solid,	it	is	controlled	by	the	affinity	between	the	solid	and	the	liquid	medium	that
surrounds	it.	The	proliferation	of	interest	in	drug	dissolution	may	be	attributed,	primarily,	to	drugs	that	tend	to	be	very	hydrophobic,	because	the	rate-limiting	step	in	the	drug	absorption	process	from	the	gastrointestinal	tract	is	often	drug	dissolution	from	the	solid	dosage	form.	Approximately	40%	of	the	compounds	that	enter	the	development	phase
fail	to	reach	the	market	[8].	The	main	reason	for	failure	is	poor	Bioavailability	and	Granule	Properties	643	biopharmaceutical	properties,	which	include	low	aqueous	solubility,	chemical	instability,	in	sufficient	intestinal	absorption,	intestinal	and/or	hepatic	metabolism,	biliary	excretion,	and	high	systemic	clearance.	Even	a	highly	potent	compound	can
become	not	developable	unless	it	man	ifests	adequate	pharmaceutical	properties.	For	example,	to	be	effective,	an	orally	administered	compound	must	be	absorbable	across	the	gastrointestinal	mucosa.	Consequently,	a	major	challenge	confronted	by	the	medicinal	chemists	is	the	design	of	a	potential	therapeutic	agent	that	exhibits	desired
physicochemical	properties,	including	intestinal	permeability.	Many	theories	describe	the	drug	dissolution	process.	The	most	common	theory	for	drug	dis	solution	is	the	film	theory,	also	known	as	the	diffusion	layer	model;	it	espouses	the	assumption	that	the	dissolution	is	determined	by	the	transport	process.	The	Noyes–Whitney	[9,10]	equation	is
probably	the	most	frequently	employed	to	describe	the	drug	dissolution	process	and	the	physi	cochemical	properties	that	play	a	pivotal	role	in	influencing	drug	dissolution.	Accordingly,	dX	D	=	Rate	=	A	dt	h	Cs	Xd	V	(22.2)	where	dX/dt	is	the	rate	of	dissolution,	A	is	the	available	surface	area,	D	is	the	diffusion	coefficient	or	diffusivity,	h	is	the	thickness
of	the	diffusion	or	boundary	layer	adjacent	to	the	dissolving	drug	surface,	Cs	is	the	equilibrium	or	saturation	solubility	of	the	drug,	Xd	is	the	amount	of	the	dissolving	solid,	and	V	is	the	volume	of	the	dissolution	fluid.	The	oral	bioavailability	of	a	drug	is	determined	by	several	properties,	including	drug	dissolution	rate,	solubility,	intestinal	permeability,
and	pre-systemic	metabolism.	The	literature	reviews	[11,12]	reflect	the	overall	importance	of	these	properties	in	contributing	to	the	success	or	failure	of	a	potential	therapeutic	agent	in	clinical	trials.	This	has	provided	an	impetus	for	characterizing	and	estimating	these	properties	in	the	drug	discovery	process.	Frequently,	the	rate-limiting	step	to
drug	absorption	from	the	gastrointestinal	tract	is	drug	re	lease	and	drug	dissolution	from	the	dosage	form.	Various	drug	dissolution	models	show	that	drug	diffusivity,	solubility	in	the	gastrointestinal	tract,	the	surface	area	of	solid	wetted	by	the	luminal	fluid,	and	the	gastrointestinal	fluid	hydrodynamics	all	play	critical	roles	in	determining	the	in	vivo
dissolution	rate.	Solubility	in	the	gastrointestinal	fluid	contents	is	determined	by	aqueous	solubi	lity,	crystalline	form,	drug	lipophilicity,	solubilization,	and	pKa	of	a	drug	concerning	the	gastro	intestinal	pH	profile.	Therapeutic	agents	with	aqueous	solubilities	lower	than	100	µg/mL	often	present	dissolution	limitations	to	absorption.	Therefore,	any
factor	that	influences	drug	dissolution	will	likely	influence	drug	absorption	and	bioavailability.	These	factors	may	be	broadly	classified	as	physicochemical,	formulation-related,	and	physiological.	Generally,	any	factor	that	will	influence	the	equilibrium	solubility	[Eq.	22.2)]	of	a	therapeutic	agent	will	likely	influence	the	dissolution	rate	and	then	it	may
be	reflected	in	the	bioavailability.	Examples	of	these	factors	include	particle	size,	the	salt	form	of	a	weak	acid	or	base,	polymorphism,	and	complexation.	Recognizing	the	influential	role	of	drug	dissolution	along	with	the	permeability	of	a	drug	and	other	physical	and	chemical	properties,	Amidon	et	al.	[7,13]	proposed	the	biopharmaceutical
classification	system	(BCS).	Today,	this	classification	serves	as	a	guide	for	regulatory	and	in	dustrial	purposes	to	anticipate	potential	bioavailability	problems	by	employing	dose	number,	dissolution	number,	and	absorption	number.	This	is	discussed	further	in	the	text	of	the	chapter.	The	most	important	property	of	a	dosage	form	is	its	ability	to	deliver
the	active	ingredient	to	the	“site	of	action”	in	an	amount	sufficient	to	elicit	the	desired	pharmacological	response.	This	property	of	a	dosage	form	has	been	variously	referred	to	as	its	physiologic	availability,	biological	availability,	or	bioavailability.	Bioavailability	may	be	defined	more	accurately	as	the	rate	and	extent	of	absorption	of	a	drug	from	its
dosage	form	into	the	systemic	circulation.	Accordingly,	the	absorption	of	a	drug	following	intravenous	administration	is	extremely	rapid	and	complete.	However,	due	to	convenience	and	644	Pharmaceutical	Granulation	Technology	stability	problems,	drugs	are	often	administered	orally	as	a	tablet	or	capsule	dosage	form.	Therefore,	their	rate	and
extent	of	absorption	in	an	individual	must	be	known	accurately.	Furthermore,	equally	important	is	that	the	factors	that	influence	the	rate	and	extent	of	absorption	of	drugs	be	also	known	and	understood	by	formulators.	The	subject	of	bioavailability	began	to	receive	growing	attention	as	studies	showed	that	the	ther	apeutic	effectiveness	of	a	drug	from
the	dosage	form	depends,	to	a	large	extent,	on	the	physiological	availability	of	their	active	ingredient(s)	and	is	a	function	of	the	drug	concentration	in	the	patient's	blood	or	plasma.	The	importance	of	bioavailability	in	drug	therapy,	therefore,	stems	from	the	fact	that	the	rate	and	extent	of	absorption	of	a	drug	from	a	dosage	form	can	affect	the	patient's
response	to	a	drug.	In	light	of	these	facts,	the	determination	of	bioavailability	has	become	one	of	the	ways	to	assess	the	in	vivo	performance	of	a	dosage	form	following	its	formulation	development.	It	must,	however,	be	remembered	that	bioavailability	studies,	very	often,	are	conducted	in	normal,	fasted,	and	a	small	number	of	subjects,	and	therefore,
the	results	of	these	studies	may	not	always	reflect	the	true	efficacy	relationship	in	patients	under	treatment	conditions.	For	many	years,	it	was	assumed	that	if	a	dosage	form	contained	the	labeled	amount	of	a	drug,	its	performance	could	be	taken	for	granted.	However,	it	is	now	evident	for	some	time	that	many	factors	acting	individually	or	in	concert
may	produce	therapeutic	failure.	22.3	BIOAVAILABILITY	PARAMETERS	In	assessing	the	bioavailability	of	a	drug	from	a	dosage	form,	three	parameters	are	measured	following	the	administration	of	a	drug	through	a	dosage	form	and	obtaining	the	drug	blood	concentration–time	profile	(Fig.	22.1).	1.	Peak	concentration,	(Cp)max	2.	Peak	time	(tmax),
and	3.	The	area	under	the	concentration-time	curve,	(AUC)0∞	The	parameters	peak	time	(tmax)	and	peak	concentration	{(Cp)max}	are	the	measures	of	the	rate	of	absorption,	and	the	area	under	the	concentration–time	curve,	(AUC)0∞,	is	a	measure	of	the	extent	of	absorption.	FIGURE	22.1	A	graphical	representation	of	plasma/serum	drug
concentration	data	following	the	administration	of	a	drug	by	extravascular	route.	Bioavailability	and	Granule	Properties	645	22.3.1	PEAK	TIME	(TMAX)	This	parameter	represents	the	length	of	time	required	to	attain	the	maximum	concentration	of	drug	in	the	systemic	circulation.	The	parameter	describes	the	onset	of	the	peak	level	of	the	biological
response	and,	hence,	can	be	utilized	as	a	measure	of	the	rate	of	absorption.	The	faster	the	rate	of	absorption,	the	smaller	is	the	value	for	the	peak	time	and	the	quicker	is	the	onset	of	action	of	the	drug.	The	peak	time	is	determined	by	using	the	following	equation	[Eq.	22.3]:	t	max	=	ln(K	a/K)	(K	a	K)	(22.3)	where	Ka	and	K	are	the	first-order	absorption
and	elimination	rate	constants,	respectively.	Equation	22.3	indicates	that	the	larger	the	value	of	the	absorption	rate	constant	(Ka),	the	smaller	is	the	value	of	peak	time	(tmax)	and	quicker	is	likely	to	be	the	onset	of	action.	The	elimination	rate	constant	(K)	is	constant	for	a	drug	in	normal	healthy	individuals,	and	it	changes	when	organs	responsible	for
the	elimination	of	the	drug	(i.e.,	kidney	and	liver)	exhibit	abnormalities.	The	absorption	rate	constant	(Ka),	on	the	other	hand,	depends	on	the	route	of	ad	ministration,	the	dosage	form,	and	the	formulation	of	a	drug.	And,	for	hydrophobic	drugs	and/or	when	the	absorption	and	dissolution	rate	is	limited,	the	faster	dissolution	is	generally	reflected	in	the
higher	value	for	the	absorption	rate	constant.	Therefore,	by	changing	the	formulation	of	a	drug	or	route	of	administration,	one	can	alter	the	peak	time	and	the	rate	of	absorption	and	time	for	the	onset	of	action.	22.3.2	PEAK	PLASMA	CONCENTRATION	(CP)MAX	This	parameter	represents	the	highest	drug	concentration	in	the	systemic	circulation	or
the	plasma	concentration	that	corresponds	to	the	peak	time.	Furthermore,	this	parameter	is	often	associated	with	the	intensity	of	the	pharmacologic	response	of	the	drug.	Therefore,	the	peak	plasma	con	centration	(Fig.	22.1)	of	a	drug	following	the	administration	of	a	dosage	form	should	be	above	the	minimum	effective	concentration	(MEC)	and
below	the	minimum	toxic	concentration	(MTC).	The	peak	plasma	concentration	can	depend	upon	the	absorption	rate	constant	(Ka)	and	the	fraction	of	the	administered	dose	that	eventually	reaches	the	systemic	circulation.	The	higher	the	absorption	rate	constant	and	the	fraction	that	reaches	the	general	circulation,	the	greater	is	the	peak	plasma
concentration	for	the	administered	dose.	The	route	of	administration,	the	dosage	form,	and	the	formulation	can,	therefore,	influence	the	peak	plasma	concentration.	It	is	determined	by	using	the	following	method:	(C	p)max	=	K	a	F(X	a)0	/V(K	a	K)(e	Ktmax	e	Katmax)	(22.4)	where,	F	is	the	fraction	of	the	dose	that	eventually	reaches	the	systemic
circulation,	(Xa)0	is	the	ad	ministered	dose,	V	is	the	apparent	volume	of	distribution	of	a	drug,	and	tmax	is	the	peak	time.	Since	the	term	KaF(Xa)0/V	(Ka	–	K)	in	Eq.	(22.5)	constitutes	the	intercept	of	the	plasma	concentrations	against	the	time	profile,	Eq.	(22.5)	can	be	written	as	(C	p)max	=	I(e	Ktmax	e	Katmax)	(22.5)	Where	I	represents	the	intercept
(mcg/mL)	of	the	plasma	concentrations	against	the	time	profile.	646	22.3.3	AREA	UNDER	Pharmaceutical	Granulation	Technology	THE	PLASMA	CONCENTRATION–TIME	CURVE	(AUC)0∞	This	parameter	represents	the	extent	of	absorption	of	a	drug	following	the	administration	of	a	dosage	form.	The	greater	the	fraction	of	the	dose	that	reaches	the
general	circulation,	the	greater	is	the	extent	of	the	absorption	and,	hence,	(AUC)0∞.	The	term	(AUC)0∞,	expressed	as	mcg/mL.hr,	for	a	drug	following	its	administration	by	various	extravascular	routes	or	various	dosage	forms	that	are	administered	extravascularly	is	determined	by	employing	the	following	equation	[Eq.	22.6)]:	(AUC)0	=	K	a	F(Xa)0
/V(K	a	K)[1/K	1/Ka]	(22.6)	All	the	terms	of	Eq.	(22.6)	have	been	defined	previously.	Equation	(22.6)	can	further	be	reduced	to	(AUC)0	=	Intercept[1/K	1/Ka]	(22.7)	The	intercept	in	Eq.	(22.7)	is	the	intercept	of	the	plasma	concentration–time	profile	following	the	administration	of	a	single	dose	of	a	drug.	The	extent	of	absorption	can	also	be	determined
by	using	the	following	equation	(AUC)0	=	F(Xa)0	/VK	(22.8)	Where	the	term	VK	is	the	systemic	clearance	of	the	administered	drug.	This	parameter	being	independent	of	the	route	of	administration,	the	formulation,	and	the	extravascularly	administered	dosage	form,	it	is	ostensible	that	the	extent	of	absorption	{i.e.,	(AUC)0∞}	is	controlled	by	the
product	of	the	fraction	of	the	administered	dose	reaching	the	general	circulation	and	the	ad	ministered	dose	[i.e.,	F(Xa)0].	22.4	FACTORS	AFFECTING	THE	BIOAVAILABILITY	There	are	several	factors	responsible	for	the	variation	in	bioavailability.	Broadly	speaking,	these	factors	can	be	classified	as	patient-related	or	dosage	form	related.	Patient-
related	factors	include	age,	disease	state,	abnormal	genetic	characteristics,	and/or	gastrointestinal	physiology.	The	de	tailed	discussion	on	these	factors	is	beyond	the	scope	of	the	objectives	of	this	chapter.	Dosage	form-related	factors	include	formulation	and	manufacturing-related	variables	such	as	particle	size,	type	and	quantity	of	excipient	used,
method	of	manufacturing,	compression	pressure,	derived	properties	of	the	powder,	and	many	other	factors.	The	fact	that	the	bioavailability	of	a	drug	may	be	significantly	affected	by	its	physical	state	and	the	dosage	forms	via	which	it	is	administered	has	been	unequivocally	demonstrated.	And,	because	drugs	are	administered	through	dosage	forms,
these	dosage	forms	should	have	adequate	stability,	uniform	composition,	and	complete	and	consistent	bioavailability.	Following	the	administration	of	a	drug	through	a	solid	dosage	form,	a	sequence	of	steps	is	required	before	the	drug	reaches	the	systemic	circulation.	As	shown	in	Figure	22.2,	an	orally	administered	solid	dosage	form	undergoes
disintegration	and	deaggregation,	followed	by	the	dissolution	of	the	drug.	The	dissolved	drug	molecules	must	penetrate	the	gastrointestinal	membrane	and	reach	the	general	circu	lation.	Each	of	the	steps	involved	may	limit	how	fast	the	drug	molecules	reach	the	general	circulation	and,	therefore,	the	site	of	action.	The	step	that	offers	the	maximum
resistance	is	referred	to	as	the	ratelimiting	step.	Which	step	will	be	rate-limiting,	on	the	other	hand,	will	depend	on	the	physicochemical	properties	of	the	dosage	form	and	the	physiology	of	the	gastrointestinal	tract.	The	focus	of	the	dis	cussion	here,	however,	will	be	on	the	physicochemical	properties	of	the	dosage	form.	Bioavailability	and	Granule
Properties	FIGURE	22.2	circulation.	647	Schematic	representation	of	the	process	of	the	drug	dissolution	and	its	entry	into	the	general	As	illustrated	in	Figure	22.2,	the	solid	dosage	form	must	disintegrate	and/or	deaggregate	before	much	of	the	drug	is	available	for	absorption.	Drug	dissolution	subsequently	occurs	from	the	re	sulting	granules.
Therefore,	the	properties	of	granules	are	important	in	understanding	how	dis	solution	is	influenced	by	these	properties.	Following	the	ingestion	of	a	solid	dosage	form,	whether	or	not	a	drug	is	deaggregated,	it	will	not	be	absorbed	until	it	has	dissolved	into	the	luminal	fluids	of	the	gastrointestinal	tract.	Because	of	the	effects	of	disintegration	and
deaggregation	on	the	dis	solution,	the	remaining	discussion	will	focus	on	the	factors	influencing	the	dissolution	of	the	drug.	22.5	DISSOLUTION	AND	GRANULE	PROPERTIES	Among	available	dosage	forms,	compressed	tablets	are	the	most	widely	used	dosage	form.	Tablets	are	generally	prepared	by	using	either	wet	granulation	or	direct	compression
process.	The	wet	granulation	process	consists	of	mixing	a	drug	with	other	powdered	material	and	wetting	the	mixture	with	an	aqueous	and/or	hydro-alcoholic	solution	of	a	suitable	binder	such	as	gelatin,	starch,	or	polyvinylpyrrolidone.	The	damp	mass	is	passed	through	the	screens	of	8	to	12	mesh	and	dried	to	produce	cohesive	granules.	Each
granule,	in	theory,	is	a	blend	of	an	active	ingredient	and	excipients.	The	granules	flow	easily	through	the	hopper	into	the	tablet	press	and	are	easily	compressed.	Many	derived	properties	of	the	powder	greatly	influence	the	granule	properties,	which,	in	turn,	influence	the	dissolution	of	an	active	ingredient	from	the	dosage	form.	These	derived
properties	include	powder	density,	porosity,	specific	surface,	particle	morphology,	and	powder	flow.	These	derived	properties,	in	essence,	are	determined	by	the	particle	size	and	size	distribution.	Consequently,	particle	size	and	size	distribution	play	a	vital	role	in	influencing	the	bioavailability	of	drugs,	particularly,	when	dissolution	is	the	rate-limiting
step	in	the	absorption	process.	The	important	role	these	properties	play	in	influencing	bioavailability	must,	therefore,	be	recognized	and	taken	into	consideration	during	optimization	of	formulation	of	a	dosage	form.	For	example,	a	smaller	particle	size	is	desirable,	if	a	drug	is	hydrophobic,	to	improve	the	drug	dissolution	due	to	increased	specific
surface;	however,	too	small	a	particle	size	may	adversely	affect	the	powder	flow	and	content	uniformity	of	a	dosage	form.	Other	derived	powder	properties	like	true	and	bulk	density	and	particle	size	will	play	an	important	role	in	the	mixing	of	powder	blends,	before	the	granulation	and	compression.	Powder	flow	is	another	derived	property	of
importance.	The	flow	of	the	powder	and/or	granules	can	present	difficulties	in	the	manufacturing	of	a	tablet	dosage	form,	which,	in	turn,	can	affect	the	content	uniformity	of	a	drug	and	the	bioavailability.	648	Pharmaceutical	Granulation	Technology	Many	processes	used	in	tablet	manufacturing	greatly	influence	the	dissolution	rates	of	an	active
ingredient.	The	method	of	manufacture,	the	granule	size,	the	moisture	content,	age	and	the	flow	property	of	the	granules,	the	order	of	mixing	of	ingredients	during	the	granulation	as	well	as	the	compression	force	employed	in	the	tableting	process,	all	contribute	to	the	dissolution	character	istics	of	the	final	product	and,	therefore,	may	be	the
bioavailability	of	a	drug	from	the	finished	product.	(Refer	to	Chapter	17	which	specifically	addresses	the	poorly	soluble	drugs	and	how	to	process	them	to	enhance	solubility	and	hence	bioavailability.)	Several	studies	have	demonstrated	that	the	granulation	process,	in	general,	enhances	the	dis	solution	rate	of	poorly	soluble	drugs	[14].	The	use	of
diluents	and	fillers	such	as	starch	[15],	anhydrous	lactose	[16],	spray-dried	lactose	[17,18],	microcrystalline	cellulose	[19],	and	com 	pression	force,	particle	size,	and	lubricants	[20]	tends	to	enhance	the	hydrophilicity	of	the	active	ingredients	and	improve	their	dissolution	characteristics.	Even	though	the	direct	compression	method	of	producing	tablets
or	capsules	could	give	better	dissolution	results,	the	bioavailability	which	is	dependent	on	the	uniformity	of	a	dosage	form	may	not	always	be	acceptable.	However,	newer	tableting	machines	and	excipients	accompanied	by	careful	formulation	and	proper	mixing	sequence	will	permit	the	preparation	of	tablets	with	good	dissolution	characteristics.
Marlow	and	Shangraw	[21]	reported	that	sodium	salicylate	tablets	prepared	by	direct	compression	with	spray-dried	lactose	uniformly	exhibited	more	rapid	and	complete	dissolution	compared	to	those	prepared	by	wet	granulation.	Furthermore,	it	was	reported	that	the	presence	of	disintegrant	in	the	dry	compression	was	essential	for	good	dissolution.
Finholt	et	al.	[22]	reported,	in	a	separate	comparative	study	utilizing	phenobarbital	tablets	that	were	manufactured	by	both	wet	and	dry	granulation,	that	both	procedures	yielded	comparable	dissolution	rates	provided	a	disintegrate	was	incorporated	and	mixed	with	the	drug	before	dry	granulation.	However,	the	incorporation	of	disintegrant	following
the	dry	granulation	of	a	drug	resulted	in	slower	dissolution	rates.	In	the	manufacturing	of	tablets	by	the	conventional	wet	granulation	method,	many	independent	factors	affect	the	granule	properties	and,	therefore,	the	dissolution	rate.	Recent	advances	in	granulation	technology	and	the	employment	of	high-shear	mixers	and	fluid-bed	granulating



equipment	have	helped	to	identify	several	critical	in-process	variables,	and	the	systematic	control	of	variables	such	as	the	type	and	time	of	mixing	of	the	granules,	time	and	temperature	of	drying,	blending	time	with	lubricant,	age	of	the	granules,	moisture	content	of	the	granules	at	the	time	of	compression,	and	the	tablet	crushing	strength	is	of
importance	to	ensure	the	consistency	in	the	dissolution	and,	hence,	bioavailability.	In	early	studies	on	the	physics	of	tablet	compression,	Higuchi	et	al.	[23]	recognized	the	in	fluence	of	compressional	forces	employed	in	the	tableting	process	on	the	apparent	density,	por	osity,	hardness,	disintegration	time,	and	average	particle	size	of	the	compressed
tablets.	Hardness	is	a	measure	of	the	resistance	of	a	dosage	form	to	the	mechanical	deforming.	It	is	a	function	of	high	compression	force	use	in	manufacturing,	and	it	may	change	with	the	aging	of	granules.	Higuchi	et	al.	[23]	reported	a	linear	relationship	between	hardness	and	the	logarithm	of	the	compressional	force,	and	the	specific	surface	of	the
compressed	tablets	was	found	to	undergo	marked	changes	during	the	compressional	process.	The	high	compression	may	increase	the	specific	surface	and,	hence,	may	enhance	the	dissolution.	On	the	other	hand,	the	high	compression	may	also	inhibit	the	wettability	of	a	tablet	due	to	the	formation	of	a	firmer	and	more	effective	sealing	layer	of	the
lubricant	due	to	high	pressure	and	temperature	that	accompany	a	strong	compressional	force.	Levy	et	al.	[15]	reported	that	salicylic	acid	tablets,	when	prepared	by	a	double	compression,	showed	an	increase	in	the	dissolution	with	an	increase	in	the	pre-compression	pressure	due	to	fracturing	of	drug	particles	at	higher	pressure.	The	higher
compression	may	also	produce	slower	dissolution,	at	least	in	the	initial	period,	due	to	an	increased	difficulty	of	fluid	penetration	into	the	compressed	tablets.	Luzzi	et	al.	[24]	and	Jalsenjak	et	al.	[25]	observed	the	dissolution	rate	of	sodium	pheno	barbital	to	be	inversely	proportional	to	the	hardness	from	tablet	and	microcapsule,	respectively.
Bioavailability	and	Granule	Properties	649	Another	important	granule	property	that	influences	the	dissolution	of	drugs	is	the	moisture	content	of	the	granule	at	the	time	of	compression.	Chowhan	et	al.	[26–30]	studied	the	effect	of	moisture	content	and	crushing	strength	on	ticlopidine	hydrochloride	tablet’s	friability	and	dis	solution.	It	was	observed
[29]	that	at	the	moisture	content	of	1	to	2%,	the	drug	dissolution	was	inversely	related	to	the	tablet	crushing	strength.	However,	at	the	moisture	content	level	of	3	to	4%,	there	was	no	clear	relationship	between	the	dissolution	and	the	crushing	strength.	In	later	studies	by	Chowhan	et	al.	[27,30],	it	was	reported	that	granules	prepared	by	high-speed
shear	mixer	were	less	porous	than	those	prepared	by	planetary	mixer,	and	the	porosity	of	the	tablet	may	improve	the	dissolution	of	the	drug	by	facilitating	solvent	penetration	provided	the	entrapment	of	air	in	the	pores	is	minimized	or	avoided.	In	yet	another	important	study,	Levy	et	al.	[15]	studied	the	effect	of	the	granule	size	on	the	dissolution	rate
of	salicylic	acid	tablets	and	found	that	the	dissolution	rate	increased	with	a	de	crease	in	the	granule	size;	the	increase	in	dissolution	rate,	however,	was	not	proportional	to	the	increase	in	the	apparent	surface	area	of	the	granules.	Furthermore,	it	was	also	reported	that	the	dissolution	rate	decreased	significantly	with	the	increase	in	the	age	of	the
granules.	The	chemical	components	of	the	formulation	have	also	been	shown	to	prolong	disintegration	time,	which	subsequently	affects	the	drug	dissolution	and	bioavailability.	Inert	fillers	have	been	found	to	potentiate	the	chemical	degradation	of	active	ingredients	causing	an	alteration	in	the	disintegration	and	dissolution	time	of	compressed	tablets
to	change	with	storage.	Alam	and	Parrott	[31]	have	shown	that	hydrochlorothiazide	tablets,	granulated	with	acacia	and	stored	at	temperatures	ranging	from	room	temperature	to	80	°C,	increased	in	hardness	with	time.	This	was	reflected	in	increased	disintegration	and	dissolution	time.	On	the	other	hand,	tablets	granulated	with	starch	and
polyvinylpyrrolidone	did	not	show	any	change	in	disintegration	and	dissolu	tion	time.	(Chapter	21	provides	more	comprehensive	information	on	granulation	characterization.)	22.6	IN	VITRO–IN	VIVO	CORRELATION	A	key	goal	in	the	pharmaceutical	development	of	dosage	forms	is	a	good	understanding	of	the	in	vitro	and	in	vivo	performance	of	the
dosage	forms.	One	of	the	challenges	of	biopharma	ceutics	research	is	correlating	in	vitro	drug	release	information	of	various	drug	formulations	to	the	in	vivo	drug	profiles	(IVIVC).	Such	a	tool	shortens	the	drug	development	period,	econo	mizes	the	resources,	and	leads	to	improved	quality.	This	is	because	the	IVIVC	includes	in	vivo	relevance	to	in	vitro
dissolution	specifications.	It	can	also	assist	in	quality	control	for	certain	Scale-up	and	Post-Approval	Changes	(SUPAC).	This	section	of	the	chapter	discusses	the	FDA	guidance,	various	definitions	of	in	vitro–in	vivo	correlations,	various	levels	of	correlations,	and	the	use	of	such	information	in	oral	dosage	forms,	as	biopharmaceutics	classification	sys-
tems	(BCS).	The	concept	and	application	of	the	in	vitro–in	vivo	correlation	for	pharmaceutical	dosage	forms	have	been	a	focus	of	the	attention	of	the	pharmaceutical	industry,	academia,	and	regulatory	sectors.	The	optimization	process	may	require	alteration	in	formulation	composition,	manufacturing	pro	cess,	equipment,	and	batch	sizes.
Implementation	of	these	requirements	not	only	halts	the	mar	keting	of	the	new	formulation	but	also	increases	the	cost	of	the	optimization	processes.	Regulatory	guidance	for	both	immediate	and	modified-release	dosage	forms	has,	therefore,	been	developed	by	the	FDA	to	minimize	the	need	for	bioavailability	studies	as	part	of	the	formulation	design
and	optimization	for	generic	drugs.	IVIVC	can	be	used	in	the	development	of	new	pharmaceuticals	to	reduce	the	number	of	human	studies	during	formulation	development.	It	is	to	serve	as	a	surrogate	for	in	vivo	bioavailability	and	to	support	biowaivers.	They	could	also	be	employed	to	establish	dissolution	specifications	and	to	support	and/or	validate
the	use	of	dissolution	methods.	650	Pharmaceutical	Granulation	Technology	22.6.1	DEFINITIONS	Correlation	is	frequently	employed	within	the	pharmaceutical	and	related	sciences	to	describe	the	relationship	that	exists	between	variables.	Mathematically,	the	term	correlation	means	inter	dependence	between	quantitative	and	qualitative	data	or	the
relationship	between	measurable	variables	and	ranks.	Two	definitions	of	IVIVC	have	been	proposed	by	the	USP	and	by	the	FDA	[32,33].	United	States	Pharmacopoeia	(USP)	definition	“The	establishment	of	a	rational	relationship	between	a	biological	property,	or	a	parameter	derived	from	a	biological	property	produced	by	a	dosage	form,	and	a
physiochemical	property	or	char	acteristic	of	the	same	dosage	form	[32].”	Food	and	Drug	Administration	(FDA)	definition	“IVIVC	is	a	predictive	mathematical	model	describing	the	relationship	between	an	in	vitro	property	of	a	dosage	form	and	a	relevant	in	vivo	response.	Generally,	the	in	vitro	property	is	the	rate	or	extent	of	drug	dissolution	or
release	while	the	in	vivo	response	is	the	plasma	drug	con	centration	or	amount	of	drug	absorbed	[33].”	22.6.2	CORRELATION	LEVELS	Five	correlation	levels	have	been	defined	in	the	IVIVC	FDA	guidance	[33].	The	concept	of	cor	relation	level	is	based	upon	the	ability	of	the	correlation	to	reflect	the	complete	plasma	drug	level–time	profile	which	will
result	from	the	administration	of	the	given	dosage	form	[32].	22.6.3	LEVEL	A	CORRELATION	This	level	of	correlation	is	the	highest	category	of	correlation	and	represents	a	point-to-point	relationship	between	in	vitro	dissolution	rate	and	in	vivo	input	rate	of	the	drug	from	the	dosage	form	[32].	Generally,	the	percent	of	drug	absorbed	may	be
calculated	employing	model-dependent	techniques	such	as	Wagner–Nelson	procedure	or	Loo–Riegelman	method	or	by	modelindependent	numerical	deconvolution	[32].	These	techniques	represent	a	major	advance	over	the	single-point	approach	in	that	these	methodologies	utilize	all	of	the	dissolution	and	plasma	level	data	available	to	develop	the
correlations	[32].	The	purpose	of	Level	A	correlation	is	to	define	a	direct	relationship	between	in	vivo	data	such	that	measurement	of	in	vitro	dissolution	rate	alone	is	sufficient	to	determine	the	biopharmaceutical	rate	of	the	dosage	form.	An	in	vitro	dissolution	curve	can	serve	as	a	surrogate	for	in	vivo	per	formance.	Therefore,	a	change	in
manufacturing	site,	method	of	manufacture,	raw	material	sup	plies,	minor	formulation	modification,	and	even	product	strength	using	the	same	formulation	can	be	justified	without	the	need	for	additional	human	studies	[32].	It	is	an	excellent	quality	control	procedure	since	it	is	predictive	of	the	in	vivo	performance	of	a	dosage	form.	22.6.4	LEVEL	B
CORRELATION	A	level	B	IVIVC	utilizes	the	principles	of	statistical	moment	analysis.	In	this	level	of	correlation,	the	mean	in	vitro	dissolution	time	(MDTvitro)	of	the	product	is	compared	to	either	in	vivo	mean	residence	time	(MRT)	or	the	in	vivo	mean	dissolution	time	(MDTvivo).	MRT,	MDTvitro,	and	MDTvivo	will	be	defined	where	appropriate.
Although	a	level	B	correlation	uses	all	of	the	in	vitro	and	in	vivo	data,	it	is	not	considered	to	be	a	point-to-point	correlation,	since	there	are	many	different	in	vivo	curves	that	will	produce	similar	mean	residence	time	values	[33].	A	level	B	correlation	does	not	uniquely	reflect	the	actual	in	vivo	plasma	level	curves.	Therefore,	one	cannot	Bioavailability
and	Granule	Properties	651	rely	upon	a	level	B	correlation	alone	to	justify	formulation	modification,	manufacturing	site	change,	excipient	source	change,	etc.	In	addition,	in	vitro	data	from	such	a	correlation	could	not	be	used	to	justify	the	extremes	of	quality	control	standards	[32].	22.6.5	LEVEL	C	CORRELATION	In	this	level	of	correlation,	one
dissolution	time	point	(t50%,	t90%,	etc.)	is	compared	to	one	mean	pharmacokinetic	parameter	such	as	(AUC)0∞,	tmax,	or	Cmax.	Therefore,	it	represents	a	single	point	correlation	and	does	not	reflect	the	entire	shape	of	the	plasma	drug	concentration	versus	the	time	curve,	which	is	a	crucial	factor	that	is	a	good	indicator	of	the	performance	of
modified-release	products	[32,33].	This	is	the	weakest	level	of	correlation	as	a	partial	relationship	between	ab	sorption	and	dissolution	is	established.	The	usefulness	of	this	correlation	level	is	subject	to	the	same	caveats	as	a	level	B	correlation	in	its	ability	to	support	product	and	site	changes	as	well	as	justification	of	quality	control	standard	extremes
[32].	Level	C	correlations	can	be	useful	in	the	early	stages	of	formulation	development	when	pilot	formulations	are	being	selected.	While	the	information	may	be	useful	in	formulation	development,	the	waiver	of	an	in	vivo	bioequivalence	study	(biowaivers)	is	generally	not	possible	[33].	22.6.5.1	Multiple	Level	C	Correlation	A	multiple	level	C	correlation
relates	one	or	several	pharmacokinetic	parameters	of	interest	{(Cmax,	(AUC)0∞}	or	any	other	suitable	parameters	to	the	amount	of	drug	dissolved	at	several	time	points	of	the	dissolution	profile.	A	multiple	point	level	C	correlation	may	be	used	to	justify	a	biowaiver,	provided	the	correlation	has	been	established	over	the	entire	dissolution	profile	with
one	or	more	pharmacokinetic	parameters	of	interest.	A	relationship	should	be	demonstrated	at	each	time	point	at	the	same	parameter	such	that	the	effect	on	the	in	vivo	performance	of	any	change	in	dissolution	can	be	assessed	[33].	22.6.6	LEVEL	D	CORRELATION	Level	D	correlation	is	a	rank	order	and	qualitative	analysis	and	is	not	considered
useful	for	reg	ulatory	purposes.	It	is	not	a	formal	correlation	but	serves	as	an	aid	in	the	development	of	a	formulation	or	processing	procedure	[33,34].	22.6.7	SYSTEMATIC	DEVELOPMENT	OF	A	CORRELATION	An	assumed	IVIVR	is	essentially	one	that	provides	the	initial	guidance	and	direction	for	the	early	formulation	development	activity.	This
work	sometimes	results	in	revised	in	vitro	targets	and	reformulation	strategy	and	the	same	cycle	of	activity	again.	22.6.7.1	Important	Considerations	in	Developing	a	Correlation	When	the	dissolution	is	not	influenced	by	factors	such	as	pH,	surfactants,	osmotic	pressure,	mixing	intensity,	enzyme,	and	ionic	strength,	a	set	of	dissolution	data	obtained
from	one	for	mulation	is	correlated	with	a	deconvoluted	plasma	concentration–time	data	set	[33].	To	de	monstrate	a	correlation,	fraction	absorbed	in	vivo	should	be	plotted	against	the	fraction	released	in	vitro.	If	this	relationship	becomes	linear	with	a	slope	of	1,	then	curves	are	superimposable,	and	there	is	a	1:1	relationship	which	is	defined	as	point-
to-point	or	level	A	correlation.	The	corre	lation	is	considered	general	and	could	be	extrapolated	within	a	reasonable	range	for	that	for	mulation	of	the	active	drug	entity.	In	a	linear	correlation,	the	in	vitro	dissolution	and	in	vivo	input	curves	may	be	directly	su	perimposable	or	may	be	made	to	be	superimposable	by	the	use	of	appropriate	scaling	factor
(time	corrections)	[32,33].	The	time	scaling	factor	should	be	the	same	for	all	formulations,	and	different	652	Pharmaceutical	Granulation	Technology	time	scales	for	each	formulation	indicate	the	absence	of	an	IVIVC	[33].	Non-linear	correlation	may	also	be	appropriate	[32,33].	In	cases	where	the	dissolution	rate	depends	on	the	experimental	factors
mentioned	above	the	deconvoluted	plasma,	concentration–time	curves	constructed	following	administration	of	batches	of	product	with	different	dissolution	rates	(at	least	two	formulations	having	significantly	different	behavior)	are	correlated	with	dissolution	data	obtained	under	the	same	dissolution	condition.	If	there	is	no	one-to-one	correlation,
other	levels	of	correlation	could	be	evaluated	[32,33].	The	in	vitro	dissolution	methodology	should	be	able	to	adequately	discriminate	between	the	study	formulations.	Once	a	system	with	the	most	suitable	discrimination	is	developed,	dissolution	conditions	should	be	the	same	for	all	formulations	tested	in	the	biostudy	for	the	development	of	the
correlation	[33].	During	the	early	stages	of	correlation	development,	dissolution	conditions	may	be	altered	to	attempt	to	develop	a	one-to-one	correlation	between	the	in	vitro	dissolution	profile	and	the	in	vivo	dissolution	profile	[33].	An	established	correlation	is	valid	only	for	a	specific	type	of	pharmaceutical	dosage	form	(tablets,	gelatin	capsules,	etc.)
with	a	particular	release	mechanism	(matrix,	osmotic	system,	etc.)	and	particular	main	excipients	and	additives.	The	correlation	is	true	and	predictive	only	if	mod	ifications	of	this	dosage	form	remain	within	certain	limits,	consistent	with	the	release	mechanism	and	excipients	involved	in	it	[33].	Drugs	are	often	taken	just	before,	with,	or	after	a	meal.
All	of	these	factors	may	increase	variability.	A	posterior	correlation	might	be	established	using	the	patients’	data	only	to	increase	the	knowledge	of	the	drug.	The	release	rates,	as	measured	by	percent	dissolved,	for	each	formulation	studied,	should	differ	adequately	(e.g.,	by	10%).	This	should	result	in	in	vivo	profiles	that	show	a	comparable	difference,
for	example,	a	10%	difference	in	the	pharmacokinetic	parameters	of	interest	(Cp)max	or	(AUC)0∞	between	each	formulation	[33].	22.7	BIOPHARMACEUTICS	CLASSIFICATION	SYSTEM	(BCS)	The	Biopharmaceutics	Classification	System	(BCS)	is	a	drug	development	tool	that	allows	esti	mation	of	the	contribution	of	three	fundamental	factors
including	dissolution,	solubility,	and	in	testinal	permeability,	which	govern	the	rate	and	extent	of	drug	absorption	from	solid	oral	dosage	forms	[13].	Permeability	is	referred	to	as	the	ability	of	the	drug	molecule	to	permeate	through	a	membrane	into	the	systemic	circulation.	22.7.1	ABSORPTION	NUMBER	(AN)	The	Absorption	Number	(An)	is	the	ratio
of	the	Mean	Residence	Time	(Tres)	to	the	Mean	Absorption	Time	(Tabs)	and	is	calculated	by	using	Eq.	(22.9).	An	=	Tres/Tabs	=	(	R2	L/Q)/R/Peff	)	(22.9)	22.7.2	DISSOLUTION	NUMBER	(DN)	The	Dissolution	Number	(Dn)	is	the	ratio	of	Mean	Residence	Time	(Tres)	to	Mean	Dissolution	Time	(Tdiss)	and	can	be	estimated	by	using	Eq.	(22.10).	Dn	=Tres
/Tdiss	=	(	R2L/Q)/	pro	2	/3DC	smin	(22.10)	Bioavailability	and	Granule	Properties	653	22.7.3	DOSE	NUMBER	(DO)	Do	=	Dose/(Vo	×Csmin)	(22.11)	Where	L	=	tube	length,	R	=	tube	radius,	∏	=	3.14,	Q	=	fluid	flow	rate,	ro	=	initial	particle	radius,	D	=	particle	acceleration,	p	=	particle	density,	Peff	=	effective	permeability,	V0	is	the	initial	gastric
volume	equal	to	250	mL	which	is	derived	from	typical	bioequivalence	study	protocols	that	pre	scribe	administration	of	a	drug	product	to	fasting	human	volunteers	with	a	glass	of	water	at	the	time	of	drug	administration,	and	Csmin	is	minimum	aqueous	solubility	in	the	physiological	pH	range	of	1–8	[13].	The	dose,	dose	number,	solubility,	and	estimated
dissolution	number	for	several	drugs	are	reported	[13]	in	the	literature.	The	fraction	dose	absorbed	could	be	estimated	using	these	three	major	dimensionless	parameters.	However,	the	extent	of	solubilization	and	potential	particle	ag	gregation	in	the	small	intestine	is	unknown,	and	therefore	the	solubility	dose	and	dissolution	number	of	a	drug	in	vivo
are	difficult	to	estimate	precisely	[13].	As	drug	dissolution	and	intestinal	permeability	are	the	fundamental	parameters	governing	rate	and	extent	of	drug	absorption,	drugs	could	be	categorized	into	high/low	solubility	and	permeability	classes.	Class	I	compounds	such	as	metoprolol	exhibit	a	high	absorption	(An)	and	a	high	Dissolution	(Dn)	number.	The
rate-limiting	step	to	drug	absorption	is	drug	dissolution	or	gastric	emptying	rate	if	dissolution	is	very	rapid	[13].	This	group	of	drugs	is	expected	to	be	well	absorbed	unless	they	are	unstable,	form	insoluble	complexes,	are	secreted	directly	from	the	gut	wall,	or	undergo	first-pass	metabolism	[35].	For	immediate-release	products	that	release	their
content	very	rapidly,	the	ab	sorption	rate	will	be	controlled	by	the	gastric	emptying	rate,	and	no	correlation	of	in	vivo	data	with	dissolution	rate	is	expected	[13].	When	a	class	I	drug	is	formulated	as	an	extended-release	product	in	which	the	release	profile	controls	the	rate	of	absorption	and	the	solubility	and	permeability	of	the	drug	is	site-
independent,	a	level	A	correlation	is	most	likely.	Class	II	drugs	such	as	phenytoin	have	a	high	absorption	number	(An)	but	a	low	dissolution	number	(Dn).	In	vivo	drug	dissolution	for	Class	II	drugs	is,	therefore,	a	rate-limiting	factor	in	drug	absorption	(except	at	very	high	dose	number,	Do),	and	consequently,	absorption	is	usually	slower	than	Class	I
and	takes	place	over	a	longer	period	of	time	[13].	The	limitation	can	be	equilibrium	or	kinetic	in	nature.	In	the	case	of	an	equilibrium	problem,	enough	fluid	is	not	available	in	the	GI	tract	to	dissolve	the	dose.	Class	III	drugs,	such	as	cimetidine,	are	rapidly	dissolving,	and	permeability	is	the	ratecontrolling	step	in	drug	absorption.	Rapid	dissolution	is
particularly	desirable	to	maximize	the	contact	time	between	the	dissolved	drug	and	absorption	mucosa.	Class	IV	drugs	are	low-solubility	and	low-permeability	drugs.	This	class	of	drugs	exhibits	significant	problems	for	effective	oral	delivery.	It	is	anticipated	that	inappropriate	formulation	of	drugs	falling	in	class	IV,	as	in	the	case	of	class	II	drugs,	could
have	an	additional	negative	in	fluence	on	both	the	rate	and	extent	of	drug	absorption.	22.8	SUMMARY	Developing	dependable	and	reproducible	drug	delivery	via	oral	administration	is	probably	the	ultimate	goal	in	the	industry.	Therefore,	the	design	and	formulation	of	such	dosage	forms	will	take	into	consideration	many	physiochemical,
biopharmaceutical,	and	physiological	factors.	While	solubility	and	permeability	are	fundamental	parameters	that	determine	and	influence	oral	ab	sorption,	other	factors	like	lipophilicity,	hydrogen	bonding,	and	a	number	of	rotatable	bonds	also	play	a	critical	role	in	the	transport	of	drug	molecules	across	the	biological	membrane.	654	Pharmaceutical
Granulation	Technology	Drug	availability	to	produce	an	effect,	following	the	oral	dosing,	may	be	thought	of	as	the	result	of	the	following	steps:	1.	Getting	the	drug	from	the	dosage	form	into	solution	(dissolution)	2.	Moving	the	drug	molecules	through	the	membrane	of	the	gastrointestinal	tract,	and	3.	Moving	the	drug	away	from	the	site	of
administration	into	the	general	circulation	(absorption).	It	is	clear	from	the	discussion	that	the	bioavailability	of	drugs,	particularly	poorly	soluble	drugs,	mainly	depends	on	the	ability	of	the	drug	to	dissolve	from	the	dosage	form	at	the	site	of	ad	ministration.	Dissolution,	in	turn,	especially	from	solid	dosage	forms	such	as	tablets	and	capsules	depends
on	several	physicochemical	properties	of	a	therapeutic	agent,	granule	properties,	and	the	processing	variables	used	in	the	manufacture	of	the	dosage	forms.	The	granule	properties	and	other	variables,	which	determine	and	influence	the	granule	properties,	will	serve	as	major	topics	of	discussion	in	subsequent	chapters.	Knowledge	of	the
physicochemical	properties	such	as	particle	size	and	size	distribution,	dissociation	constant,	equilibrium	solubility,	partition	coefficient,	dis	solution	rate,	and	specific	permeability	should	be	utilized	as	a	guide	for	the	potential	bioavailability	problems	in	the	formulation	of	an	optimum	solid	dosage	form.	These	factors	and	their	role	in	influencing	the
bioavailability	of	a	drug,	therefore,	will	allow	the	formulators	to	develop	an	op	timum	dosage	form	by	selecting	the	process	and	preparation	variables	involved	rationally.	REFERENCES	1.	Lipinsky,	C.	A.	Computational	alerts	for	potential	absorption	problems:	profiles	of	clinically	tested	drugs.	Tools	for	oral	absorption.	Part	II.	Predicting	human
absorption.	AAPS	Meeting,	Miami,	FL,	1995.	2.	Lipinsky,	C.	A.	Drug-like	properties	and	the	causes	of	poor	solubility	and	poor	permeability.	J.	Pharmacol.	Tox.	Methods,	44	(1),	235–249,	2000.	3.	Lipinsky,	C.	A.,	Lombardo,	F.,	Dominy,	B.	W.,	and	Feeney,	P.	J.	Experimental	and	computational	approaches	to	estimate	solubility	and	permeability	in	drug
discovery	and	development	setting.	Adv.	Drug	Deliv.	Rev.,	46	(1–3),	3–26,	2001.	4.	Lipinsky,	C.	A.	Solubility	in	water	and	DMSO:	Issues	and	potential	solutions.	Pharmaceutical	Profiling	in	Drug	Discovery	for	Lead	Selection	AAPS,	Washington	DC,	2004.	5.	Sun,	D.,	Yu,	L.	X.,	Hussain,	M.	A.,	Wall,	D.	A.,	Smith,	R.	L.,	and	Amidon,	G.	L.	In-vitro	testing	of
drug	absorption	for	drug	‘developability’	assessment:	forming	an	interface	between	in	vitro	preclinical	data	and	clinical	outcome.	Curr.	Opin.	Drug	Discovery	Dev.	7,	75–85,	2004.	6.	Kwan,	K.	C.	Oral	bioavailability	and	first	pass	effects.	Drug	Metab.	Dispos.,	25,	1329–1336,	1997.	7.	Amidon,	G.	L.,	Sinko,	P.	J.,	and	Fleisher,	D.	Estimating	human	oral
fraction	dose	absorbed:	a	corre	lation	using	rat	intestinal	membrane	permeability	for	passive	and	carrier-	mediated	compounds.	Pharm.	Res.,	5,	651–654,	1988.	8.	Brennan,	M.	B.	Drug	discovery:	filtering	out	failures	early	in	the	game.	Chem.	&	Eng.	News,	June	5,	63,	2000.	9.	Noyes,	A.,	and	Whitney,	W.	J.	The	rate	of	solution	of	solid	substances	in
their	own	solution.	J.	Am.	Chem.	Soc.	19,	930–934,	1897.	10.	Noyes,	A.,	and	Whitney,	W.	J.	Ueber	Die	Auslosungsgesch	Wingdigkeit	Von	Festen	Stossen	In	Ihern	Eigenen	Losungen.	Z.	Physik.	Chem.	23,	689–692,	1897.	11.	Caldwell,	G.	W.	Compound	optimization	in	early	and	late	phase	drug	discovery:	acceptable	pharma	cokinetics	properties	utilizing
combined	physicochemical,	in-vitro	and	in	vivo	screens.	Curr.	Opin.	Drug.	Dis.	Develop.,	3,	30–41,	2000.	12.	Venkatesh,	S.,	and	Lipper,	R.	A.	Role	of	the	development	scientist	in	compound	lead	selection	and	optimization.	J.	Pharm.	Sci.	89,	145–154,	2000.	13.	Amidon,	G.	L.,	Lennernas,	H.,	Shah,	V.	P.,	and	Crison,	J.	R.	A	theoretical	basis	for	a
biopharmaceutics	drug	classification.	The	correlation	of	in	vitro	drug	product	classification	and	in	vivo	bioavailability.	Pharm.	Res.,	12	(3),	413–419,	1995.	Bioavailability	and	Granule	Properties	655	14.	Solvang,	S.,	and	Finholt,	P.	Effect	of	tablet	processing	and	formulation	factors	on	dissolution	rates	of	active	ingredient	in	human	gastric	juice.	J.
Pharm.	Sci.,	59,	49–52,	1970.	15.	Levy,	G.,	Antkowiak,	J.,	Procknal,	J.,	and	White,	D.	Effect	of	certain	tablet	formulation	factors	on	dissolution	rate	of	the	active	ingredient	II:	granule	size,	starch	concentration,	and	compression	pressure.	J.	Pharm.	Sci.,	52,	1047–1051,	1963.	16.	Batuyios,	N.	Anhydrous	lactose	in	direct	tablet	compression.	J.	Pharm.	Sci.,
55,	727–730,	1966.	17.	Gunsel,	W.,	and	Lachman,	L.	Comparative	evaluation	of	tablet	formulations	prepared	by	conventionally	processed	and	spray	dried	lactose.	J.	Pharm.	Sci.,	52,	178–182,	1963.	18.	Duvall,	R.,	Koshy,	K.,	and	Dashiell,	R.	Comparative	evaluation	of	dextrose	and	spray	dried	lactose	in	direct	compression	systems.	J.	Pharm.	Sci.,	54,
1196–1200,	1965.	19.	Reier,	G.,	and	Shangraw,	R.	Microcrystalline	cellulose	in	tableting.	J.	Pharm.	Sci.,	55,	510–514,	1966.	20.	Iranloye,	T.,	and	Parrott,	E.	Compression	force,	particle	size,	and	lubricants	on	dissolution	rates.	J.	Pharm.	Sci.,	67,	535–539,	1978.	21.	Marlow,	E.,	and	Shangraw,	R.	Dissolution	of	sodium	salicylate	from	tablet	matrices
prepared	by	wet	granulation	and	direct	compression.	J.	Pharm.	Sci.,	56,	498–504,	1967.	22.	Finholt,	P.,	Pedersen,	P.,	Solvang,	R.,	and	Wold,	K.	Effect	of	different	factors	on	dissolution	rate	of	drugs	from	powders,	Granules	and	tablets	II.	Medd.	Norsk	Farm	Selsk.,	28,	238,	1966.	23.	Higuchi,	T.,	Rao,	A.,	Busse,	E.,	and	Swintosky,	J.	The	physics	of	tablet
compression	II:	The	influence	of	degree	of	compression	on	properties	of	tablets.	Am.	Pharm.	Assoc.,	Sci.	Ed.,	42,	194–200,	1953.	24.	Luzzi,	L.,	Zoglio,	M.,	and	Maulding,	H.	Preparation	and	evaluation	of	the	prolonged	release	properties	of	nylon	microcapsules	J.	Pharm.	Sci.,	59,	338–341,	1970.	25.	Jalsenjak,	I.,	Nicolaidou,	C.,	and	Nixon,	J.	Dissolution
from	tablets	prepared	using	ethycellulose	mi	crospheres	J.	Pharm.	Pharmacol.,	29,	169–172,	1977.	26.	Chowhan,	Z.	T.,	and	Palagyi,	L.	Hardness	increase	induced	by	partial	moisture	loss	in	compressed	tablets	and	its	effect	on	in	vitro	dissolution.	J.	Pharm.	Sci.,	67,	1385–1389,	1978.	27.	Chowhan,	Z.	T.	Moisture,	hardness,	disintegration	and	dissolution
interrelationships	in	compressed	tablets	prepared	by	the	wet	granulation	process.	Drug	Develop.	Ind.	Pharm.,	5	(1),	41–62,	1979.	28.	Chowhan,	Z.	T.	Role	of	binders	in	moisture-induced	hardness	increase	in	compressed	tablets	and	its	effect	on	in	vitro	disintegration	and	dissolution.	J.	Pharm.	Sci.,	69,	1–4,	1980.	29.	Chowhan,	Z.,	Yang,	I.,	Amaro,	A.,
and	Chi,	L.	Effect	of	moisture	and	crushing	strength	on	tablet	friability	and	in	vitro	dissolution.	J.	Pharm.	Sci.,	71,	1371–1375,	1982.	30.	Chowhan,	Z.,	and	Chatterjee,	B.	A	method	for	establishing	in	process	variable	controls	for	optimizing	tablet	friability	and	in	vitro	dissolution.	Int.	J.	Pharm.	Technol.	Prod.	Mfg.,	5	(2),	6–12,	1984.	31.	Alam,	A.	S.,	and
Parrott,	E.	L.	Effect	of	aging	on	some	physical	properties	of	hydrochlorothiazide	tablets.	J.	Pharm.	Sci.,	60,	263–266,	1971.	32.	United	States	Pharmacopoeia.	In	Vitro	and	In	Evaluation	of	Dosage	Forms.	27th	edition.	Mack	Publishing	Company,	Easton,	PA,	2004.	33.	FDA,	CDER.	Guidance	for	industry,	extended	release	oral	dosage	form:	development,
evaluation,	and	application	of	In	Vitro-In	Vivo	correlations.	FDA,	CDER,	1997.	34.	Sirisuth,	N.,	and	Eddington,	N.	D.	In	vitro-in	vivo	correlations,	systemic	methods	for	the	development	and	validation	of	an	IVIVC	metoprolol	and	naproxen	drug	examples	Int.	J.	Generic	Drugs.,	3,	250–258,	2002.	35.	Dressman,	J.	B.,	Amidon,	G.	L.,	Reppas,	C.,	and	Shah,
V.	P.	Dissolution	testing	as	a	prognostics	tool	for	oral	drug	absorption:	immediate	release	dosage	forms.	Pharm.	Res.,	12	(3),	413–419,	1998.	RECOMMENDED	READING	1.	Abdou,	H.	M.	Dissolution,	Bioavailability	and	Bioequivalence.	Mack	Publishing	Company,	Easton,	PA,	1989.	2.	Blanchard,	J.,	Sawchuk,	R.,	and	Brodie,	B.	(Eds.)	Principles	and
Perspectives	in	Drug	Bioavailability.	S.	Krager	AG,	Basel,	Switzerland,	1979.	3.	Gibaldi,	M.	Biopharmaceutics	and	Clinical	Pharmacokinetics.	4th	Ed.,	Lea	and	Febiger,	Philadelphia,	PA,	1991.	4.	Jambhekar,	S.	Micromeritics	and	Rheology,	A	Chapter	in	Theory	and	Practice	of	Contemporary	Pharmaceutics.	Ghosh	T.	K.	and	Jasti	B.	R.	(Eds.),	CRC
Publication,	Boca	Raton,	FL,	2005.	5.	Leeson,	L.	J.,	and	Carstensen,	J.	(Eds.)	Dissolution	Technology	Academy	of	Pharmaceutical	Sciences.	APhA	Publication,	Washington	DC,	1974.	656	Pharmaceutical	Granulation	Technology	6.	Stavchansky,	S.	A.,	and	McGinity,	J.	W.	Bioavailability	in	Tablet	Technology,	A	Chapter	in	Pharmaceutical	Dosage	Forms:
Tablets.	Lieberman,	H.	A.,	Lachman,	L.	and	Schwartz,	J.	B.	(Eds.).	Volume	2.	2nd	Ed.,	Marcel	Dekker,	Inc.,	New	York,	NY,	1990.	7.	Emani,	J.	In	vitro-in	vivo	correlations:	from	theory	to	applications.	J.	Pharm.	Pharmaceut.	Sci.,	9	(2),	169–189,	2006.	8.	Cardot,	J.	E.,	Beyssac,	E.,	and	Alric,	M.	In	vitro-in	vivo	correlation:	importance	of	dissolution	in	IVIVC.
Dissolut.	Technol.,	15–19,	2007.	9.	Galia,	E.,	Nicolaides,	E.,	Horter,	D.,	Lotenberg,	R.,	Reppas,	C.,	and	Dressman,	J.	Evaluation	of	various	dissolution	media	for	predicting	in	vivo	performance	of	class	I	and	class	II	drugs.	Pharm.	Res.,	15	(5),	698–705,	1998.	10.	Young,	D.,	Devane,	J.	G.,	and	Butler,	J.	(Eds.)	In	Vitro-In	Vivo	Correlations,	Plenum	Press,
New	York,	NY,	1997.	11.	Leeson,	L.	J.	In	vitro-in	vivo	correlations.	Drug	Inf.	J.,	29,	903–915,	1995.	12.	Jung,	H.,	Milan,	R.	C.,	Girard,	M.	E.,	Leon,	F.,	and	Montoya,	M.	A.	Bioequivalence	study	of	carba	mazepine	tablets:	in	vitro-in	vivo	correlations.	Int.	J.	Pharm.,	152,	37–44,	1997.	13.	Rekhi,	G.	S.,	and	Jambhekar,	S.	Bioavailability	and	in	vitro/in	vivo
correlation	for	propranolol	hy	drochloride	extended	release	bead	products	prepared	using	aqueous	polymeric	dispersions.	J.	Pharm.	Pharmacol.,	48,	1276–1284,	1996.	14.	Jambhekar,	S.	Equilibrium	Processes	in	Pharmaceutics,	A	Chapter	in	Pharmaceutics:	Basic	Principles	and	Application	to	Pharmacy	Practice.	Dash,	A.,	Singh,	S.,	and	Tolman,	J.
(Eds.),	Academic	Press,	Boston,	USA,	2014.	15.	Jambhekar,	S.,	Physiochemical	and	Biopharmaceutical	Properties	of	Drug	Substances	and	Pharmacokinetics,	A	Chapter	in	Foye’s	Principles	of	Medicinal	Chemistry.	Lemke,	T.	L.,	and	Williams,	D.	A.	(Eds.).	7th	Ed.,	Lippincott,	Williams	and	Wilkins,	Wolters	Kluwer	Health	Company,	Philadelphia,	USA,
2012.	16.	Jambhekar,	S.,	and	Breen,	P.	Drug	dissolution:	significance	of	physicochemical	properties	and	phy	siological	conditions.	Drug	Discov.	Today,	18	(23/24),	1173–1184,	2013.	23	Granulation	Process	Modeling	Ian	T.	Cameron	and	Fu	Y.	Wang	CONTENTS	23.1	Modeling	of	Granulation	Systems	.....................................................................................
657	23.1.1	Motivation	for	Modeling	.....................................................................................	657	23.1.2	Process	Modeling	Fundamentals	.........................................................................	658	23.1.3	Approaches	to	Modeling......................................................................................662	23.1.4	Quality-by-Design	Approach
...............................................................................663	23.2	Key	Factors	in	Granulation	Modeling...............................................................................664	23.2.1	Conservation	Principles	.......................................................................................664	23.2.2	The	Principal	Constitutive	Mechanisms..............................................................664	23.3	Representing
Granulation	Processes	Through	Population	Balances	................................665	23.3.1	General	Population	Balance	Equations	...............................................................	665	23.3.2	One-Dimensional	Population	Balance	Models	...................................................667	23.3.3	Multidimensional	Population	Balance	Models	...................................................671	23.3.4
Reduced-Order	Models	........................................................................................673	23.3.5	A	Multiform	Modeling	Approach	.......................................................................675	23.3.6	Hybrid	Models	.....................................................................................................676	23.4	Solving	Population	Balances
.............................................................................................	676	23.4.1	Conventional	Discretization	Methods	.................................................................	676	23.4.2	Wavelet-Based	Methods	......................................................................................678	23.4.3	Hierarchical	Two-Tier	Technique	.......................................................................680	23.4.4	Solving
Differential-Algebraic	Equation	Systems	..............................................682	23.4.5	Monte	Carlo	Methods	..........................................................................................683	23.5	Application	of	Population	Balance	Modeling	...................................................................685	23.5.1	Modeling	for	Closed-Loop	Control	Purposes	.....................................................	685
23.5.2	Modeling	for	Optimal	Design,	Operation,	and	Open-Loop	Optimal	Control	...	691	23.5.3	Sensitivity	and	Reliability	Analysis	....................................................................699	23.6	Summary.............................................................................................................................	700
References......................................................................................................................................	701	23.1	MODELING	OF	GRANULATION	SYSTEMS	In	this	section,	we	introduce	the	background	to	granulation	modeling	by	asking	the	questions,	“Why	model?”	and	“How	can	models	be	used	in	granulation	systems	applications?”	The	following	sections
seek	to	answer	these	questions	and	demonstrate	the	benefits	that	can	flow	from	appropriate	granulation	process	modeling.	23.1.1	MOTIVATION	FOR	MODELING	There	are	many	motivations	for	modeling	granulation	systems	that	are	common	to	all	processrelated	issues.	Process	modeling	is	an	area	that	has	grown	enormously	over	the	last	50	years.
Michaels	[1]	has	pointed	out	that	despite	the	change	of	particle	technology	from	an	underfunded	657	658	Pharmaceutical	Granulation	Technology	and	widely	scattered	research	enterprise	to	a	thriving	globally	recognized	engineering	discipline	over	the	past	30	years,	design	and	analysis	of	industrial	particulate	processes	often	remain	rooted	in
empiricism.	Without	exception,	granulation	processes,	like	many	solids	handling	operations,	continue	to	be	one	of	the	least	understood	and	hence	inefficient	operations	in	the	process	industries.	Thus,	granulation	remained	more	of	“an	art	than	a	science”	until	almost	20	years	ago,	as	stated	by	Litster	[2].	Granulation	operations	were	performed	by
employing	popular	practice	rather	than	through	systematic	scientifically-based	strategies.	The	ineffectiveness	of	this	approach	led	re	searchers	into	a	quest	to	represent	the	dynamic	or	steady-state	(SS)	characteristics	of	systems	through	a	deeper	understanding	of	the	relevant	phenomena	of	the	physicochemical	mechanisms	being	studied.
Granulation	systems	have	benefited	through	a	growing	interest	in	the	building	of	various	models	and	their	deployment	to	address	a	range	of	applications.	23.1.1.1	Benefits	The	benefits	from	the	use	of	modeling	include:	•	An	increased	understanding	of	the	governing	mechanisms	through	endeavoring	to	represent	them	in	the	model	description.	•	An
increased	understanding	of	the	relative	importance	of	mechanistic	contributions	to	the	outputs	of	the	process.	•	Capturing	of	insight	and	knowledge	in	a	mathematically	usable	form.	•	Documentation	of	research	findings	in	accessible	form	for	various	applications.	•	Application	of	models	for	improved	control	performance	and	process	diagnosis.	•
Potential	reuse	of	model	components	for	a	variety	of	applications	from	design	through	to	process	diagnosis.	•	As	a	vehicle	for	new,	novel	designs	of	processing	equipment.	•	As	a	means	to	direct	further	experimentation	and	process	data	generation.	23.1.1.2	Costs	There	are	several	important	and	not	insubstantial	costs	involved	in	process	modeling,
including:	•	The	time	to	plan,	develop,	test,	and	deploy	models.	•	Personnel	with	the	requisite	discipline	background	to	generate	effective	models	through	insight	and	modeling	skills.	•	The	effort	in	laboratory	scale	or	plant	scale	trials	to	elucidate	process	behavior	and	the	cost	of	doing	so.	•	The	cost	of	poor	modeling	practice	in	terms	of	inadequate
documentation	through	the	modeling	phases	and	loss	of	corporate	memory.	23.1.2	PROCESS	MODELING	FUNDAMENTALS	Process	modeling	is	purpose	driven	in	that	a	model	is	developed	for	a	particular	application	area.	These	application	areas	could	include	the	following:	•	Improved	control	performance	through	the	use	of	process	model-based
control	algorithms.	•	Optimal	performance	of	granulation	systems	through	model-based	optimization	of	produc	tion	parameters	such	as	shortest	batch	time	or	optimal	product	size	distribution	(PSD).	•	Improved	production	scheduling	using	models	to	generate	improved	batch	times	estimates.	•	Plant	diagnosis	for	real-time	plant	operator	guidance
systems	(OGS).	•	Extraction	of	parameter	estimates	such	as	rate	constants	and	granulation	kernel	parameters.	•	Improved	design	of	equipment	or	development	of	new	designs	based	on	better	understanding	and	use	of	mechanistic	phenomena.	Granulation	Process	Modeling	FIGURE	23.1	659	Schematic	of	a	basic	process	system.	The	resultant	model
must	be	“fit-for-purpose”,	and	this	is	achieved	by	having	clearly	stated	goals	for	the	modeling	that	are	used	to	help	assess	the	appropriateness	of	the	model	form	and	the	model	fidelity	required	for	the	job.	In	particular,	modeling	requires	a	methodology	that	is	generic	in	nature.	23.1.2.1	A	Systems	Perspective	Models	need	to	be	built	on	a	systems
engineering	understanding	of	the	process.	A	typical	system	schematic	is	seen	in	Figure	23.1.	For	the	system	(S),	we	need	to	clearly	define	the	vectors	of	inputs	(u)	and	disturbances	(d)	to	our	system	as	well	as	the	outputs	(y)	and	the	states	of	interest	(x).	All	these	are	multivariate	functions	of	time	t.	Associated	with	the	system	are	parameters	(p)	that
can	be	related	to	geometric	aspects	of	the	equipment	design,	kinetic	parameters,	growth	and	breakage	constants,	binder	volume	fraction,	or	heat	transfer	coefficients.	Many	parameters	exist	within	the	system.	The	system	S	converts	inputs	and	disturbances	to	outputs	and	is	expressed	as:	y	=	S	[u,	d]	(23.1)	In	a	similar	manner,	a	model	M	is	a
representation	of	the	system	that	transforms	inputs	to	predicted	outputs	y(M)	in	the	form:	y(M)	=	M	[u	,	d]	(M)	(23.2)	How	close	y	and	y	are	is	a	key	question	in	model	validation.	Approaching	modeling	from	a	systems	perspective	provides	a	clear	framework	for	developing	models	and	identifying	the	key	issues	to	be	considered.	The	four	principal
classes	of	variables	play	particular	roles	in	the	modeling.	Inputs.	The	inputs	u	are	the	variables	that	are	manipulated	to	“drive”	the	system	or	maintain	its	condition	in	the	face	of	changes	from	disturbances.	Typically,	we	consider	such	aspects	as	binder	addition	rate	or	mixing	intensity	as	inputs	that	we	can	manipulate.	Disturbances.	Disturbances	d
are	variables	over	which	we	do	not	have	clear	control.	They	arise	from	raw	material	properties	that	might	change	from	batch	to	batch.	They	could	be	environmental	factors	such	as	ambient	temperature	and	humidity.	They	might	be	fluctuations	in	input	voltage	to	motors	or	steam	pressure	that	produce	temperature	disturbances	in	heated	systems.
Principal	disturbances	in	all	relevant	categories	need	to	be	identified.	Outputs.	The	outputs	y	are	the	variables	of	interest	for	the	designer,	operator,	or	manager.	They	might	be	quality	variables	that	are	related	to	granule	properties	such	as	size	distribution,	granule	moisture,	or	granule	hardness.	Other	outputs	of	interest	could	be	related	to	product
temperature,	flow	rates,	and	composition.	The	outputs	are	necessarily	measurable	in	some	way,	either	directly	online	such	as	particle	size	distribution	(PSD)	and	moisture,	or	via	laboratory	analysis	such	as	composition.	States.	The	states	x	of	the	system	are	the	internal	variables	that	characterize	the	system	behavior	at	any	point	in	time.	660
Pharmaceutical	Granulation	Technology	Finally,	the	system	S	is	a	major	consideration	in	modeling	because	of	the	variety	of	ways	the	real	system	can	be	represented	by	the	model	M	of	that	system.	Numerous	forms	of	the	model	M	are	available.	They	can	have	a	structure	based	on	capturing	fundamental	phenomena	from	the	physics	and	chemistry
(“white	box”	models)	to	internal	representations	based	on	purely	empirical	ap	proaches	known	as	“black	box”	models.	For	black	box	models,	the	form	is	simply	a	convenient	equation	that	captures	the	relationships	among	inputs,	disturbances,	and	outputs.	In	reality,	most	models	are	“gray”	in	nature,	being	a	combination	of	fundamental	phenomena
combined	with	empirical	relationships.	23.1.2.2	Modeling	Methodology	and	Workflow	Modeling	should	not	be	a	haphazard	activity.	It	is	essential	that	a	consistent	and	defensible	methodology	be	adopted.	One	such	methodology	is	given	by	Hangos	and	Cameron	[3],	and	an	update	is	seen	in	Figure	23.2.	Each	of	the	eight	key	steps	is	a	vital	part	of	any
modeling	activity,	emphasizing	that	modern	process	modeling	is	not	simply	generating	a	set	of	equations,	as	it	is	a	much	more	holistic	activity.	Documentation	and	model	maintenance	are	also	absolutely	crucial.	Modeling	is	iterative	in	nature	as	seen	from	Figure	23.2.	The	key	aspects	can	be	summarized	as	follows:	•	Goal-set	definition:	making	clear
the	reasons	for	the	modeling	and	the	goals	to	be	addressed	in	the	modeling.	•	Model	conceptualization:	clarifying	the	conserved	quantities	and	the	governing	mechanisms	to	be	included;	clearly	setting	out	the	assumptions	underlying	the	model.	•	Modeling	data:	generating	or	referencing	physical	property	data	or	plant	data	relevant	to	model	building
and	model	validation.	Often	more	data	is	required	for	validation	and	cali	bration	purposes.	•	Model	building	and	analysis:	putting	the	model	together	and	then	analyzing	the	model	for	properties	relevant	to	solution	and	dynamic	properties.	•	Model	solution:	solving	the	model	numerically	or	in	some	limited	circumstances	analyti	cally,	which	can	be
challenging.	•	Model	verification:	the	task	of	ensuring	that	the	coded	model	in	the	simulation	environment	is	correctly	represented	and	bug-free.	•	Model	calibration	and	validation:	performing	parameter	estimation	and	then	validating	the	model	against	plant	or	laboratory	data.	•	Model	acceptance	and	deployment:	this	is	the	actual	use	of	the	model	in
terms	of	control,	optimization,	or	diagnosis.	Many	application	areas	exist.	A	special	mention	is	needed	for	an	extensive	documentation	of	the	model.	Without	this,	the	maintenance	of	the	model	over	a	significant	part	of	the	life	cycle	becomes	a	major	challenge	and	often	leads	to	unnecessary	rework	and	in	some	cases	major	financial	impacts.	23.1.2.3
The	Modeling	Goal	The	modeling	goal	plays	a	vital	role	in	the	development	of	the	model.	Here,	we	consider	the	most	important	general	goals	and	briefly	describe	what	is	being	achieved	through	use	of	the	general	process	system	illustrated	in	Figure	23.1.	Dynamic	simulation	problem.	In	this	case,	the	model	is	developed	to	predict	the	system	be	havior
in	time.	We	want	to	predict	the	outputs	y,	given	the	inputs	u,	the	disturbance	pattern	d,	the	model	structure	M,	and	the	model	parameters	p.	This	is	the	most	widely	used	goal.	Design	problem.	Here,	we	are	interested	in	calculating	certain	parameters	or	design	variables	p̃	from	the	parameter	set	given	for	all	the	other	inputs,	model	form	and
disturbances,	and	a	set	of	desired	outputs.	Granulation	Process	Modeling	FIGURE	23.2	661	Modeling	methodology	and	workflow.	23.1.2.4	System	Optimization	Steady-state	optimization	problems.	Here,	we	want	to	determine	the	optimal	flowsheet,	equipment	structure	and	dimensions	for	the	process	design,	and	steady-state	operational	conditions	as
the	setpoints	for	the	regulatory	control	system.	662	Pharmaceutical	Granulation	Technology	Dynamic	optimization	problem.	Here,	we	want	to	compute	the	optimal	trajectories	of	dynamic	processes	with	disturbances	in	order	to	achieve	online	parameters,	provide	online	modified	setpoints,	and	control	actions	for	state-driving	problems.	The
optimization	techniques	applied	to	the	fluid-bed	processes	are	comprehensively	described	in	the	book	by	Parikh	[4].	The	basic	principles	and	algorithms	are	also	applicable	to	other	gran	ulation	processes	with	modifications.	We	will	further	describe	optimization	techniques	in	the	subsection	titled	“Modeling	for	Optimal	Design,	Operation	and	Open-
loop	Optimal	Control”.	23.1.2.5	Process	Control	Regulation	and	state-driving	problems.	Here,	we	want	to	design	or	compute	the	inputs	u	for	a	prescribed	response	y	of	the	system.	System	identification	problem.	Here,	we	want	to	determine	the	structure	of	the	model	M	and	its	parameters	p,	using	input	and	output	information.	State	estimation
problem.	Here,	we	want	to	estimate	the	internal	states	x	of	a	particular	model	M.	Fault	detection	and	diagnosis	problem.	Here,	we	find	the	faulty	modes	and/or	system	para	meters	that	correspond	to	the	measured	input	and	output	data.	These	key	areas	show	the	various	goals	that	are	often	given	for	modeling	of	processing	systems.	23.1.3
APPROACHES	TO	MODELING	There	are	several	approaches	to	modeling	process	systems.	At	one	extreme	is	the	mechanistic	modeling	that	seeks	to	incorporate	the	fundamental	physics	and	chemistry	into	the	model.	This	is	the	so-called	“white”	box	approach.	At	the	other	end	of	the	spectrum	is	the	fitting	of	an	arbitrary	function	to	the	input–output
data—the	empirical	model.	In	between	we	have	the	so-called	“gray”	box	models	that	are	normally	what	is	developed.	Some	relevant	comments	follow.	23.1.3.1	Empirical	or	Black	Box	Methods	These	models	are	based	on	actual	plant	data,	typically	in	the	form	of	time	series	of	input	and	output	data	at	fixed	time	intervals.	The	model	is	built	by	selecting
a	model	structure	M	and	then	fitting	the	model	parameters	to	get	the	best	fit	of	the	model	to	the	data.	Model	forms	such	as	autoregressive	moving	average	(ARMA)	or	autoregressive	moving	average	exogenous	(ARMAX)	model	types	are	typi	cally	used.	In	most	cases,	techniques	are	used	to	vary	both	the	structure	and	the	model	parameters	to	obtain
the	“best”	or	simplest	model	that	gives	the	best	fit.	Various	information	criteria	like	Akaike’s	or	Bayesian	measures	can	be	used	that	essentially	get	the	simplest	model	for	the	best	fit.	It	is	a	form	of	parsimony	in	model	building.	Many	packages	such	as	the	MATLAB™	identification	toolbox	help	in	such	modeling.	This	approach	can	be	very	useful	if	no
significant	insight	is	needed	into	the	model,	but	that	a	model	is	needed	quickly	for	use	in	a	control	application.	The	structural	form	of	the	model	and	the	parameter	values	normally	have	no	physical	significance.	The	application	range	of	such	a	model	is	limited	to	the	range	covered	by	the	data,	and	hence,	this	can	be	a	significant	limitation.
Extrapolation	is	dangerous!	23.1.3.2	Mechanistic	and	Gray	Box	Models	Mechanistic	models	incorporate	the	underlying	understanding	of	the	physics	and	chemistry	into	the	models.	Typically,	we	can	identify	two	major	aspects	in	mechanistic	modeling	that	cover	con	servation	and	constitutive	aspects:	•	Application	of	thermodynamic	conservation
principles	for	mass,	energy,	and	momentum.	•	Application	of	population	balances	that	track	PSDs	as	various	particulate	phenomena	take	place.	•	Development	of	appropriate	constitutive	relations	that	define	intensive	properties,	mass,	and	heat	transfer	mechanisms	as	well	as	particle	growth	and	breakage	mechanisms.	Granulation	Process	Modeling
663	The	development	of	mechanistic	models	is	far	more	complex	and	time	consuming	than	that	of	empirical	models	and	is	only	justified	when	time	permits	or	when	the	model	is	to	be	used	over	a	wide	operating	range;	and	the	relevant	insight	in	establishing	the	constitutive	relations	is	available.	As	previously	mentioned,	even	the	best	mechanistic
models	require	some	data	fitting,	leading	to	“gray”	box	models.	This	is	normal	practice	in	industrial	modeling	of	such	systems.	It	means	that	adequate	data	must	be	available	to	carry	out	the	validation	studies.	This	task	is	particularly	difficult	for	validation	of	dynamic	models.	23.1.4	QUALITY-BY-DESIGN	APPROACH	In	recent	years,	a	quality-by-design
(QbD)	campaign	has	been	witnessed	in	the	pharmaceutical	field	to	provide	a	systematic	approach	for	understanding	formation	and	process	variable	in	drug	design	and	manufacture	[5].	A	handbook	focused	on	the	theory	and	practice	in	a	quality-by-design	paradigm	edited	by	Narang	and	Badawy	[6]	has	appeared	in	the	literature.	In	contrast	to	the
conventional	quality-by-testing	(QbT)	approach,	QbD	is	a	comprehensive	approach	targeting	all	phases	of	drug	discovery,	manufacture,	and	delivery	simultaneously	in	order	to	achieve	improved	quality	and	reduced	cost	in	a	systematic	manner.	We	are	of	the	opinion	that	the	fundamental	methodology	is	to	integrate	the	originally	separated	fields	in
science	and	engineering	into	a	unified	framework.	These	fields	include,	but	are	not	limited	to,	granulation	mechanisms,	multiscale,	multiform	modeling,	optimization,	control,	and	risk	analysis.	Most	of	the	issues	will	be	addressed	in	the	relevant	section	in	this	chapter.	Selected	topics,	which	are	under	the	investigations	by	ourselves	or	collaborators,
are	outlined	as	follows:	Incorporation	of	Mechanisms	in	Modeling.	Here,	physical	insights	are	used	as	an	aid	in	drug	design	and	manufacture.	Models	for	a	priori	design	and	scaling	up	of	wet	granulation	in	pharmaceutical	processing	have	been	assessed	by	collaborators	[7].	Regime	maps,	which	are	graphical	representations	of	the	physically	based
models,	are	used	in	the	QbD	approach.	Both	nucleation	and	coalescence	regime	maps	are	described	and	successfully	applied	to	drug	design	and	scaling	in	that	review	paper.	Design	of	experiments.	Here,	use	is	made	of	the	Design	of	Experiment	(DoE)	method	to	identify	the	most	important	factors	early	in	the	experimentation	phase	when	complete
knowledge	about	the	system	is	usually	unavailable.	It	is	recognized	that	Planckett–Burman	and	fractional	factorial	designs	[5]	are	efficient	screening	methods	to	identify	the	active	factors,	using	as	few	experimental	runs	as	possible.	Integration	of	modeling,	design,	optimization	and	control.	Here,	we	stress	that	all	essential	aspects	in	the	QbD
approach	must	be	considered	simultaneously.	In	particular,	control	schemes	should	be	investigated	in	the	design	phase,	and	design	parameters	together	with	operational	conditions	should	be	determined	using	optimization	techniques.	Furthermore,	dynamic	optimiza	tion	should	be	combined	with	closed-loop	control.	This	is	described	in	the	“Control”
section.	All	these	efforts	rely	on	suitable	models.	The	integration	of	online	parameter	identification,	dynamic	optimization,	and	closed-loop	control	has	been	performed	by	the	authors	and	is	explained	in	the	“Nonlinear	Model	Predictive	Control”	section	in	this	chapter.	Development	of	hybrid	models.	Here,	the	intention	is	to	incorporate	particle-level
behavior	into	the	rate-based	population	balance	models	(PBM).	To	determine	particle–particle,	particle–equipment,	and	particle–droplet	collisions,	hybrid	models	combining	PBM	with	dis	crete	element	method	(DEM)	and	computational	fluid	dynamics	(CFD)	are	useful.	The	combi	nation	of	PBM	with	DEM	has	been	studied	by	one	of	the	authors	[8]	and
is	described	in	the	section	titled	“Representing	Granulation	Processes	through	Population	Balances”.	Risk	analysis.	Here,	we	adopt	the	term	“risk	analysis”	from	the	QbD	literature	[5],	which	is	similar	to	the	“failure	tolerance	analysis”	in	systems	engineering.	In	this	analysis,	causes	for	the	process	and	model	failure,	leading	to	the	severe	deterioration
of	product	qualities,	are	identified.	An	example	for	diagnosing	model	failure	using	Ishikawa	Fishbone	Analysis	(IFBA)	is	displayed	in	664	Pharmaceutical	Granulation	Technology	“Application	of	Population	Balance	Modeling”	section	in	this	chapter	on	the	basis	of	our	experience.	23.2	KEY	FACTORS	IN	GRANULATION	MODELING	The	modeling	of
granulation	system	from	a	mechanistic	perspective	inevitably	means	representing	the	conservation	principles	and	the	constitutive	relations	that	reflect	the	key	factors	in	granulation.	We	briefly	consider	these	in	turn	but	refer	the	reader	to	the	relevant	chapters	in	this	handbook	for	detailed	descriptions	of	the	phenomena.	23.2.1	CONSERVATION
PRINCIPLES	The	conservation	of	mass,	energy,	momentum,	and	particle	number	can	be	important	aspects	of	granulation	modeling.	Mass	conservation	is	crucial	and	is	the	fundamental	concept	for	any	granulation	system.	Key	factors	here	will	be	solids	or	slurry	feed	rates,	any	outflows,	and	the	addition	of	binders	and	additives	to	the	granulation
device.	Accompanying	the	mass	balance	over	the	device,	there	will	be	the	energy	balance	from	which	the	intensive	property	of	temperature	can	be	estimated.	Of	particular	importance	in	granulation	systems	is	the	factor	of	particle	populations.	The	PSD	within	granulation	devices	is	crucial,	and	there	are	a	number	of	mechanisms	that	simultaneously
occur	in	the	device,	depending	on	the	powder	properties	and	operating	regime.	The	challenge	is	in	the	description	of	these	many	mechanisms	that	are	occurring.	The	following	section	outlines	those	mechanisms	that	require	consideration.	The	section	“Representing	Granulation	Processes	Through	Population	Balances”	deals	in	detail	with	the
development	of	population	balance	representations	and	their	variants.	23.2.2	THE	PRINCIPAL	CONSTITUTIVE	MECHANISMS	There	are	three	principal	mechanisms	that	need	to	be	considered.	23.2.2.1	Nucleation	Nucleation	refers	to	the	formation	of	initial	aggregates	that	are	typically	a	result	of	interaction	between	the	binder	spray	droplets	and
the	powder	in	the	device.	This	mechanism	provides	the	initial	stage	for	further	growth	through	a	number	of	mechanisms.	A	number	of	nucleation	models	have	been	proposed	in	the	literature	[9–12].	23.2.2.2	Growth	Granule	growth	occurs	through	two	key	mechanisms	that	can	be	separated	for	discussion	purposes.	The	topic	is	discussed	more	fully	in
the	section	on	one-dimensional	(1D)	population	balance	models.	Layering.	Layering	refers	to	the	take	up	of	fine	particles	onto	the	surface	of	larger	granules.	It	is	often	induced	by	rolling	action	and	is	a	means	of	granule	growth	that	creates	hard,	compact	granules.	A	practical	layering	model	is	proposed	in	section	“Optimization	and	Open-Loop	Optimal
Control	Equations”	for	solving	optimal	control	of	granulation	processes.	Agglomeration.	Agglomeration	or	coalescence	refers	to	the	successful	collision	of	two	particles	that	result	in	a	composite	particle.	The	success	of	collisions	can	be	a	function	of	particle	size,	binder,	and	powder	properties	and	operational	factors	such	as	bed	height,	powder
velocity,	and	shear	for	mixer	granulators	(see	section	“Coalescence	Kernels”	for	more	details).	23.2.2.3	Breakage	Breakage	in	high-shear	and	drum	granulation	is	a	significant	issue,	being	more	important	in	high-shear	devices.	There	are	various	forms	of	breakage	from	cleavage	of	particles	to	particle	Granulation	Process	Modeling	665	surface	attrition
where	the	granule	is	chipped	by	collision	with	other	particles,	the	wall,	or	impeller.	Complexity	of	breakage	models	extends	from	binary	breakage	models	to	full	particle	distributions	represented	by	breakage	and	selection	functions	or	empirical	models	[13–15].	The	following	sections	now	develop	in	detail	some	of	the	important	aspects	of	granulation
process	modeling,	through	the	use	of	population	balances	and	alternative	approaches.	23.3	REPRESENTING	GRANULATION	PROCESSES	THROUGH	POPULATION	BALANCES	The	particulate	nature	of	solids	is	characterized	by	a	number	of	properties,	such	as	size,	shape,	liquid,	gas	content,	porosity,	composition,	and	age.	These	properties	are
denoted	as	internal	co	ordinates,	whereas	the	Euclidian	coordinates,	such	as	rectangular	coordinates	(x,	y,	and	z),	cy	lindrical	coordinates	(r,	φ,	and	z),	and	spherical	coordinates	(r,	θ,	and	φ),	used	to	specify	the	locations	of	particles	are	defined	as	external	coordinates.	The	most	important	property	for	the	characterization	of	particles	is	particle	size.
Randolph	and	Larson	[16]	have	pointed	out:	“As	no	two	particles	will	be	exactly	the	same	size,	the	material	must	be	characterized	by	the	distribution	of	sizes	or	particle-size	distribution	(PSD)”.	If	only	size	is	of	interest,	a	single-variable	distribution	function	is	sufficient	to	characterize	the	particulate	system.	If	additional	properties	are	also	important,
multivariable	distribution	functions	must	be	developed.	These	distribution	functions	can	be	predicted	through	numerical	simulations	using	population	balance	equations	(PBEs).	Ramkrishna	[17]	provided	a	brief	explanation	on	the	PBE:	“The	population	balance	equation	is	an	equation	in	the	foregoing	number	density	and	may	be	regarded	as
representing	a	number	balance	on	particles	of	a	particular	state.	The	equation	is	often	coupled	with	conservation	equation	for	entities	in	the	particles’	environmental	(or	continuous)	phase”.	In	this	chapter,	single-variable	and	multivariable	population	balances	will	be	described.	However,	the	emphasis	will	be	placed	on	the	single-variable	PBEs	with
size	as	the	only	internal	coordinate.	23.3.1	GENERAL	POPULATION	BALANCE	EQUATIONS	A	population	balance	for	particles	in	some	fixed	subregion	of	particle	phase	space	can	be	con	ceptually	represented	in	natural	words	as	follows:	Density	function	change	in	class,	location,	and	time	dispersion	in	through	boundary	=	+	flow	in	through	boundary
+	grow	in	from	lower	classes	+	birth	due	to	coalescence	+	breakup	in	from	upper	classes	dispersion	out	through	boundary	flow	out	through	boundary	grow	out	(23.3)	from	current	class	death	due	to	coalescence	breakup	out	from	current	class	666	Pharmaceutical	Granulation	Technology	The	superstructure	of	the	general	PBE	can	be	represented	as
follows:	t	f	(x,	r,	t	)	=	r	r	[Dr	f	(x,	r,	t	)]	+	Bc	(x,	r,	t	)	r	Rf	(x,	r,	t	)	x	Dc	(x,	r,	t	)	+	Bb	(x,	r,	t	)	Xf	(x,	r,	t	)	D	b	(x	,	r	,	t	)	(23.4)	where	f	is	the	multivariant	number	density	as	a	function	of	properties	and	locations,	r	is	the	external	coordinate	vector	(also	known	as	spatial	coordinate	vector)	for	the	determination	of	particle	locations,	x	is	the	internal
coordinate	vector	for	the	identification	of	particle	properties,	such	as	size,	moisture	content,	and	age,	Dr	is	the	dispersion	coefficient,	Ṙ	is	the	velocity	vector	in	the	external	coordinate	system,	Ẋ	is	the	rate	vector	in	the	internal	coordinate	system,	Bc	and	Dc	are	birth	and	death	rates	for	coalescence,	respectively,	and	Bb	and	Db	are	birth	and	death
rates	for	breakage,	respectively.	The	first	and	second	terms	in	the	right-hand	side	of	Eq.	(23.4)	represent	dispersion	and	convection	particle	transport,	respectively,	whereas	the	third	term	quantifies	the	growth	of	particles	with	respect	to	various	properties,	such	as	size	and	moisture.	The	birth	and	death	rates	for	coalescence	are	given	by	Bc	(x,	r,	t	)	=
x	1	dVx	r	Dc	(x,	r	,	t	)	=	f	(x,	r	,	t	)	x	(~	x,	~r	;	x	,	r	)	f	(~	x,	~r	,	t	)	f	(x	,	r	,	t	)	dVx	r	(~	x,	~r)	dVr	(x,	r)	(x	,	r	;	x,	r)	f	(x	,	r	,	t	)	dVr	(23.5)	where	β	is	the	coalescence	kernel,	Ωx	and	Ωr	are	integration	boundaries	for	internal	and	external	coordinates,	respectively;	Vx′	and	Vr′	are	generalized	representations	of	internal	and	external	coordinates	within	the
integral	boundaries	for	particles	with	the	original	coordinates	[x′,	r′]	before	collision;	δ	represents	the	number	of	times	identical	pairs	have	been	considered	in	the	interval	of	integration	so	that	1/δ	corrects	for	the	redundancy,	the	term	∂(x̃,r̃)/(∂x,r)	accounts	for	the	co		ordinate	transformation	such	that	the	colliding	pair	with	original	coordinates	[x̃,r̃]	and
[x′,r′],	respectively,	before	collision	should	be	identified	by	the	coordinates	[x,r]	after	coalescence.	Mathematically,	this	requires	that	the	density	with	respect	to	coordinates	[x̃	(x,	r|x′r′),	r̃(x,	r	|x′r′)]	must	be	transformed	into	one	in	terms	of	(x,	r)	by	using	the	appropriate	Jacobian	of	the	trans		formation.	Ramkrishna	[17]	showed	that	the	determinant	of
the	Jacobian	of	the	transformation	satisfies	the	following	equation:	(~	x,	~r)	=	(	x	,	r)	x~1	x1	x~1	xn	x~1	r1	x~1	r2	x~1	r3	x~n	x1	~	r1	x~n	xn	~	r1	x~n	r1	~	r1	x~n	r2	~	r1	x~n	r3	~	r1	x1	r~2	xn	r~2	r1	r~2	r2	r~2	r3	r~2	x1	r~3	x1	xn	r~	r1	r~3	x1	r2	r~	3	r3	r~	x2	r3	3	xn	(23.6)	3	The	birth	and	death	rates	for	breakage	are	described	as	Bb	(	x	,	r	,	t	)
=	and	r	dVr	x	b	(x	,	r	,	t	)	P	(x,	r|x	,	r	,	t	)	S	(x	,	r	,	t	)	f	(x	,	r	,	t	)	dVx	(23.7)	Granulation	Process	Modeling	667	D	b	(x,	r	,	t	)	=	S	(x,	r,	t	)	f	(x,	r,	t	)	(23.8)	where	b(x′,	r′,	t)	is	the	average	number	of	particles	formed	from	the	breakage	of	a	single	particle	of	state	(x′,	r′)	at	time	t,	P(x,	r,	|x′,	r′,	t)	is	the	probability	density	function	for	particle	from	the	breakage
of	state	(x′,	r′)	at	time	t	that	has	state	(x,	r),	and	S(x,	r,	t)	is	the	selection	function,	which	represents	the	fraction	of	particles	of	state	(x,	r)	breaking	per	unit	time.	Equations	(23.5)	and	(23.6)	involve	three	different	locations:	r̃	and	r′	for	the	colliding	pair	of	particles	and	r	for	the	agglomerated	particle.	Although	this	treatment	is	general	and
mathematically	rigorous,	it	could	be	unnecessarily	complicated	for	engineering	applications.	A	common	practice	is	to	assume	that	these	three	locations	are	very	close	to	each	other	during	the	particle	collision	and	granule	formation.	That	is	~r	r	r	(23.9)	This	assumption	requires	that	the	phenomenon	of	fast	particle	jumps	in	the	system	is	not	severe,
which	is	achievable	for	most	industrial	granulation	processes.	If	Eq.	(23.9)	holds,	Eqs.	(23.5)	and	(23.6)	can	be	simplified	considerably	to	obtain	Bc	(x,	r,	t	)	=	1	2	x	(~	x,	x	,	r)	f	(~	x	,	r	,	t	)	f	(x	,	r	,	t	)	Dc	(x,	r	,	t	)	=	f	(x,	r	,	t	)	~)	(x	dVx	(x	)	(x	,	x,	r	)	f	(x	,	t	)	dVx	x	(23.10)	and	(~	x)	=	(x)	x~1	x1	x~1	xn	x~n	x1	x~n	xn	…	(23.11)	Similarly,	Eq.	(23.7)	becomes
Bb	(	x	,	r	,	t	)	=	x	b	(x	,	r	,	t	)	P	(x|x	,	r	,	t	)	S	(x	,	r	,	t	)	f	(x	,	r	,	t	)	dVx	(23.12)	In	the	following	material,	breakage	effects	have	been	considered	negligible,	and	Eq.	(23.9)	is	always	assumed	to	be	valid.	23.3.2	ONE-DIMENSIONAL	POPULATION	BALANCE	MODELS	One-dimensional	(1D)	population	balance	models	for	both	batch	and	continuous	systems
are	described	in	this	section	as	special	cases	of	the	generalized	population	balance	model	stated	in	the	previous	section.	23.3.2.1	Batch	Systems	For	a	well-mixed	batch	system	with	only	one	internal	coordinate	v	(particle	size),	Eq.	(23.4)	is	reduced	to	t	n	(v	,	t	)	=	[Gn	(v	,	t	)]	+	v	1	v	2	0	(v	v	,	v	)	n	(v	v	,	t	)	n	(v	,	t	)	dv	n	(v	,	t	)	0	(v	,	v	)	n	(v	,	t	)	dv	(23.13)
668	Pharmaceutical	Granulation	Technology	where	n	is	the	1D	number	density	and	G	is	known	as	the	growth	rate.	For	notational	clarity,	we	use	f	and	n	to	denote	the	multidimensional	and	1D	number	density	functions,	respectively.	Both	notations	bear	the	same	physical	significance.	Through	a	comparison	of	Eq.	(23.13)	with	Eqs.	(23.4),	(23.10),	and
(23.11),	it	is	easy	to	observe	the	following	membership	relationships:	v	x,	v	G=	dv	dt	x	,	(v	(~	x)	(x)	X,	~	x,	v)	=	(v	v)	v	=1	(23.14)	Equation	(23.13)	is	more	frequently	applied	to	industrial	granulation	processes	than	its	gen	eralized	format	described	by	Eq.	(23.4).	23.3.2.2	Continuous	Systems	The	PBE	for	continuous	systems	with	internal	and	external
coordinates	is	given	by	t	n	(v	,	z	,	t	)	=	z	+	[Zn	(v,	z	,	t	)]	1	v	2	0	(v	n	(v	,	z	,	t	)	v	[Gn	(v	,	z	,	t	)]	v	,	v	)	n	(v	v	,	z	,	t	)	n	(v	,	z	,	t	)	dv	(23.15)	(v	,	v	)	n	(v	,	z	,	t	)	dv	0	where	the	special	velocity	is	defined	as	Z=	dz	dt	R	(23.16)	Although	continuous	granulation	processes	are	commonly	encountered	in	the	fertilizer	and	mineral	processing	industries,	most
granulation	operations	in	the	pharmaceutical	industry	are	performed	as	batch	processes	employing	either	high-shear	mixers	or	batch	fluidized-bed	granulators.	Consequently,	most	modeling	studies	on	pharmaceutical	granulation	have	focused	on	batch	pro	cesses.	However,	it	is	important	to	obtain	a	complete	knowledge	in	both	batch	and	continuous
granulation	processes	for	improved	design	and	operations.	23.3.2.3	Coalescence	Kernels	Conventional	coalescence	kernels.	It	is	easy	to	see	that	a	coalescence	kernel	is	affected	by	two	major	factors:	(i)	collision	probability	of	the	specified	pair	of	particles	and	(ii)	successful	coalescence	or	re	bounding	after	collision.	The	first	factor	mainly	depends	on
the	particle	sizes,	granulator	configurations,	particle	flow	patterns,	and	operating	conditions.	The	second	issue	has	been	intensively	studied	by	Liu	et	al.	[18]	with	the	identification	of	the	following	five	most	important	aspects	affecting	the	success	of	coalescence:	elastic–plastic	properties,	viscous	fluid	layer,	head	of	collision,	and	energy	balance.	The
authors	have	also	observed	that	there	are	two	types	of	coalescences	distinguished	by	particle	deforma	tions.	That	is,	the	type	I	coalescence	is	not	associated	with	any	particle	deformation	during	the	collision,	whereas	the	type	II	coalescence	is	accompanied	by	particle	deformations.	Liu	and	Litster	[19]	further	proposed	a	new	physically	based
coalescence	kernel	model	based	on	the	criteria	developed	earlier	[18].	From	these	fundamental	studies,	it	can	be	determined	qualitatively	that	the	coalescence	kernels	should	depend	on	particle	sizes,	energy	consumptions,	particle	deformability,	and	most	importantly,	the	moisture	content	(viscous	fluid	layer).	A	historical	summary	of	the	proposed
coalescence	kernels	is	given	in	Table	23.1,	which	is	an	extension	of	the	table	originally	presented	by	Ennis	and	Litster	[20]	with	the	new	coalescence	kernel	developed	by	Liu	and	Litster	[19]	and	another	kernel	from	aerosol	dynamics	[21].	Granulation	Process	Modeling	669	TABLE	23.1	A	Summary	of	Conventional	Coalescence	Kernels	in	the
Literature	Kernel	=	=	=	References	Kapur	and	Fuerstenau	[22]	0	(u	+	v	)a	Kapur	[23]	0	(uv)b	(u2/3	+	u2/3)	0	1/u+1/u	Sastry	[24]	=	a	(u	+	v	)	Golovin	[25]	(u	v	)2	a	u+v	Golovin	[25]	=	=	k	,	t	<	ts	a	(u	+	v	),	t	>	ts	Adetayo	et	al.	[26]	k:	constant,	ts:	switching	time	=	w=	k,	w	<	w	0,	w	>	w	Adetayo	and	Ennis	[27]	(u	+	v	)a	uv	b	k,	a,	b:	constants,	w*:
critical	granule	volume	=	=	u,	v	1/2	1/3	+	v1/3)2	0	(1/	u	+	1/	v	)	(u	1/3	1/3	+v	)(u1/3	+	v1/3)	0	(u	=	1	2	0	Types	I	and	II	without	permanent	deformation	Type	II	with	permanent	deformation	rebound	Friedlander	[21]	Liu	and	Litster	[19]	The	rate	processes	of	aggregation,	consolidation,	breakage,	and	nucleation	that	underlie	the	granulation	process
have	been	well-characterized	over	the	years,	as	borne	out	by	an	exhaustive	review	by	Iveson	et	al.	[9].	The	various	mesoscale	processes	have	been	characterized	in	terms	of	dimensionless	parameters,	and	regime	charts	have	been	developed.	Although	some	of	the	kernels	shown	in	Table	1	are	physically	based	and	inspired	by	the	underlying	process
mechanisms,	they	are	not	truly	mechanistic.	Mechanistic	coalescence	kernels.	Immanuel	and	Doyle	III	[28]	and	Poon	et	al.	[10]	attempted	the	derivation	of	mechanistic	kernels	for	the	aggregation	and	nucleation	processes.	The	mechanistic	modeling	of	the	aggregation	kernels	requires	the	identification	of	the	net	attraction	potentials	(en	ergies)
between	the	different	particle	pairs.	In	the	granulation	process,	the	kinetic	energy	of	the	particles	constitutes	the	major	potential	of	attraction	between	the	granules	(1/2	mu02)	[9,18,29].	The	dissipation	of	the	kinetic	energy	of	the	granules	is	primarily	attributed	to	the	viscous	forces	in	the	liquid-binder	film.	Other	forces	that	contribute	to	the
dissipation	are	the	collision	energy	and	the	elastic	energy	of	the	granules,	which	come	into	play	only	when	the	particles	are	involved	in	an	actual	collision	by	overcoming	the	viscous	dissipation.	Different	forces	become	important	in	different	re	gimes	of	particle	sizes,	binder	content,	and	operating	conditions	(mixing	rates).	The	capillary	re	pulsive
forces	between	the	particles	are	usually	neglected	in	relation	to	the	stronger	viscous	forces.	The	particles	that	collide	with	each	other	as	a	result	of	their	kinetic	energy	will	either	coalesce	or	rebound.	Coalescence	is	classified	into	two	types	–	type	I	and	type	II.	Type	I	coalescence	occurs	when	the	viscous	force	is	able	to	overcome	the	kinetic	energy,
causing	the	particles	to	coalesce	before	the	occurrence	of	a	collision,	through	the	liquid	bridge.	Type	II	coalescence	occurs	when	the	particles	actually	collide	and	lose	all	the	kinetic	energy.	The	elastic	energy	causes	the	particles	to	rebound,	being	dissipated	again	in	the	viscous	binder	layer.	If	this	dissipation	is	complete,	then	670	Pharmaceutical
Granulation	Technology	coalescence	occurs	either	with	or	without	complete	recovery	of	the	deformation.	See	study	by	Iveson	[30]	for	further	mechanistic	details.	Net	attractive	potential	for	type	I	coalescence	(balancing	the	kinetic	energy	with	the	viscous	repulsion)	is	given	by	Eq.	(23.17),	where	p1	and	p2	are	the	two	particles,	m	is	the	reduced	mass
of	the	particles,	h	is	the	separation	distance	between	the	particles,	and	u	is	the	varying	relative	ve	locity	of	the	particles	as	they	approach	each	other.	The	velocity	u	is	also	defined	in	Eq.	(23.17),	wherein	h0	is	the	depth	of	the	liquid-binder	film	on	the	surface,	u0	is	the	initial	approach	velocity	of	the	particles	(based	on	the	mixing	rates	in	the
granulator),	and	Stv	is	the	viscous	Stokes	number.	p1	,	p2	,	h	1	m	[2u	(h	)2	]	2	=	=	u	0	for	h	>	h	0	u	1	St	v	=	u0	1	ln	(23.17)	(	)	h0	h	for	h	<	h	0	For	type	II	coalescence,	two	different	sequential	processes	are	involved	–	the	forward	and	the	reverse	paths.	The	process	with	the	higher	energetics	is	the	rate-determining	process.	The	net	attractive	potential
for	the	two	processes	is	defined	in	Eq.	(23.18),	where	Ec	is	the	energy	lost	during	impact	and	deformation	and	u1	is	the	velocity	at	impact.	In	this	equation,	u′	is	the	net	rebound	velocity	and	δ”	is	the	permanent	plastic	deformation	in	the	granules:	forword	reverse	p1	,	p2	,	h	p1	,	p2	,	h	=	1	m	[2u	(h	)]2	2	=	1	m	[2u	2	Ec	=	u	(h	)	=	Ec	(h	)]2	1	m	(2u1)2	2
~2	3	D	u2	16mh	~	2	(	)2	=	u	(h	0	)	for	h	<	h	0	8	1/2	1/2	~	=	3	St	def	D	1	(	)	(	)	h2	ha2	1	Stv	1	+	2h	ln	()	h0	ha	1	(	)	h	ha	1	+	2h2	ln	Y	7.36	Ed	St	def1/2	1	()	h	ha	1	Stv	for	0	<	h	<	h	0	ln	()	h0	ha	1/2	(23.18)	These	steady-state	forces	can	be	incorporated	into	a	dynamic	calculation	of	the	aggregation	rates	and	the	aggregation	kernel,	as	described	in	the
emulsion	polymerization	literature	[31].	This	net	attractive	potential	information	can	be	employed	in	the	Smoluchowski	formulation	as	shown	in	Eq.	(23.19).	The	Fuchs	Stability	Ratio	W	is	defined	in	Eq.	(23.20)	for	type	I	and	type	II	aggregation,	respectively.	In	these	equations,	ri	is	the	radius	of	particle	pi,	k	is	the	Boltzmann	constant,	T	is	the
temperature,	and	c1	is	an	adjustable	constant.	(p1	,	p2	)	=	c1	4	u	0	(r1	+	r	2	)2	W	(23.19)	Granulation	Process	Modeling	671	w	=	(p1	,	p2	)	=	(r1	+	r2	)	W	(p1	,	p2	)	e	=	max	r1	+	r2	e	(p1,	p2	,	D)/	kT	D2	D	=	r1+	r2	forword(p1,	p2	,	D	r1	r	2)/	kT	D2	D	=	r1+	r2	dD	dD,	e	D	=	r1+	r2	reverse(p1,	p2	,	D	r1	r	2)/	kT	D2	(23.20)	dD,	23.3.3
MULTIDIMENSIONAL	POPULATION	BALANCE	MODELS	23.3.3.1	Two-Dimensional	Population	Balance	Models	In	this	section,	we	study	a	perfect	mixing,	batch	granulation	system	[32,33]	with	two	internal	property	coordinates:	particle	value	v	and	liquid	value	vL.	Because	of	the	perfect	mixing	feature,	there	is	no	spatial	coordinate	in	the	model.
However,	the	proposed	modeling	strategy	can	easily	be	extended	to	continuous	processes	with	both	internal	and	external	coordinates.	The	two-dimensional	(2D)	PBE	for	a	batch	granulation	process	is	t	f	(v,	vL,	t	)	=	dv	f	(v	,	dt	t	v	1	+2	vL,t	)	vL	min(vL,	v	v	)	(v	dvL	f	(v	,	dt	v	,	vL	0	vL,t	)	vL	,	v	vL	)f	(v	v	,	vL	(23.21)	vL	,	t	)f	(v	,	vL	,	t	)dvLdv	f	(v,	vL	,	t	)	vL	0
0	(v,	vL	,	v	,	vL	)f	(v	,	vL	,	t	)dvLdv	The	relationship	between	the	bivariant	number	density	function	f	and	single-variant	number	density	function	n	is	determined	as	n	(v	,	t	)	=	v	0	f	(v	,	v	L	,	t	)	dv	L	(23.22)	For	the	aggregation-only	processes,	the	first	two	terms	on	the	right-hand	side	of	Eq.	(23.21)	re	presenting	convective	particle	transport	and	particle
growth	by	layering	are	negligible.	Eq.	(23.21)	is	reduced	to	dt	f	(v	,	v	L	,	t	)	=	+	1	v	2	0	min(v	L,	v	v	)	0	(v	v	,	vL	vL	,	v	,	vL	)	f	(v	v	,	vL	vL	,	t	)(v	,	vL	,	t	)	dvL	dv	f	(v	,	v	L	,	t	)	0	vL	0	(23.23)	(v,	v	L	,	v	,	vL	)	f	(v	,	vL	,	t	)	dvL	dv	Under	certain	mathematical	assumptions,	a	2D	PBE	can	be	reduced	to	two	single-dimension	PBEs,	which	will	be	described	in	the
next	section.	23.3.3.2	Higher-Dimensional	Population	Balance	Models	In	consonance	with	the	above	study	on	2D	population	balance	models,	Iveson	[30]	suggested	that	a	1D	population	balance	model	based	on	particle	size	is	quite	inadequate	in	accounting	for	the	granulation	process.	As	laid	out	previously,	the	three	major	contributing	phenomena
that	have	been	identified	in	the	granulation	processes	are	wetting	and	nucleation;	aggregation,	layering,	and	consolidation;	and	breakage	and	attrition.	Among	these	the	major	role	played	by	672	Pharmaceutical	Granulation	Technology	consolidation	is	to	reduce	the	porosity	of	the	granules	and	thereby	increase	the	fractional	binder	content	and	the
chances	of	successful	aggregation.	The	rate	of	aggregation	itself	is	determined	by	both	the	size	of	the	granules	and	its	fractional	binder	content.	Thus,	at	the	least,	the	char	acterization	of	the	binder	content	and	porosity	in	addition	to	the	granule	size	is	important	in	the	granulation	processes.	Iveson	[30]	also	points	out	the	importance	of	the
heterogeneity	at	the	macroscopic	level	in	terms	of	binder	distribution	as	well	as	size	segregation	effects	that	are	required	to	be	accounted	for	in	a	rigorous	model	of	the	granulation	operation.	He	also	points	out	that	several	applications	also	require	the	explicit	characterization	of	the	concentration	of	the	granules.	n	(m,	,	w,	x,	t	)	t	=	Bcoal	(m,	,	w,	x	,	t	)
Dcoal	(m,	,	w	,	x	,	t	)	(23.24)	+	C	(	m	,	,	w	,	x	,	t	)	+	W	(m	,	,	w	,	x	,	t	)	where	in	m	is	the	total	mass	of	the	granule	particle,	ɛ	is	the	particle	porosity,	w	is	the	fractional	binder	content	(fraction	of	binder	to	solid	mass),	and	x	is	the	composition	of	the	solid	(drug	vs.	excipient).	The	terms	“Bcoal	(m,	ɛ,	w,	x,	t)”	and	“Dcoal	(m,	ɛ,	w,	x,	t)”	account	respectively
for	the	birth	and	death	of	particles	due	to	coalescence	events.	“C”	accounts	for	consolidation,	and	“W”	accounts	for	wetting.	A	similar	multidimensional	population	balance	model	was	also	proposed	by	Verkoeijen	et	al.	[34].	They	extended	the	Iveson	proposal	in	that	they	suggest	the	use	of	truly	mutually	independent	particle	properties	as	the	internal



variables.	Thus,	in	a	3D	formulation,	they	propose	the	use	of	the	volumes	of	solid,	liquid,	and	gas	as	the	internal	coordinates,	rather	than	the	particle	total	volume,	binder	content,	and	porosity,	which	are	not	mutually	independent	of	each	other.	This	approach	results	in	elegantly	separating	the	underlying	mesoscopic	processes	of	aggregation,
consolidation,	breakage,	drying,	and	layering.	Immanuel	and	Doyle	III	[28]	propose	the	following	multidimensional	formulation	of	the	po	pulation	balance	model	for	the	granulation	process,	using	the	individual	volumes	of	solid,	liquid,	and	air	as	the	internal	coordinates:	t	F	(s	,	l	,	g	,	t	)	+	g	(F	(s,	l,	g,	t	)	)	+	(F	(s,	l,	g,	t	)	)	+	(F	(s,	l,	g,	t	)	)	dg	dt	s	s	t	=	R
aggre	(s	,	l,	g,	t	)	+	R	break	(s	,	l,	g,	t	)	+	R	nuc	(s	,	l,	g,	t	)	l	l	t	(23.25)	where	F(s,	l,	g,	t)	is	the	population	density	function,	defined	such	that	F(s,	l,	g,	t)ds	dl	dg	is	the	moles	of	granules	of	solid	volume	between	s	and	s	+	ds,	liquid	volume	between	l	and	l	+	dl,	and	gas	volume	between	g	and	g	+	dg.	R	nuc	(s,	l,	g,	t)	accounts	for	the	rate	of	nucleation	of
new	granules.	R	aggre	(s,	l,	g,	t)	accounts	for	the	gain/loss	of	granules	due	to	the	aggregation	process,	while	R	break	(s,	l,	g,	t)	comprises	similar	terms	due	to	granule	breakage.	The	partial	derivative	with	respect	to	g	on	the	left-hand	side	accounts	for	the	consolidation	phenomenon,	wherein	dg/dt	is	negative:	there	is	a	continuous	decrease	in	the	pore
volume	of	the	granules	as	they	compact,	while	the	solid	and	liquid	content	of	each	granule	is	left	unaltered.	The	partial	derivative	term	with	respect	to	s	accounts	for	any	simultaneous	crystallization	and	layering	of	the	granule	surface	with	the	solid.	The	term	with	respect	to	l	accounts	for	any	drying	effects.	These	latter	two	terms	are	usually	restricted
to	certain	special	cases	of	granulation	applications.	Further	theoretical	and	experimental	studies	on	3D	population	balance	model	of	granulation	have	been	carried	out	collaboratively	among	a	number	of	universities	with	fruitful	outcomes	[10,32,33].	Granulation	Process	Modeling	FIGURE	23.3	673	Concept	of	lumped	regions	in	series.	23.3.4
REDUCED-ORDER	MODELS	23.3.4.1	Reduced-Order	Models	Using	the	Concept	of	Lumped	Regions	in	Series	When	particle	populations	are	spatial	dependent,	such	as	that	in	a	long	rotating	drum	granulator,	the	population	balance	model	is	described	by	Eq.	(23.15)	with	spatial	variable	z	included	in	the	model	equation.	In	many	industrial	applications,
the	concept	of	lumped	regions	in	series	is	used	to	reduce	the	model	order.	By	using	this	method,	a	whole	granulator	is	divided	into	a	number	of	sections	with	an	assumption	that	perfect	mixing	can	be	achieved	in	each	section.	The	basic	idea	is	schematically	depicted	in	Figure	23.3.	In	Figure	23.3,	Q	denotes	the	number	flow	rate,	the	subscripts	F	and
P	represent	the	feed	and	product	streams,	respectively,	and	NR	is	the	total	number	of	regions	used	to	approximate	the	granulator.	The	reduced-order	model	for	Eq.	(23.15)	using	the	method	of	lumped	regions	in	series	is	given	by	t	n	(v	,	i	,	t	)	=	v	+	[Gi	n	(v	,	i	,	t	)]	+	Q	(i	1	v	2	0	(v	v	,	v	)	n	(v	n	(v	,	i	,	t	)	1)	n	(v,	i	1,	t	)	nt	(i	1,	t	)	Q	(i	)	n	(v,	i,	t	)	n	t	(i,	t	)	v	,
i	,	t	)	n	(v	,	i,	t	)	dv	(23.26)	(v,	v	)	n	(v	,	i	,	t	)	dv	0	=	1,	2,	…,	NR	i	where	i	represents	the	ith	region,	nt	is	the	total	number	density,	and	Q(0)	=	QF.	23.3.4.2	Model	Order	Reduction	for	Multidimensional	Population	Balances	Biggs	et	al.	[35]	developed	a	concept	of	binder	size	distribution	(BSD)	to	correlate	moisture	content	with	particle	size.	On	the	basis
of	BSD,	the	mass	of	binder	in	the	size	range	(v,	v	+	dv)	is	quantified	as	dM	=	M(v)dv	and	M	(t	,	v	)	=	v	L	0	vL	f	(v	,	vL	,	t	)	dvL	(23.27)	where	ρL	is	the	binder	density.	They	showed	that	given	the	assumption	that	at	a	given	size	all	granules	have	the	same	liquid	content,	the	2D	PBE	given	by	Eq.	(23.23)	can	be	reduced	to	a	set	of	two	1D	equations
described	as	follows:	t	n	(v	,	t	)	=	1	v	2	0	(v	n	(v	,	t	)	v	,	v	)	n	(v	0	v	,	t	)	n	(v	,	t	)	dv	(v,	v	)	n	(v	,	t	)	dv	(23.28)	674	Pharmaceutical	Granulation	Technology	and	t	1	v	2	0	M	(v	,	t	)	=	(v	M	(v	,	t	)	v	,	v	)	M	(v	v	,	t	)	n	(v	,	t	)	dv	(v,	v	)	n	(v	,	t	)	dv	0	(23.29)	In	their	experiments,	pharmaceutical	materials	were	granulated	in	a	high-shear	mixer.	Good	agreement
between	experimental	and	simulation	results	was	achieved	enabling	the	granulation	rates	to	be	defined	by	two	parameters:	the	critical	binder	volume	fraction	and	the	aggregation	rate	constant.	23.3.4.3	Reduced-Order	Models	Using	the	Method	of	Moments	The	moments	are	defined	as:	Mj	=	j	j	=	0	Mj	v	jn	(v	)	dv	(23.30)	M0	=	0,	1,	2,	Because	of	the
variety	of	coalescence	kernels,	it	is	impossible	to	develop	a	generalized	structure	for	reduced-order	models	using	the	method	of	moments.	A	special	kernel	model	is	assumed	in	this	work.	The	methodology	can	be	extended	to	the	development	of	moment	models	with	different	kernel	structures.	The	example	kernel	model	is	assumed	as	(v	,	v	)	=	0	vb	+	v
b	=	(vv	)a	v	(b	a)	v	(b	a	)	+	va	va	0	(23.31)	The	discretized	format	of	Eq.	(23.31)	is	given	by	i,	j	=	vj(b	0	a)	+	vja	vj(b	a)	(23.32)	vja	The	1D	aggregation-only	PBE	described	by	Eq.	(23.28)	with	the	kernel	model	given	by	Eq.	(23.32)	can	be	reduced	to	a	set	of	ordinary	differential	equations	as	follows:	d	M	dt	0	d	M	dt	1	=	d	M	dt	=	0	(	(b	a	)	a	)	M0	=	0	1	2	0
(23.33)	r	1	k	=1	r	k	(k	a	)	(r	k	+	b	a	)	+	(k	+	b	a	)	(r	k	a	)	M02,	r	=	2,	3,	…	where	μ	is	defined	in	Eq.	(23.30),	for	example,	by	μ(k	−	a)	=	M(k	−	a)/M0.	Equation	(23.33)	involves	the	determination	of	fractional	and	negative	moments.	If	the	type	of	PSD	is	more	or	less	known,	such	as	log-normal	or	Γ-distribution,	Eq.	(23.33)	is	solvable	with	the
incorporation	of	interpolation	and	extrapolation	techniques.	For	more	general	solution	techniques,	fractional	calculus	enabling	Granulation	Process	Modeling	675	the	computation	of	fractional	differentiations	and	integrations	should	be	used,	which	exceed	the	scope	of	this	chapter.	23.3.4.4	Multi	Timescale	Analysis	It	is	often	the	case	that	in	an
interconnected	process	situation	where	several	processes	are	being	simulated	simultaneously,	those	processes	operate	on	distinct	timescales.	Such	is	the	case	when	combinations	of	pre-reaction	units	are	combined	with	granulation	devices,	dryers,	and	screening	in	full	process	flowsheet	simulations.	It	can	also	be	the	case	within	a	particular
processing	unit	that	incorporates	a	range	of	mechanisms.	It	can	be	observed	that	these	processes	often	operate	on	different	timescales	covering	the	range	of	microseconds	to	minutes	or	even	hours.	This	time	separation	in	scales	provides	opportunity	to	make	assumptions	that	can	simplify	the	modeling	by	separating	the	phenomena	into	at	least	three
classes.	•	Slow	modes	(long	time	constant	behavior)	•	Medium	modes	•	Fast	modes	(short	time	constants)	When	we	do	this	analysis,	we	can	often	use	qualitative	methods	based	on	our	general	under	standing	of	the	physics,	chemistry,	and	the	rate	processes	such	as	heat	and	mass	transfer.	As	suggested	by	Robertson	and	Cameron,	the	alternative	and
more	complex	analytical	approach	is	through	the	use	of	eigenvalue	and	eigenvector	analysis	that	is	based	on	the	underlying	models	of	the	processes	[36].	This	analysis	often	allows	us	to	simplify	complex	models	when	we	model	for	particular	goals	by	making	the	following	assumptions:	•	Slow	modes	can	be	treated	as	being	constant	over	the	timeframe
of	interest.	•	Medium	modes	are	modeled	in	detail.	•	Fast	modes	are	regarded	as	pseudo	steady	states,	being	represented	by	algebraic	equations.	This	timescale	approach	can	simplify	significantly	the	complexity	of	the	process	models	depending	on	the	timeframe	of	interest	in	the	simulation,	and	the	approach	has	general	application	to	all	forms	of
models.	23.3.4.5	Regime	Separated	Approach	In	many	cases,	although	a	number	of	processes	take	place	simultaneously,	only	one	process	is	dominant	with	other	processes	to	be	identified	as	insignificant.	In	this	case,	a	regime	separate	approach	with	a	single	process	in	one	zone	can	be	used	to	dramatically	reduce	the	model	com 	plexity	[37].	For
example,	the	twin-screw	wet	granulator	(TSWG)	can	be	divided	into	mixing	zone,	wetting	zone,	and	wet	granulation	zone	[37],	and	a	pulsed	spray	fluidized-bed	granulator	can	be	separated	as	a	wetting	and	granulation	zone,	and	a	drying	and	breakage	zone	[38].	The	simulation	and	experimental	results	show	that	the	error	tolerance	levels	are
acceptable	for	both	cases.	23.3.5	A	MULTIFORM	MODELING	APPROACH	A	multiform	modeling	approach	has	been	proposed	by	Wang	and	Cameron	[39]	in	which	the	granulation	process	can	be	represented	by	a	variety	of	model	forms	for	different	end	uses.	These	include	(i)	the	distributed	parameter	population	balance	model	(DP-PBM)	described	by
Eq.	(23.15);	(ii)	the	lumped	parameter	population	balance	model	(LP-PBM)	represented	by	Eq.	(23.26);	(iii)	matrix	representation	with	offline	computed	matrix	elements;	(iv)	linear	and	local	linear	models	that	will	be	further	explained	in	the	section	“Application	of	Population	Balance	Modeling”;	(v)	input–output,	black	box	models,	which	will	also	be
described	in	the	same	section;	(vi)	a	variety	of	reduced-order	models	using	various	techniques,	including	method	of	moments	and	676	Pharmaceutical	Granulation	Technology	the	dimension	separation	technique	stated	in	the	“Reduced-order	Models”.	It	can	be	shown	through	dynamic	simulations	that	significant	computing	time	reductions	can	be
achieved	with	properly	selected	model	forms.	Since	both	open-loop	optimal	control	and	closed-loop	model	predictive	control	(MPC)	rely	on	iterative	dynamic	optimization,	overall	computing	time	reduction	makes	online	applications	possible.	Furthermore,	the	development	of	local	linear	models	allows	the	ap	plications	of	well-established	linear	system
theory	and	techniques	to	process	control,	parameter	identification,	and	model	order	reduction.	The	demonstrated	advantages	of	the	proposed	multiform	modeling	approach	imply	a	big	step	forward	toward	the	industrial	applications	of	model-based	control	for	granulation	processes.	23.3.6	HYBRID	MODELS	23.3.6.1	Population	Balance	Model	(PBM)
Coupled	with	Discrete	Element	Method	(DEM)	In	order	to	accurately	estimate	the	coalescence	kernels,	collision	selection	functions,	and	breakage	functions	in	both	size	enlargement	and	reduction	processes,	evaluations	of	particle	collision	fre	quencies,	velocities,	deformation,	and	momentum	transfer	are	essential.	The	PBM	coupled	with	DEM	provide
a	more	efficient	and	accurate	approach	than	the	time-consuming	and	expensive	experimentally	based	methods.	The	combination	of	PBM	with	DEM	strategy	has	been	successfully	applied	in	the	dense	phase	granulators,	such	as	drum,	high-shear,	and	twin-screw	wet	granulators	[5,8].	23.3.6.2	Population	Balance	Model	(PBM)	Coupled	with
Computational	Fluid	Dynamics	(CFD)	In	the	sparse	phase	granulators,	such	as	top	spray	fluidized	bed	(TSFB)	granulators,	one	needs	to	determine	the	particle	transport	between	wetting	zone	with	particle	size	enlargement	and	drying	zone	with	particle	size	reduction.	Furthermore,	interactions	between	particles,	particle	and	dro	plets,	and	particle
and	equipment	are	essential	for	the	development	of	the	coalescence	kernels	for	size	enlargement,	selection	function,	and	breakage	function	for	size	reduction	processes	in	PBM.	Particle	transport	and	interactions	can	be	computed	by	using	CFD,	so	that	PBM	and	CFD	are	hence	combined	together	in	an	interactive	manner	[38].	23.4	SOLVING
POPULATION	BALANCES	In	this	section,	we	look	at	a	number	of	important	solution	methods	to	solve	PBEs.	This	covers	conventional,	well-established	techniques	as	well	as	more	recent	and	specialized	approaches.	23.4.1	CONVENTIONAL	DISCRETIZATION	METHODS	Hounslow	discretization.	Hounslow	et	al.	[11]	developed	a	relatively	simple
discretization	method	by	employing	an	M-I	approach	(the	mean	value	theorem	on	frequency).	The	PBEs,	such	as	Eq.	(23.28),	are	normally	developed	using	particle	volume	as	the	internal	coordinate.	Because	of	the	identified	advantages	of	length-based	models,	Hounslow	et	al.	[11]	performed	the	coordinate	transformation	to	convert	the	volume-based
model	described	by	Eq.	(23.28)	to	a	length-based	model	as	follows:	d	n	(L	,	dt	t)	=	L2	L	2	0	[(L3	n	(L	,	t	)	3)1/3,	3)1/3,	t	]	n	(	,	t	)	]	n	[(L3	d	3)2/3,	(L3	0	(L	,	)	n	(	,	t	)	d	(23.34)	Granulation	Process	Modeling	677	in	which	L	and	λ	denote	the	characteristic	length	of	particles.	The	Hounslow	method	is	based	on	a	geometric	discretization,	with	the	following
ratio	between	two	successive	size	intervals:	Li	+	1	=	Li	2	,	or	3	vi	+	1	=2	vi	(23.35)	where	L	and	v	represent	the	characteristic	length	and	volume	of	particles,	respectively,	and	the	subscripts	i	+	1	and	i	denote	the	size	classes.	The	continuous	PBE	described	by	Eq.	(23.34)	is	converted	into	a	set	of	discretized	PBEs	in	various	size	intervals	by	using	this
technique.	That	is,	the	change	of	number	density	in	the	ith	size	interval	is	given	by	d	n	dt	i	1	i	2	j	=1	2j	i	+1	ni	i	1	j	=1	2j	i	=	ni	+	i	1,	j	nj	i,	j	n	j	i	n2	2	i	1,	i	1	i	1	i	max	j	=1	ni	(23.36)	i	,	j	nj	=	1,	2,	…,	imax	i	The	continuous	BSD	model	described	by	Eq.	(23.29)	can	also	be	discretized	using	a	similar	nu	merical	scheme	as	follows	(see	Biggs	et	al.	[35]):	d	M
dt	i	=	Mi	1	+	ni	Mi	i	i	2	j	=1	i	1	j	=1	i	1	j	=1	2j	(1	i	+1	i	1,	j	nj	2j	i)	2j	1nj	+	ni	i,	j	Mj	+	Mi	imax	j	=1	1	i	2	j	=1	2j	i	+1	i	1,	j	nj	i	1,	i	1	ni	1	Mi	1	(23.37)	i,	j	n	j	=	1,	2,	…,	i	max	Kumar	and	Ramkrishna’s	Discretization	Technique.	Kumar	and	Ramkrishna	[40]	developed	a	discretization	method	by	using	a	grid	with	a	more	general	and	flexible	pattern	with	fine
or	coarse	discretizations	in	different	size	ranges.	The	size	range	between	two	sizes	vi	and	vi	+	1	is	called	the	ith	section,	and	the	particle	size	in	this	section	is	simply	denoted	by	xi	(grid	point)	such	that	vi	<	xi	<	vi	+	1	as	seen	in	Figure	23.4.	A	particle	of	size	v	in	the	size	range	xi	and	xi	+	1	can	be	represented	by	two	fractions	a(v,	xi)	and	b(v,	xi	+	1)
associated	with	the	two	grid	points	xi	and	xi	+	1,	respectively.	For	the	conservation	of	two	general	properties	f1(v)	and	f2(v),	these	fractions	satisfy	the	following	equations:	a	(v	,	xi	)	f1	(xi	)	+	b	(v	,	xi	+1)	f1	(xi	+1)	=	f1	(v	)	a	(v	,	xi	)	f2	(xi	)	+	b	(v	,	xi	+1)	f2	(xi	+1)	=	f2	(v	)	FIGURE	23.4	General	grid	used	with	Kumar	and	Ramkrishna	[	40]	numerical
technique.	(23.38)	678	Pharmaceutical	Granulation	Technology	By	using	this	composition	technique	for	particle	properties,	discrete	equations	for	coalescence-only	population	balance	model	given	by	Eq.	(23.22)	have	been	formulated	as	follows:	dni	=	dt	j	k	xi	j,	k	1	1	2	j,	k	(j	,	k	)	n	j	(t	)	n	i	(t	)	i	max	(i	,	k	)	nk	(t	)	k	=1	(23.39)	1	(xj	+	xk	)	xi	+1	In	Eq.
(23.39),	ni,	β,	and	imax	are	defined	previously,	δj,k	is	the	Dirac	delta	function,	and	η	is	defined	as	follows:	=	=	xi	+1	v	,	xi	v	xi	+1	xi	v	xi	1	,	xi	1	x	i	xi	1	xi	+1	v	(23.40)	xi	The	first	and	second	terms	on	the	right-hand	side	of	Eq.	(23.39),	respectively,	represent	the	birth	rate	and	death	rate	of	particles	in	the	ith	size	interval	because	of	coalescence.
Attention	should	be	paid	to	the	selection	of	the	internal	coordinates.	The	original	Kumar–Ramkrishna	discretization	[40]	should	be	applied	to	volume-based	models	rather	than	length-based	models.	Although	both	are	interconvertible,	it	is	important	to	check	the	consistency	in	numerical	computations.	23.4.2	WAVELET-BASED	METHODS	Wavelet-
based	methods	are	relatively	new	numerical	schemes	for	solving	PBEs	consisting	of	both	differential	and	integral	functions	[41–44].	Again,	the	volume-based	PBEs	with	particle	volume	as	the	internal	coordinate	are	used	to	demonstrate	the	main	characteristics	of	the	wavelet	methods.	The	most	important	advantage	of	these	methods	over	other
numerical	techniques	is	their	ability	to	effectively	deal	with	steep-moving	profiles.	In	this	subsection,	we	only	explain	the	basic	algo	rithms	of	the	wavelet-collocation	method	for	practical	applications	using	the	Daubechies	wavelets	rather	than	to	provide	mathematical	insights	for	general	wavelet	techniques.	Similar	to	other	collocation	methods,	the
coordinates	should	be	normalized	within	the	interval	[0,1].	For	the	1D	PBE	given	by	Eq.	(23.13),	this	can	be	done	by	introducing	the	linear	transfor	mation	x	=	v/vmax,	where	x	is	the	dimensionless	particle	volume	and	vmax	is	the	maximum	particle	size	in	the	system.	The	original	integral	intervals	[0,	v]	and	[0,	∞]	are	transformed	to	[0,	x]	and	[0,	1],
respectively.	Consequently,	Eq.	(23.13)	becomes	t	n	(x	,	t	)	=	x	+	[G	(x	)	n	(x,	t	)]	vmax	x	2	0	(x	vmax	n	(x	,	t	)	x	,	x	)	n	(x	1	0	x	,	t	)	n	(x	,	t	)	dx	(23.41)	(x	,	x	)	n	(x	,	t	)	dx	where	G(x)	is	defined	as	dx/dt	rather	than	dv/dt.	For	a	broad	class	of	engineering	problems,	the	approximate	solution	of	a	general	function	w(x)	with	J-level	resolution	can	be	written	in
terms	of	its	values	in	the	dyadic	points:	wJ	(2	J	m	)	(2J	x	wJ	(x	)	m	m)	(23.42)	Granulation	Process	Modeling	679	where	θ(x)	is	denoted	as	the	autocorrelation	function	of	scaling	function.	We	first	solve	the	coalescence-only	PBE	with	G(x)	=	0.	If	J-level	wavelet	method	is	used,	the	matrix	representation	at	the	ith	dyadic	point	is	given	by	ni	v	=	max	[n	0	t	2
n	2J	]	M3,	i	…	n1	n0	n1	n2	vmax	ni	Mi2	n0	n1	n2	J	(23.43)	J	where	ni	is	the	number	density	at	the	ith	dyadic	(collocation)	point.	The	operational	matrix	M3,i	and	vector	Mi2	are	constructed	as	follows.	M3,i	are	(2J	+	1)	×	(2J	+	1)	operational	matrices	at	volume	point	i	represented	as	3,	i	3,	i	M0,0	M0,1	3,	i	M0,2	J	3,	i	3,	i	M1,0	M1,1	3,	i	M1,2	J	M23,J	,0i
M23,J	,1i	M23,J	,2i	J	M3,	i	=	(23.44)	Mi2	are	1	×	(2J	+	1)	operational	vectors	at	volume	point	i	described	by	Mi2,0	Mi2,1	Mi2	=	Mi2,2J	Elements	in	the	matrix	M3,i	are	developed	as	Mk3,1,	ki2	=	1	2J	2J	(	xi	xl	,	xl	)	×	l	=0	[	l	k2,	i	k1	k2	(i	k2	)	l	k2,	i	k1	k2	(	k2	)	]	(23.45)	Elements	in	the	operational	vectors	Mi2	are	given	by	Mi2,	k	1	=	J	2	2J	(xi	,	xl	)	Hk	l
(k	)	(23.46)	l	=0	The	needed	two-term	integral	of	autocorrelation	function	Hk(x)	and	three-term	integral	of	auto	correlation	function	Ωj,k(x)	in	Eqs.	(23.45)	and	(23.46)	are	defined	as	Hk	(x	)	=	x	(y	k	)	(y	)	dy	(23.47)	and	j	,	k	(x	)	=	x	(y	j	)	(y	k	)	(y	)	dy	(23.48)	680	Pharmaceutical	Granulation	Technology	The	autocorrelation	function	θ(k)	and	its
derivatives	θ(s)(k)	are	represented	as	follows:	(k	)	(s	)	+	=	(x	)	(x	+	1)s	(k	)	=	(	(x	)	k	)	dx	(s	)	(x	(23.49)	k	)	dx	where	ϕ(x)	is	the	scaling	function.	θ(s)(k)	can	be	evaluated	by	using	the	following	recursive	al	gorithm	with	θ(k)	=	θ(0)(k):	(s	)	(2	J	1k	)	=	2s	(s	)	(2	J	k	)	+	2s	1	N	a2l	1[	(s	)	(2	J	k	2l	+	1)	+	(s	)	(2	J	k	2l	1)]	l	=1	(23.50)	The	differential	operators	in
the	PBE	can	also	be	evaluated	at	the	collocation	points	as	n	x	=	A(	(1)	)	n	2n	=	B(	(2)	)	n	x2	(23.51)	where	n	=	[n1n2	···	nN]T	is	a	vector,	in	which	ni	is	the	number	density	at	the	ith	collocation	point,	N	=	2J	+	1	is	the	number	of	collocation	points,	T	stands	for	vector	transpose,	A	and	B	are	square	matrices	computed	using	the	values	θ(1)(k)	and	θ(2)(k),
respectively.	An	algorithm	for	the	com 	putation	of	the	matrices	A	and	B	was	described	in	Liu	and	Cameron	[43].	Consequently,	the	growth	term	in	Eq.	(23.41)	can	be	approximated	using	Eq.	(23.51).	It	should	be	pointed	out	that	after	coordinate	normalization,	functions	of	interest	are	evaluated	in	the	closed	intervals	[0,1]	rather	than	[–	∞,	∞]	or	other
intervals.	In	this	case,	some	modified	interpolation	functions	can	be	constructed	to	interpolate	the	values	in	dyadic	points	outside	[0,	1]	to	the	desired	interval	[42,43].	Three	PBEs	with	different	kernel	models	have	been	successfully	solved	by	using	the	waveletcollocation	method	[43,44].	These	kernel	models	were	(i)	size-independent	kernel	β	=	β0	=
con	stant,	(ii)	linear	size-dependent	kernel	β(x,	x′)	=	β0(x	+	x′),	and	(iii)	nonlinear	size-dependent	kernel	Q(x,	x′)	=	β(x1/3	+	x′1/3)(x−1/3	+	x′−1/3).	Simulation	results	have	shown	that	the	wavelet-collocation	methods	are	able	to	achieve	fast	convergence	with	high	accuracy	if	adequate	resolution	levels	are	selected.	The	methods	are	particularly	effective
for	the	processes	with	steep-moving	profiles,	which	are	difficult	to	solve	by	using	other	numerical	schemes.	In	this	subsection,	the	emphasis	has	been	placed	on	the	introduction	of	basic	techniques	for	the	resolution	of	PBEs	using	wavelets,	which	requires	to	solve	2J	+	1	ordinary	equations	for	each	PBE	given	by	Eq.	(23.41).	Liu	and	Cameron	[44]
developed	a	new	wavelet-based	adaptive	technique,	which	enables	a	dramatic	reduction	of	the	number	of	ordinary	differential	equations	to	be	solved.	Furthermore,	this	adaptive	method	allows	the	automatic	selection	of	the	minimum	wavelet	level	J	with	acceptable	accuracy.	With	the	background	knowledge	described	in	this	chapter,	the	readers	may
understand	the	adaptive	technique	through	studies	on	the	original	papers	without	major	difficulties.	The	operational	matrices	M3,i	and	Mi2,	matrices	A	and	B,	together	with	the	integral	functions	H	and	Ω	at	various	resolution	levels	are	available	from	the	authors.	23.4.3	HIERARCHICAL	TWO-TIER	TECHNIQUE	Another	development	in	solution
techniques	has	been	presented	by	Immanuel	and	Doyle	III	[12].	This	technique	is	based	on	a	finite-element	discretization	of	the	particle	population	and	tracks	the	Granulation	Process	Modeling	FIGURE	23.5	681	Schematic	of	a	hierarchical	two-tier	solution	strategy	for	population	balance	models.	total	particles	within	each	of	the	bins.	The	equation
representing	the	total	particles	within	each	bin	is	derived	from	the	PBE	in	a	straightforward	manner	via	partial	analytical	solution.	The	particle	population	in	each	bin	is	updated	employing	a	hierarchical	strategy,	as	depicted	in	Figure	23.5.	The	individual	rates	of	nucleation,	growth,	and	coalescence	in	each	bin	are	com 	puted	in	the	first	tier	of	the
algorithm	(at	each	time	step),	and	the	particle	population	is	updated	in	the	second	tier.	A	simple	predictor–corrector	technique	may	be	utilized	for	information	exchange	between	the	two	tiers.	Employing	the	two-tier	hierarchical	solution	strategy	enables	orders	of	magnitude	improvement	in	the	computation	times.	The	improvement	in	computation
times	is	achieved	partly	by	a	reduction	of	the	stiffness	of	the	system	equations	by	a	decomposition	solution	strategy	for	the	nucleation,	growth,	and	coalescence	models.	In	effect,	the	PBE	is	reformulated	in	terms	of	the	individual	growth,	aggregation,	nucleation,	and	breakage	events	(as	appropriate),	thereby	accommodating	the	differences	in	their
timescales.	The	other	major	factor	that	contributes	to	this	improvement	in	computation	time	is	the	offline	analytical	solution	that	is	proposed	for	the	aggregation	quadratures.	This	results	in	casting	the	complex	integrals	in	terms	of	simpler	terms,	major	portions	of	which	can	be	computed	just	once	at	the	start,	thereby	leading	to	a	substantial	reduction
in	the	computational	load.	These	analytical	solutions	for	the	quadratures	are	derived	based	on	an	assumption	of	a	uniform	particle	density	within	each	element,	although	this	assumption	can	be	easily	relaxed	to	enable	larger	finite	elements.	It	also	involves	the	assumption	that	the	coalescence	kernel	for	particles	between	any	two	bins	is	a	constant
[i.e.,	β(V′,	V	−	V′)	in	the	following	equation	is	constant	for	all	particle	coalescences	between	bins	i	and	j].	682	Pharmaceutical	Granulation	Technology	R	formation	(V	,	t	)	=	1	2Vaq	Vj	V	=	Vj	V	Vnuc	1	V	=	Vnuc	(V	,	V	V	)	FV	(V	,	t	)	FV	(V	V	,	t	)	dV	dV	(23.52)	See	Immanuel	and	Doyle	III	[12]	for	the	detailed	analytical	solutions.	Immanuel	and	Doyle	III
[28]	discuss	the	extension	of	the	above	1D	algorithm	to	the	multi	dimensional	case.	The	ranges	of	volumes	of	solid,	liquid,	and	gas	are	divided	into	3D	grids	(finite	volumes	or	the	bins).	In	this	case,	the	algorithm	models	the	total	particle	count	within	each	of	these	bins,	defined	such	that	Fi,j,k	is	the	total	moles	of	particles	within	the	(i,	j,	k)th	bin.	The
layering	effect	and	the	drying	effect	(which	account	for	the	continuous	change	in	the	solid	and	liquid	contents	of	the	granules)	are	neglected	in	this	case.	Thus,	continuous	growth	is	restricted	to	the	gas	volume	(due	to	consolidation).	In	the	following	equation,	gk	is	the	lower	boundary	of	gas	volume	in	the	kth	bin	along	the	gas	volume,	and	ΔGk	is	the
width	of	the	kth	bin	along	the	gas	volume.	d	Fi,	j,	k	+	dt	Fi,	j,	k	Gi,	j,	k	dg	dt	Fi,	j,	k	+1	k	Gi,	j,	k	+1	dg	dt	=	k	+1	si	si	li	1	li	gi	1	gi	R	aggre	(s	,	l	,	g,	t	)	ds	dl	dg	1	(23.53)	Extensions	of	the	analytical	solutions	for	the	aggregation	integrals	to	multidimensional	cases	are	straightforward.	The	aggregation	term	in	the	equation	above	assumes	a	six-
dimensional	form	in	the	current	3D	case	[R	aggre	(s,	l,	g,	t)	itself	being	a	3D	integral].	This	six-dimensional	integral	can	be	recast	as	a	multiple	of	three	double	integrals,	with	each	double	integral	accounting	for	one	internal	coordinate.	This	is	possible	because	the	three	internal	coordinates	are	mutually	independent	of	each	other.	The	solution	to	each
of	the	separated	double	integrals	is	exactly	the	same	as	the	ones	derived	for	the	1D	case.	This	simplification	is	another	advantage	of	representing	the	population	balance	in	terms	of	the	volumes	of	solid,	liquid,	and	gas	in	the	granules,	rather	than	in	terms	of	the	total	particle	size,	binder	content,	and	porosity.	The	effectiveness	of	the	technique	has
been	further	demonstrated	by	Pinto	et	al.	[45]	by	solving	higher-dimensional	population	balance	models	with	breakage-division	phenomena.	The	same	authors	[46]	have	extended	the	single-level	discretization	strategy	to	a	multilevel	discretizationbased	solution	of	multidimensional	population	balance	models	accounting	for	different	fineness	of
discretization	for	the	different	rate	processes	of	nucleation,	growth,	aggregation,	and	breakage	as	warranted	by	the	particular	rate	process.	Consequently,	the	computational	efficiency	has	been	significantly	improved.	23.4.4	SOLVING	DIFFERENTIAL-ALGEBRAIC	EQUATION	SYSTEMS	Many	of	the	previously	mentioned	numerical	methods	lead	to
large	sets	of	differential	equations	coupled	with	sets	of	nonlinear	algebraic	equations.	These	are	the	so-called	differential-algebraic	equation	(DAE)	systems.	A	number	of	approaches	are	available	to	solve	these	equation	sets,	mainly	based	on	implicit	or	semi-implicit	methods	such	as	the	backward	differentiation	formulae	(BDF)	[41,47]	or	variants	of
Runge–Kutta	methods	[48,49].	The	Mathworks	package	MATLAB	also	contains	useful	DAE	solvers	that	are	based	primarily	on	implicit	BDF	formulae.	Another	widely	used	DAE	solver,	DASSL,	uses	BDF	followed	by	the	Newton	method	for	updating	the	result	through	iterations	[47].	Solution	of	these	types	of	problems	is	generally	straightforward.	Some
issues	still	remain	in	obtaining	consistent	initial	conditions	for	the	solution	to	commence	and	the	solution	of	high-index	problems.	Granulation	Process	Modeling	683	23.4.5	MONTE	CARLO	METHODS	There	is	a	long	history	in	studies	on	the	application	of	Monte	Carlo	methods	to	process	en	gineering.	The	first	serious	research	paper	on	a	Monte	Carlo
treatment	for	systems	involving	population	balances	could	be	credited	to	Spielman	and	Levenspiel	[50].	Since	then,	a	significant	number	of	publications	have	appeared	in	the	literature	on	the	resolution	of	PBEs	using	Monte	Carlo	methods	[17].	Comprehensive	Monte	Carlo	treatments	are	described	in	the	literature	[17,51].	Only	selected	issues	on
basic	techniques	will	be	addressed	in	this	section.	23.4.5.1	Classification	of	Monte	Carlo	Methods	Monte	Carlo	methods	can	be	used	in	two	ways	for	engineering	applications:	1.	Direct	evaluation	of	difficult	functions.	For	example,	the	integral	given	by	I=	b	f	(x	)	dx	a	(23.54)	can	be	evaluated	as	I	a	)	g	(X	)]	=	E	[Y¯	(n	)]	=	E	(Y	)	=	E	[(b	Y¯	(n	)	=	(b	a)	n	i
=1	g	(Xi	)	(23.55)	n	where	X1,	X2,…,	Xn	are	random	variables	defined	in	the	closed	interval	[a,	b],	and	E(Y)	denotes	the	mathematical	estimation	of	function	Y.	2.	Artificial	realization	of	the	system	behavior	[17].	This	method	is	commonly	applied	to	complex	particulate	processes,	which	will	be	described	in	some	detail	in	the	current	section.	In	the
artificial	realization,	the	direct	evaluation	of	integral	and	differential	functions	is	replaced	by	the	simulation	of	the	stochastic	behavior	modeled	by	using	a	randomness	generator	to	vary	the	behavior	of	the	system	[51].	It	will	be	shown	later	that	the	important	probabilistic	functions	in	the	original	model	equations,	such	as	coalescence	kernels	for
granulation	processes,	are	still	essential	in	Monte	Carlo	simulations.	Monte	Carlo	methods	for	the	artificial	realization	of	the	system	behavior	can	be	divided	into	timedriven	and	event-driven	Monte	Carlo	simulations.	In	the	former	approach,	the	time	interval	Δt	is	chosen,	and	the	realization	of	events	within	this	time	interval	is	determined
stochastically.	In	the	latter	case,	the	time	interval	between	two	events	is	determined	on	the	basis	of	rates	of	processes.	In	general,	the	coalescence	rates	in	granulation	processes	can	be	extracted	from	the	coalescence	kernel	models.	The	event-driven	Monte	Carlo	can	be	further	divided	into	constant	volume	methods	in	which	the	total	volume	of
particles	is	conserved	and	constant	number	method	in	which	the	total	number	of	particles	in	the	simulation	remains	constant.	The	main	advantage	of	the	constant	number	method	for	granulation	processes	is	that	the	population	remains	large	enough	for	accurate	Monte	Carlo	simulations	[52,53].	An	additional	advantage	associated	with	the	constant
number	methods	is	its	ability	to	reduce	the	renumbering	effort.	Consequently,	the	constant	number	method	is	re	commended	and	will	be	further	explained.	23.4.5.2	Key	Equations	for	Constant	Number	Monte	Carlo	Simulation	Key	equations	needed	in	Monte	Carlo	simulations	include	the	interevent	time	Δtq	representing	the	time	spent	from	q−1	to	q
Monte	Carlo	steps,	coalescence	kernel	Kij,	normalized	probability	pij	for	a	successful	collision	between	particles	i	and	j,	and	a	number	of	intermediate	variables.	The	684	Pharmaceutical	Granulation	Technology	coalescence	kernel	can	be	divided	into	particle	property-independent	part	Kc	and	-dependent	part	kij(Xi,	Xj)	as	follows:	Kij	=	Kc	kij	Xi	,	Xj	i,	j
=	1,	2,	(23.56)	,N	where	X	denotes	the	vector	of	internal	coordinates	representing	particle	properties,	such	as	size	and	moisture	content,	and	N	is	the	total	number	in	the	simulation	system.	It	can	be	seen	that	Eq.	(23.56)	is	similar	to	the	coalescence	kernel	given	by	βij	=	β0kij(vi,	vj)	described	in	the	previous	sections	for	1D	systems.	However,	it	should
be	pointed	out	that	i	and	j	in	Eq.	(23.56)	are	used	to	identify	the	individual	particles,	whereas	that	in	βij,	i,	j	=	1,2…	imax	are	size	classes	rather	than	particle	identity	numbers.	In	order	to	avoid	confusion,	βij	and	β0	are	replaced	by	Kij	and	Kc,	respectively,	in	Monte	Carlo	simulations.	The	normalized	probability	for	successful	collision	is	given	by	kij	pij
=	(23.57)	k	max	where	kmax	is	the	maximum	value	of	the	coalescence	kernel	among	all	particles.	The	final	result	of	the	interevent	time	is	given	by	tq	=	2c	1	N	k	ij	N	N	1	q	(23.58)	with	c	=	1	K	c	C0	(23.59)	and	kij	=	N	i	=1	N	j	=1,	i	j	N	(N	kij	1)	(23.60)	In	Eq.	(23.59),	C0	is	the	total	number	concentration	at	t	=	0	defined	by	C0	=	N/V0,	where	V0	is	the
volume	of	particles	at	the	initial	time.	We	have	only	presented	the	final	results	of	needed	equations	here.	The	interested	readers	are	referred	to	Smith	and	Matsoukas	[52]	for	detailed	mathematical	derivations.	23.4.5.3	Simulation	Procedure	The	simulation	procedure	for	the	constant	number	Monte	Carlo	method	applied	to	coalescence	processes
consists	of	the	following	key	steps:	1.	Initialization	of	the	simulation	system.	This	includes	the	determination	of	sample	size	(normally	10,000–20,000	particles)	followed	by	assigning	the	identity	number	and	properties	to	each	particle.	The	properties	must	satisfy	the	initial	property	distributions,	such	as	particle	size	and	moisture	distributions.	Set	t0	=
0	and	q	=	1.	Granulation	Process	Modeling	685	2.	Acceptance	or	rejection	of	coalescence.	In	this	step,	two	particles,	i	and	j,	are	randomly	selected,	and	the	coalescence	kernel	kij	with	normalized	probability	pij	given	by	Eq.	(23.57)	are	computed,	followed	by	the	generation	of	a	random	probability	prq.	If	pij	<	prq,	the	coalescence	is	rejected,	and	a
new	pair	of	particles	is	selected	again	to	repeat	the	calculation	until	pij	>	prq,	which	implies	a	successful	coalescence.	When	the	coalescence	is	successful,	the	new	agglomerated	particle	holds	the	identity	number	i,	and	another	particle	randomly	selected	from	the	rest	of	the	system	is	copied	as	particle	j	and	goes	to	step	3.	3.	Computation	of	the
interevent	time.	The	interevent	time	for	step	q	is	computed	using	Eqs.	(23.58)–(23.60).	Total	operational	time	is	given	by	t	=	t0	+	q	tm	m	=1	(23.61)	Set	q	=	q	+	1	and	return	to	step	2.	4.	Simulation	termination	and	result	validation.	As	t	reaches	the	prespecified	termination	time	tf,	check	the	acceptance	of	simulation	results.	If	acceptable,	stop	the
simulation;	otherwise,	modify	model	parameters	and	start	a	new	simulation	process.	It	can	be	seen	that	the	Monte	Carlo	methods	are	applicable	to	both	1D	and	multidimensional	coalescence	processes	without	any	theoretical	and	algorithmic	hurdles.	However	most	reported	results	with	good	agreement	with	experimental	data	are	limited	to	1D
systems,	except	that	reported	by	Wauters	[53].	This	is	mainly	due	to	the	lack	of	reliable	multidimensional	kernel	models	rather	than	the	applicability	of	Monte	Carlo	methods.	23.5	APPLICATION	OF	POPULATION	BALANCE	MODELING	Process	systems	modeling	and	applications	in	granulation	have	been	comprehensively	reviewed	by	Cameron	et	al.
[54]	and	Cameron	and	Wang	[55].	In	this	section,	we	consider	the	application	of	population	balances	to	regulatory	and	optimal	control	of	batch	and	continuous	granulation	systems.	Models	can	also	be	applied	to	parameter	estimation,	process	and	equipment	design,	state	esti	mation,	and	fault	diagnosis.	23.5.1	MODELING	FOR	CLOSED-LOOP
CONTROL	PURPOSES	23.5.1.1	Development	of	Control	Relevant,	Linear	Models	Since	the	linear	control	theory	and	techniques	are	better	developed	and	easier	to	implement	than	their	nonlinear	counterparts,	it	is	highly	desirable	to	use	linear	models	for	control	purposes.	In	process	engineering,	the	nonlinear	models	are	frequently	linearized	around
certain	operating	points.	The	linearization	technique	is	described	briefly	in	this	subsection.	Let	the	general	nonlinear	system	be	described	as:	dx	dt	y	=	f	(x,	u)	=	h	(x)	(23.62)	where	x	=	[x1x2	···	xp]T,	y	=	[y1y2	···	yq]T,	and	u	=	[u1u2	···	us]T	are	vectors	of	state,	output,	and	control	variables,	respectively,	and	f	=	[f1f2	···	fp]T	and	h	=	[h1h2	···	hq]T	are
vectors	of	smooth	functions,	in	which	p,	q,	and	s	are	dimensions	of	the	vectors	of	state,	output,	and	control	variables,	respectively.	In	the	PBEs	given	by	Eqs.	(23.36),	(23.39),	and	(23.53),	x	=	[n1n2	···	np],	p	=	imax.	The	686	Pharmaceutical	Granulation	Technology	conventional	linearization	method	is	based	on	the	first-order	Taylor	series	expansion
around	certain	operational	points.	The	resulting	linear	model	is	given	by:	d	x	dt	=A	x+B	u	y=C	x	A=	f	(x,	u)	xT	x	=	x	o,	u	=	uo	B=	f	(x,	u)	uT	x	=	x	o,	u	=	uo	C=	h	(x)	xT	(23.63)	x	=	x	o,	u	=	uo	In	the	control	literature,	the	symbol	δ	in	front	of	x,	y,	and	u	is	normally	omitted	for	simplicity.	The	readers	should	be	aware	that	in	the	models	developed	by	this
approach,	x,	y,	and	u	denote	de	viations	from	their	respective	values	at	the	specified	operational	point	rather	than	the	real	values.	That	is,	the	linearized	model	used	in	control	studies	is	represented	as	dx	dt	=	Ax	+	Bu	(23.64)	y	=	Cx	The	discretized	PBEs	given	by	Eqs.	(23.36),	(23.39),	and	(23.53),	and	the	BSD	model	described	by	Eq.	(23.37)	can	be
linearized	to	obtain	the	models	with	the	format	given	by	Eq.	(23.64).	The	control	variables	are	normally	connected	with	the	coalescence	kernels	[56].	Instead	of	directly	(numerically)	linearizing	the	plant	model,	the	linear	model	represented	by	Eq.	(23.64)	can	also	be	determined	by	a	subspace	model	identification	method,	as	theoretically	described	by
Ljung	[57]	and	applied	to	MPC	of	a	granulation	process	by	Sanders	et	al.	[58].	A	Toolbox	for	the	use	of	MATLAB	is	available	for	the	implementation	of	system	identification	described	by	Ljung	[57,59].	It	should	be	pointed	out	that	linear	models	are	only	applicable	to	systems	with	small	deviations	from	steady	states.	If	the	variations	of	operational
conditions	exceed	acceptable	ranges,	a	piecewise	linearization	technique	should	be	used,	leading	to	the	development	of	multiple	linear	models	[39].	The	multiple	linear	model	approach	has	been	applied	to	advanced	control	of	nonlinear	processes	by	the	authors	using	mini–max	optimization	techniques,	in	which	a	quantitative	measure,	namely	gap
metric,	is	used	for	the	determination	of	local	linear	regimes	[60].	23.5.1.2	ARX	and	ARMAX	Models	for	Linear	Model	Predictive	Control	For	MPC	purposes,	there	are	two	commonly	used	black	box	models:	ARX	model	with	auto	regressive	(AR)	part	and	extra	(X)	input,	and	ARMAX	model	with	additional	moving	average	(MA)	part	accounting	for
disturbances.	The	method	for	the	development	of	ARX	and	ARMAX	models	is	well	explained	by	Ljung	[57].	The	single	input,	single	output	ARX	is	given	by	y	(t	)	+	a1	y	(t	1)	+	+	a	na	y	(t	na	)	=	b1	u	(t	1)	+	+	bnb	u	(t	nb	)	+	e	(t	)	(23.65)	and	the	ARMAX	model	is	represented	as	y	(t	)	+	a1	y	(t	1)	+	+	a	na	y	(t	na	)	=	b1	u	(t	1)	+	+	bnb	u	(t	nb	)	+	e	(t	)	+	c1
e	(t	1)	+	+	cnc	e	(t	nc	)	(23.66)	In	Eqs.	(23.65)	and	(23.66),	y	is	the	output	(controlled)	variable;	u	is	the	input	(manipulative)	variable;	e	is	the	disturbance;	a,	b,	and	c	are	time-varying	coefficients	identified	online;	and	na,	nb,	Granulation	Process	Modeling	687	and	nc	are	defined	as	prediction,	control,	and	disturbance	horizons.	The	matrix	formats	for
mul	tivariable	ARX	and	ARMAX	models	are	described	by	A	(q	)	y	(t	)	=	B	(q	)	u	(t	)	+	e	(t	)	(ARX)	(23.67)	and	A	(q	)y(t	)	=	B	(q	)	u	(t	)	+	C	(q	)	e	(t	)	(ARMAX)	(23.68)	In	Eqs.	(23.67)	and	(23.68),	matrices	A,	B,	and	C	are	defined	as	A	(q	)	=	I	n	y	+	A1q	1	+	+	A	na	q	B	(q	)	=	B0	+	B1q	1	+	+	Bnb	q	nb	C	(q	)	=	I	n	y	+	C1q	1	+	+	C	nc	q	nc	na	(23.69)	where
q−k	is	the	delay	operator	representing	“delayed	by	k	time	intervals”,	for	example,	A	(q	)	y	(t	)	=	y	(t	)	+	A1y	(t	1)	+	+	A	na	y	(t	na	)	(23.70)	The	compact	format	of	ARX	and	ARMAX	models	given	by	Eqs.	(23.67)	and	(23.68)	can	easily	be	converted	into	more	intuitive,	expanded	format	exemplified	by	Eq.	(23.70).	With	input	(u	and	e)	and	output	(y)	data,
the	matrices	A,	B,	and	C	can	be	readily	identified	employing	the	System	Identification	Toolbox	for	Use	with	MATLAB	[59].	An	ARX	model	for	a	pan	granulation	process	was	developed	by	Adetayo	et	al.	[61],	with	a	successful	application	to	effective	control	of	the	plant.	23.5.1.3	Linear	Model	Predictive	Control	Linear,	control	relevant	models	developed
from	nonlinear	granulation	processes	are	used	for	MPC.	The	basic	idea	of	linear	MPC	is	to	determine	the	control	actions	through	the	minimization	of	a	cost	(objective)	function.	The	objective	function	normally	consists	of	the	deviations	between	computed	and	desired	outputs,	and	operational	costs.	The	solution	may	depend	on	the	weighting	functions
selected	in	the	objective	function	to	account	for	the	relative	importance	among	various	terms.	The	MATLAB	“Model	Predictive	Control	Toolbox	2”	[62]	can	be	used	to	design	the	MPC.	Two	successful	attempts	for	control	of	two	different	nonlinear	granulation	processes	using	MPC	have	been	reported	by	Sanders	et	al.	[58]	and	Glaser	et	al.	[63].	Both
have	shown	how	linear	modelpredictive	controller	can	be	applied	on	nonlinear	granulation	processes.	23.5.1.4	Nonlinear	Model	Predictive	Control	Structure	Nonlinear	model	predictive	control	(NMPC)	schemes	consist	of	simultaneous	determinations	of	manipulative	variables	and	uncertain	parameters.	In	some	cases,	the	open-loop	dynamic	optimi-
zation	is	carried	out	for	the	determination	of	desired	trajectories	(set-points).	This	integrated	control	strategy	was	developed	by	Miller	and	Rawlings	[64]	in	a	study	on	model	identification	and	control	for	batch	cooling	crystallizers,	in	which	the	population	balance	described	by	partial	dif 	ferential	equation	was	reduced	to	a	low-dimensional	model	using
method	of	moments.	That	is,	the	control	objective	was	average	size	rather	than	size	distribution	in	Miller	and	Rawlings’	work.	Detailed	studies	on	modeling	and	MPC	of	PSD	in	emulsion	copolymerization	processes	using	population	balance	models	have	been	carried	out	by	Immanuel	and	Doyle	III	[65]	and	Crowley	et	al.	[66].	The	reported	research
results	have	shown	that	the	NMPC	schemes	using	PBEs	should	also	be	applicable	to	pharmaceutical	granulation	processes	due	to	the	similar	model	structure.	The	main	limitation	of	the	conventional	NMPC	schemes	is	the	difficulty	in	the	determination	of	the	688	FIGURE	23.6	Pharmaceutical	Granulation	Technology	General	structure	of	ML-NMPC
using	physically	based	models.	optimal	set-points.	In	particular,	the	determination	of	the	set-points	under	uncertainty	remains	as	an	unsolved	problem.	To	fill	this	knowledge	gap,	a	multilevel	NMPC	(ML-NMPC)	scheme	was	proposed	by	Wang	and	Cameron	[67]	and	Cameron	and	Wang	[55].	The	ML-NMPC	scheme	is	shown	in	Figure	23.6,	which
depicts	an	integration	of	the	modeling	strategy	originally	proposed	by	Sanders	et	al.	[68]	with	the	model-based	control	scheme.	The	upper-level	optimal	control	employs	dynamic	optimization	algorithm,	which	will	be	de	scribed	in	the	section	“Modeling	for	Optimal	Design,	Operation,	and	Open-Loop	Optimal	Control”.	The	uncertainty	issues	can	be
addressed	as	follows.	On	the	basis	of	the	operational	experience	and	simulation	results,	frequently	encountered	situations	can	be	stored	in	the	optimal	control	database.	When	online	measurement	data	are	available,	the	most	suitable	trajectories	can	be	identified	using	logic	rules.	Since	both	control	actions	and	uncertain	parameters	can	be
determined	simultaneously	using	NMPC	schemes	based	on	dynamic	optimizations,	it	is	envisaged	that	the	combination	of	upper-level	optimal	control	with	NMPC	is	scientifically	justifiable.	It	can	be	seen	from	Figure	23.6	that	two-way	interactions	between	upper	and	lower	control	levels	can	be	achieved	for	effective	control	of	uncertain	granulation
processes.	A	simulation	study	on	ML-NMPC	has	been	carried	out	by	the	authors	with	convincing	results	[67,69].	Since	there	exist	measurement,	information	transfer,	and	computational	delays,	it	could	be	more	practical	to	implement	the	discrete-continuous	scheme	to	handle	the	different	time	requirements	for	dynamic	optimization	and	closed-loop
control	in	industrial	applications.	That	is,	the	closed-loop	control	system	is	operated	continuously	with	the	set-point	corrections	from	Granulation	Process	Modeling	689	dynamic	optimization	passed	on	to	the	lower-level	control	loop	discretely.	This	can	be	defined	as	“near	optimal”	or	“local	optimal”	strategy.	Our	early	simulated	study	was	carried	out
by	Zhang	et	al.	[56]	to	control	an	industrial	scale	fertilizer	plant	using	a	physically	based	model.	The	main	limitation	of	the	study	was	that	the	physically	based	population	balance	model	was	used	to	gen	erate	output	data	without	real	online	measurements	at	that	time.	This	implies	that	if	a	severe	plantmodel	mismatch	occurs,	the	proposed	control
strategy	may	fail.	Further	work	has	been	reported	by	the	authors	with	both	simulation	as	well	as	measurement	data	[63].	The	main	limitation	of	the	updated	work	is	that	we	can	only	measure	the	product	PSD	using	Opti-Sizer	equipment	without	detailed	information	inside	the	granulator,	which	is	required	for	the	validation	of	the	complete	model.
23.5.1.5	Online	Measurement-Based	Control	Schemes	In	addition	to	model-based	control	schemes	using	PBEs,	there	are	a	number	of	practical	control	schemes	in	the	pharmaceutical	industry	that	do	not	rely	on	mathematical	models.	These	include	simple	feedback	control	with	or	without	feed-forward	compensation,	and	fuzzy-logic	control	systems.
Simple	feedback	control	with	feed-forward	compensation.	One	of	the	most	important	issues	for	the	effective	control	of	granulation	processes	is	the	development	of	fast	and	reliable	mea	surement	techniques	for	the	characterization	of	particulate	systems.	Because	of	the	difficulties	associated	with	the	direct	measurement	of	particle	characteristics,
such	as	particle	size	distribution,	moisture	contents,	and	deformability,	some	indirect	monitoring	parameters	have	been	adopted	as	the	indicators	of	particle	characteristics.	A	commonly	accepted	monitoring	parameter	in	the	pharmaceutical	industry	is	the	power	consumption,	which	has	been	successfully	used	to	control	the	particle	size	in	high-shear
mixers	at	the	end-point	[70,71].	On	the	basis	of	a	series	of	investigations	carried	out	by	Leuenberger	[70],	the	energy	dissipated	per	unit	volume	in	a	high-shear	mixer,	dW/dV,	can	be	approximately	represented	as	dW	=	dV	cK	1	(23.71)	where	W	is	the	power	consumption,	V	is	the	granulator	volume,	μ	is	the	apparent	coefficient	of	friction,	σc	is	the
cohesive	stress,	K	is	the	dimensionless	shear	rate,	and	ɛ	is	the	porosity	of	the	powder	mass.	It	is	easy	to	show	that	the	power	consumption	is	related	to	the	saturation	level	S	defined	as	follows:	S=	H	(1	)	(23.72)	where	H	is	the	mass	ratio	of	liquids	to	solids	and	ρ	is	the	density	of	the	particle	relative	to	the	density	of	the	liquid	(ρ	=	ρS/ρL).	Furthermore,
Kristensen	and	Schaefer	[72]	pointed	out	that	the	saturation	level	defined	by	Eq.	(23.72)	could	be	related	back	to	the	average	granule	size.	Consequently,	the	power	consumption,	the	saturation	level,	and	the	granule	particle	size	are	in	terrelated,	forming	a	technical	basis	to	use	power	consumption	as	a	monitoring	parameter	for	the	characterization
of	particles	within	the	high-shear	mixer.	A	detailed	description	of	the	control	strategy	using	power	consumption	as	the	indicator	of	particle	properties	in	high-shear	mixers	is	also	provided	in	Leuenberger	[70].	Mort	et	al.	pointed	out	that	“with	recent	development	in	particle	sizing	technology,	the	ag	glomerate	size	distribution	can	be	measured	in-line
at	any	number	of	points	in	the	process”	[73].	The	main	measurement	technique	is	image	analysis	by	mounting	high-speed	cameras	and	lighting	systems	in	appropriate	locations.	Since	the	direct	measurement	data	of	particle	sizes	are	available,	690	FIGURE	23.7	Pharmaceutical	Granulation	Technology	Simple	feedback	control	scheme	with	feed-
forward	compensation.	FIGURE	23.8	Block	diagram	of	granule	size	control	system.	Source:	From	Ref.	[	66].	the	controller	design	can	be	based	on	these	data	without	relying	on	the	indirect	indicators	under	the	condition	that	the	rate	of	binder	addition	is	sufficiently	slow	to	allow	for	image	data	to	be	collected,	processed,	and	fed	back.	This	concept	has
been	used	for	batch	granulation	processes	in	fluidized	beds.	The	same	authors	also	proposed	a	feed-forward	control	strategy	to	compensate	the	fluc	tuation	of	the	recycle	rate.	The	simple	feedback	control	with	feed-forward	compensation	scheme	is	shown	in	Figure	23.7.	The	measurement	data	in	Figure	23.7	could	be	the	indirect	monitoring
parameters	[70],	or	the	explicit	PSD	[65],	depending	on	the	relative	speed	of	the	measurement	system	and	process	dynamics.	Fuzzy-logic	control	of	high-shear	granulation.	Watano	et	al.	[74,75]	developed	a	novel	system	to	control	granule	growth	in	a	high-shear	mixer.	The	system	basically	consisted	of	image	pro	cessing	and	a	fuzzy	controller	as
shown	in	Figure	23.8.	In	Figure	23.8,	D(t)	is	the	deviation	between	the	desired	value	(Dd)	and	measured	value	(Dm)	of	granule	size,	and	ΔD(t)	denotes	the	change	rate	of	measured	values,	which	are	mathematically	represented	as	follows:	D	(t	)	=	Dd	Dm	(t	)	D	(t	)	=	Dm	(t	)	Dm	(t	1)	(23.73)	Other	notations	in	Figure	23.8	are	explained	as	follows.	V(t)	is
the	result	of	fuzzy	reasoning	used	to	control	the	output	power	of	the	liquid	feed	pump;	K1	and	K2	represent	gains	of	the	input	variables.	In	the	methodology	developed	by	Watano	et	al.	[74,75],	four	fuzzy	variables	were	used,	namely	ZR	(zero),	PS	(positive	small),	PM	(positive	medium),	and	PL	(positive	large).	The	values	of	D(t),	ΔD(t),	and	V(t)	were
classified	into	these	four	categories.	Ten	rules	were	proposed	to	relate	measured	D(t)	and	ΔD(t)	with	V(t).	Consequently,	V(t)	can	be	quantified	using	the	if–then	statement.	An	example	is	given	as	follows:	If	D(t)	=	PS	and	ΔD(t)	=	PL,	then	V(t)	=	ZR	(rule	2	in	Table	2	of	Ref.	75).	Granulation	Process	Modeling	691	In	such	a	way,	all	the	combinations	of
D(t)	and	ΔD(t)	can	be	connected	with	V(t)	for	the	effective	control	of	the	process.	The	technique	can	be	considered	as	highly	successful	with	the	experimental	justifications.	23.5.2	MODELING	FOR	OPTIMAL	DESIGN,	OPERATION,	AND	OPEN-LOOP	OPTIMAL	CONTROL	Process	optimization	and	open-loop	optimal	control	of	batch	and	continuous
drum-granulation	processes	are	described	in	this	section	as	another	important	application	example	of	population	balance	modeling.	Both	steady-state	and	dynamic	optimization	studies	are	carried	out,	which	consist	of	(i)	construction	of	optimization	and	control	relevant,	population	balance	models	through	the	incorporation	of	moisture	content,	drum
rotation	rate,	and	bed	depth	into	the	coalescence	kernels;	(ii)	investigation	of	optimal	operational	conditions	using	constrained	optimization	tech	niques;	and	(iii)	development	of	optimal	control	algorithms	based	on	discretized	PBEs.	The	objective	of	steady-state	(SS)	optimization	is	to	minimize	the	recycle	rate	with	minimum	cost	for	continuous
processes.	It	has	been	identified	that	the	drum	rotation	rate,	bed	depth	(material	charge),	and	moisture	content	of	solids	are	practical	decision	(design)	parameters	for	system	op	timization.	The	objective	for	the	optimal	control	of	batch	granulation	processes	is	to	maximize	the	mass	of	product-sized	particles	with	minimum	time	and	binder
consumption.	The	objective	for	the	optimal	control	of	the	continuous	process	is	to	drive	the	process	from	one	SS	to	another	in	a	minimum	time	with	minimum	binder	consumption,	which	is	also	known	as	the	state-driving	problem.	It	has	been	known	for	some	time	that	the	binder	spray	rate	is	the	most	effective	control	(manipulative)	variable.	Although
other	process	variables,	such	as	feed	flow	rate	and	additional	powder	flow	rate,	can	also	be	used	as	manipulative	variables,	only	the	single-input	problem	with	the	binder	spray	rate	as	the	manipulative	variable	is	addressed	here	to	demonstrate	the	metho	dology.	It	can	be	shown	from	simulation	results	that	the	proposed	models	are	suitable	for	control
and	optimization	studies,	and	the	optimization	algorithms	connected	with	either	SS	or	dynamic	models	are	successful	for	the	determination	of	optimal	operational	conditions	and	dynamic	tra	jectories	with	good	convergence	properties.	It	should	be	pointed	out	that	only	open-loop	optimal	control	issues	for	granulation	processes	without	uncertainty	are
addressed	in	this	section.	The	integration	of	open-loop	optimal	control	with	closed-loop	NMPC	for	uncertain	processes	has	been	reported	elsewhere	by	the	authors	Wang	and	Cameron	[67].	23.5.2.1	Statement	of	Optimization	and	Open-Loop	Optimal	Control	Problems	A	typical	batch	drum	(e.g.,	pan)	granulation	process	is	schematically	shown	in
Figure	23.9.	There	are	two	operational	strategies:	(i)	premix	the	fine	particles	with	the	proper	amount	of	liquid	binder	followed	by	the	rotating	operation	until	the	desired	size	distribution	is	achieved;	and	(ii)	si	multaneous	mixing	and	granulating	by	spraying	liquid	binder	(and	fine	powders	in	some	cases)	on	the	moving	surface	of	particles	inside	the
rotating	drum	(pan).	The	first	strategy	involves	system	FIGURE	23.9	Schematic	diagram	of	batch	(e.g.,	pan)	granulation.	692	FIGURE	23.10	Pharmaceutical	Granulation	Technology	Schematic	diagram	of	continuous	rotating	drum	granulation.	optimization	without	any	control	action.	The	optimization	problem	can	be	stated	as:	to	determine	the	optimal
moisture	content,	initial	size	distribution,	rotating	rate	(ω),	and	bed	depth	(drum	charge)	so	that	the	desired	size	distribution	can	be	obtained	within	a	minimum	time	tf.	Optimal	control	techniques	can	be	applied	to	the	second	strategy,	which	can	be	stated	as	follows:	for	the	specified	initial	conditions,	maximize	the	mass	of	product-sized	particles	in
minimum	time	with	minimum	energy	consumption	by	adjusting	the	manipulative	variables,	such	as	binder	spray	rate	and	drum-rotation	speed.	We	will	discuss	the	optimal	control	problem	with	the	binder	spray	rate	as	the	single	manipulative	variable	in	detail.	A	slightly	modified	continuous	drum-granulation	process	with	an	additional	fine-powder
stream	is	shown	in	Figure	23.10.	As	mentioned	previously,	the	additional	fine-powder	stream	is	used	to	improve	the	controllability	of	the	process,	which	is	not	seen	in	the	conventional	design.	Our	studies	on	continuous	drum	granulation	include	the	steady-state	optimization	and	optimal	state	driving	from	one	steady	state	to	another.	The	objective	for
steady-state	optimization	is	to	achieve	minimum	recycle	rate	with	minimum	cost	through	the	determination	of	optimal	operational	conditions,	such	as	rotating	rate	(ω),	binder	spray	rate	(RW),	feed	flow	rate	(FS),	bed	depth	(dB),	and	drum	inclination	angle	(θ).	The	optimal	state	driving	attempts	to	drive	the	system	from	one	steady	state	to	another	in	a
minimum	time	with	minimum	energy	consumption	by	adjusting	the	timedependent	manipulative	variables,	such	as	binder	spray	rate,	feed	flow	rate,	and	optionally	addi	tional	fine-powder	flow	rate	(FP).	23.5.2.2	Optimization	and	Open-Loop	Optimal	Control	Equations	The	optimization	and	open-loop	optimal	control	equations	consist	of	model	equations
and	ob	jective	functions.	Optimization	and	control	relevant	model	equations.	The	discretized	PBE	for	batch	system	can	be	described	as	follows:	d	n	dt	i	=	i	=	1,	2,	L	(Gni	)	+	Bi	Di	(23.74)	,	imax	where	ni,	Bi,	and	Di	stand	for	the	particle	number,	birth	rate,	and	death	rate	in	the	ith	size	interval,	respectively,	i	=	1,	2,…,	imax,	in	which	imax	is	the	total
number	of	size	intervals.	Similarly,	con	tinuous	processes	can	also	be	represented	as	d	n	dt	i	=	i	=	1,	2,	(Gni	)	+	Bi	L	,	imax	Di	+	F	in	niin	n	tin	n	F	out	ni	t	(23.75)	where	F	is	the	number	flow	rate,	the	subscript	t	indicates	the	total	value,	and	the	superscripts	Granulation	Process	Modeling	693	identify	the	inlet	and	outlet	streams.	Using	Hounslow’s
discretization	methods,	the	relevant	terms	in	the	right-hand	sides	of	Eqs.	(23.74)	and	(23.75)	are	given	by	Bi	=	ni	i	2	1	i	+1	2j	j	=1	Di	=	ni	i	1	1	2j	i,	j	n	j	j	=1	i	2	+	i	1,	j	nj	ni	2	i	1,	i	1	ni	1	imax	(23.76)	i	,	j	nj	j	=1	(23.77)	and	Gn	i	L	=	r	2G	(1	+	r	)	L	i	=	L	i	+1	Li	=	3	(	r	r2	n	1	i	1	+	ni	r	r2	)	n	1	i	+1	(23.78)	2	where	βi,j	is	equivalent	to	the	representation
β(Li,	Lj).	Consequently,	an	original	PBE	described	by	a	partial	differential–integral	equation	is	converted	into	a	set	of	ordinary	differential	equations.	It	is	more	convenient	to	convert	the	number-based	PBEs	described	by	Eqs.	(23.74)	to	(23.78)	to	massbased	ones,	which	are	demonstrated	by	the	authors	[69].	A	control-relevant	model	was	developed	by
Zhang	et	al.	[56],	in	which	the	coalescence	kernel	is	a	function	of	the	moisture	content.	In	other	developed	kernel	models	reported	by	Balliu	[76]	and	Wang	et	al.	[69],	in	addition	to	moisture	content,	the	bed	depth	and	drum	speed	are	also	in	corporated.	Two	kernel	models,	namely	size-independent	kernel	and	size-dependent	kernel,	are	used	in
optimization	and	control	simulations.	The	size-independent	kernel	is	given	by	i,	j	=	0	=	a	0	[	(xm	)n1	e	a1	xm	]	[	(Bd	)n	e	2	a2	Bd	]	(Sdn	e	3	a3	Sd	)	(23.79)	where	xm	is	the	moisture	content	in	particles,	Bd	is	the	bed	depth,	Sd	is	the	drum-rotating	rate,	and	a0	−	a3	and	n1−	n3	are	constants	determined	through	parameter	identification	techniques
based	on	the	measurement	data.	The	size-dependent	kernel	is	represented	as	[16]:	2	Li	+	Lj	i,	j	=	0	(23.80)	Li	Lj	where	β0	is	also	defined	in	Eq.	(23.79).	Since	the	main	mechanism	determining	the	growth	rate	G	in	Eqs.	(23.74)	and	(23.75)	is	layering	of	the	fine	powders	on	the	surface	of	particles,	it	can	be	deduced	that	the	growth	rate	is	a	strong
function	of	the	powder	fraction	and	moisture	content.	The	following	correlation	is	used	to	calculate	the	growth	rate:	G	=	Gm	Mpowder	k	Mi	+	Mpowder	exp[	a	(x	w	x	wc	)2]	(23.81)	where	Gm	is	the	maximum	growth	rate,	Mpowder	is	the	mass	of	fine	powder	below	the	lower	bound	of	the	particle	classes,	Mi	is	the	mass	of	particles	in	the	ith	size	class,
xwc	is	the	critical	moisture,	694	Pharmaceutical	Granulation	Technology	and	k	and	a	are	fitting	parameters.	Studies	on	powder	mass	balance	lead	to	the	following	equation	for	batch	processes:	dMpowder	dt	in	=	Fpowder	3G	M	(L	)	dL	L	0	(23.82)	and	the	following	equation	for	continuous	processes:	dMpowder	dt	Mpowder	in	=	Fpowder	3G	tR	0	M	(L
)	dL	L	(23.83)	in	where	Fpowder	represents	the	flow	rate	of	additional	powder	stream	in	both	batch	and	continuous	cases.	It	can	be	used	as	an	additional	manipulative	variable.	The	liquid	mass	balance	for	batch	processes	is	given	by	dx	w	1	=	Rw	dt	Mt	(23.84)	where	Mt	is	the	total	mass	of	solids	in	the	drum	and	Rw	is	the	binder	spray	rate.	Similarly,
we	can	develop	the	liquid	mass	balance	for	the	continuous	process	as	dx	w	1	=	[FMin	x	win	dt	Mt	FM	x	w	+	Rw	]	(23.85)	where	FMin	and	FM	are	inlet	and	outlet	mass	flow	rates,	respectively,	and	x	win	is	the	moisture	content	in	the	feed	solids.	In	summary,	the	equations	in	the	control	relevant	model	for	batch	systems	are	discretized	PBEs	given	by
Eq.	(23.74),	powder	dynamics	described	by	Eq.	(23.82),	and	liquid	dynamics	represented	by	Eq.	(23.84).	The	corresponding	equations	for	continuous	processes	are	Eqs.	(23.75),	(23.83),	and	(23.85).	Both	cases	share	the	same	kernel	models	given	by	Eqs.	(23.79)	and	(23.80),	and	growth-rate	model	described	by	Eq.	(23.81).	Objective	functions	for
system	optimization	and	open-loop	optimal	control.	The	objective	function	for	system	optimization	of	batch	granulation	is:	{	Minimize	J	=	Sd,	Bd,	x	w	w1	Mp	(t	f	)	tf	}	(23.86)	Subject	to	equation	(23.74)	The	objective	function	for	batch	granulation	with	the	binder	spray	rate	as	the	only	manipulative	variable	is	given	by:	Minimize	Rw	w1	Mp	(t	f	)	+	w2	tf
0	Rw	dt	tf	(23.87)	Subject	to	equations(23.74),	(23.82),	and	(23.84)	In	Eqs.	(23.86)	and	(23.87),	Mp	is	the	mass	of	product-sized	particles,	and	w1	and	w2	are	weighting	functions.	The	objective	function	for	steady-state	optimization	of	continuous	granulation	is:	Granulation	Process	Modeling	Minimize	Sd,	Bd,	F	in,	Rw	695	w1	Fp	+	w2	Rw	(23.88)
Subject	to	equations(23.75),	(23.83)	and	(23.85)	and	zero	derivatives	at	final	time	where	Fp	is	the	mass	flow	rate	of	product-sized	particles.	For	the	state-driving	study,	we	carry	out	steady-state	(SS)	optimizations	for	two	different	product	specifications:	the	product	range	for	SS1	is	2.0	to	3.2	mm,	whereas	that	for	steady	state	2	(SS2)	is	3.2	to	5.0	mm.
The	objective	function	for	this	optimal	state-driving	problem	is	de	scribed	as	Minimize	J=	Rw	w1,	i	Mi	(t	f	)	MiSS	2	2	+	w2	tf	0	Rw	dt	+	w3	t	f	(23.89)	Subject	to	equations(23.75),	(23.83)	and	(23.85)	and	zero	derivatives	at	final	time	where	Mi(tf)	and	MiSS2	denote	the	mass	of	particles	in	the	ith	size	interval	at	the	final	time	and	for	SS2,	respectively.
23.5.2.3	Dynamic	Optimization	Algorithm	It	is	not	difficult	to	solve	the	steady-state	optimization	problems	with	constraints	represented	by	algebraic	equations	by	using	commercial	software	packages.	We	mainly	explain	the	dynamic	optimization	methods	used	in	this	work.	The	basic	structure	of	the	algorithm	employed	is	shown	in	Figure	23.11.
FIGURE	23.11	Basic	structure	of	the	dynamic	optimization	algorithm.	696	Pharmaceutical	Granulation	Technology	In	the	dynamic	optimization	algorithm	depicted	in	Figure	23.11,	a	control	parameterization	technique	[77]	is	used	to	discretize	the	originally	continuous	control	variables.	That	is,	a	manip	ulative	variable	u(t)	is	represented	by	a	set	of
piecewise	constants,	ui,	i	=	1,	2,…,	q.	These	constants	are	treated	as	parameters	to	be	determined	by	using	dynamic	optimization	algorithms.	Since	the	MATLAB	software	packages	with	Optimization	Toolbox	provide	both	effective	or	dinary	differential	equation	(ODE)	solvers	as	well	as	powerful	optimization	algorithms,	the	dy	namic	simulations
reported	in	this	paper	are	carried	out	by	using	the	MATLAB	Optimization	Toolbox	[78].	23.5.2.4	Selected	Simulation	Results	and	Discussion	Simulations	for	both	batch	and	continuous	granulation	processes	are	based	on	a	pilot	plant	drum	granulator	with	the	following	parameters:	length	=	2	m,	diameter	=	0.3	m,	nominal	hold	up	=	40	kg,	rotation	rate
=	25	to	40	rpm,	retention	time	range	=	6	to	10	minutes.	Other	process	parameters	are	available	in	the	paper	by	Wang	et	al.	[69].	The	simulated	optimal	profiles	for	the	batch	processes	are	shown	in	Figure	23.12(a)–(c)	with	two	data	sets	with	and	without	constraints	on	control	action.	The	control	constraints	restrict	lower	and	upper	bounds	on	the
control	variables	(lower	bound	=	0	kg/sec,	upper	bound	=	0.	015	kg/sec),	as	well	as	the	gradient	of	the	control	actions	(|dRw/dt|≤	0.0003	kg/sec2).	It	can	be	seen	from	Figure	23.12(d)	that	if	the	normal	constraints	on	the	control	variable	are	replaced	by	a	high	upper	bound	of	control	variable	(0.036	kg/sec)	as	the	only	constraint,	very	high	spray	rates
at	the	early	FIGURE	23.12	Optimal	control	of	batch	drum	granulation.	Granulation	Process	Modeling	FIGURE	23.13	697	Optimal	control	of	continuous	drum	granulation.	operating	stage	with	very	short	spray	time	leads	to	the	minimum	objective	function	given	by	Eq.	(23.87).	However,	if	the	normal	constraints	are	activated,	the	control	variable	moves
smoothly	rather	than	suddenly	with	the	price	of	a	longer	operational	time.	The	difference	between	final	times	in	the	two	cases	is	about	104	seconds	(283–179	seconds),	which	is	quite	significant.	The	results	clearly	have	implications	on	equipment	design	and	specifications	that	could	allow	the	constraints	to	be	moved	out,	thus	approaching	the	best
operating	policy.	Through	steady-state	optimizations	using	the	objective	function	described	by	Eq.	(23.88),	optimal	binder	spray	rates	for	two	different	specifications	on	product	size	ranges	are	obtained.	These	are	Rw	=	0.050	kg/sec	for	2.0	to	3.2	mm	as	the	product	size	range,	and	Rw	=	0.075	kg/sec	for	3.2	to	5.0	mm	as	the	product	size	range.	Figure
23.13(a),	(b)	show	the	profiles	using	an	optimal	control	policy	and	a	constant	spray	rate	policy.	The	change	of	the	cumulative	mass	between	initial	and	final	times	under	optimal	control	policy	is	shown	in	Figure	23.13(c).	The	control	profiles	are	depicted	in	Figure	23.13(d).	The	optimal	control	policy	leads	to	about	50%	reduction	on	the	objective
function	given	by	Eq.	(23.89).	The	optimal	spray	policy	can	be	stated	as	follows:	“Gradually	increase	the	spray	rate	from	the	first	steady	state	(0.005	kg/sec)	to	achieve	a	relatively	high	spray	rate	(0.0084	kg/sec)	followed	by	gradual	reduction	of	the	spray	rate	until	the	spray	rate	of	the	second	SS	value	(0.0075	kg/	sec)	is	reached,	which	will	be
maintained	for	the	rest	of	the	operational	period”.	From	Figure	23.13,	the	significance	of	optimal	control	studies	can	be	demonstrated	by	obser	ving	the	fact	that	the	optimal	profiles	approach	the	second	steady	state	faster,	and	the	optimal	control	strategy	is	easy	to	implement	with	smooth	movement.	It	should	be	pointed	out	that	the	698	FIGURE
23.14	Pharmaceutical	Granulation	Technology	Effects	of	constraint	tightness	on	optimal	control	of	drum	granulation.	small	difference	between	two	control	policies	shown	in	Figure	23.13	is	due	to	little	difference	between	two	product	specifications	(product	ranges	from	2.0–3.2	mm	to	3.2–5.0	mm).	It	can	be	predicted	that	if	the	two	steady	states	are
far	away	from	each	other,	profound	economic	benefit	can	be	achieved.	Optimal	control	strategies	are	also	particularly	important	to	plant	startup	and	shut	down	operations.	Figure	23.14	shows	the	dynamic	profiles	of	optimal	state	driving	from	SS1	to	SS2	with	different	levels	of	constraints.	Dynamic	changes	of	product	mass,	undersized	mass,	and
moisture	content	are	shown	in	Figure	23.14(a)–(c),	respectively,	under	two	constraint	levels.	Figure	23.14(d)	depicts	control	profiles	for	these	two	cases.	In	addition	to	the	constraints	on	control	actions,	the	final	time	constraints	ensure	the	final	SS	status	is	imposed	on	the	system.	That	is,	the	left-hand	sides	of	Eqs.	(23.75),	(23.83),	and	(23.85)	should
be	zero	at	the	final	time.	However,	it	is	not	necessary	to	achieve	zero	exactly	for	the	derivatives	at	the	final	time.	We	normally	impose	the	final	time	constraints	as	|dx(tf)/dt|	<	ɛ	in	which	x	represents	general	state	variables	such	as	number	of	par	ticles,	mass	of	powder,	and	moisture	content,	and	ɛ	is	a	very	small	positive	number	for	practical
applications	with	the	value	depending	on	the	tightness	of	constraints.	The	ɛ	values	are	chosen	as	10−6	and	10−3	for	tight	and	loose	constraints	indicated	in	Figure	23.14,	respectively.	It	can	be	shown	from	Figure	23.14	that	the	control	strategy	with	loose	constraints	leads	to	shorter	operational	time	than	that	with	tight	constraints	(1827	seconds	vs.
1925	seconds).	However,	the	moisture	dynamics	shows	severe	offset	and	oscillation.	In	optimization	simulations,	only	final	time	constraints	are	changed	for	the	two	cases.	It	is	interesting	to	note	that	the	program	with	tight	Granulation	Process	Modeling	699	constraints	leads	to	small	and	smooth	controller	movements	even	though	the	constraints	on
the	control	variable	are	not	altered	explicitly.	It	seems	that	the	loose	constraints	allow	too	much	manipulative	variation	that	drives	the	system	into	a	region	(xw	≈	0.1)	where	moisture	variations	have	significant	impact	on	the	granulation	performance.	A	marginal	benefit	identified	by	5%	time	reduction	is	achievable	using	loose	constraints	with	a	price
of	process	oscillations.	Consequently,	a	control	strategy	with	tight	final	time	constraints	is	superior	to	that	with	loose	constraints	in	this	particular	application.	Through	an	analysis	on	the	simulation	results,	the	following	conclusions	can	be	drawn.	1.	Population	balance	modeling	provides	an	important	basis	for	optimal	design	and	operations	for	both
batch	and	continuous	granulation	processes.	2.	The	effects	of	liquid	content,	bed	depth,	and	drum	rotation	rate	on	the	coalescence	behavior	can	be	quantified	through	the	development	of	new	kernel	models,	with	the	structure	de	scribed	by	Eqs.	(23.79)	and	(23.80).	The	simulation	results	are	qualitatively	consistent	with	industrial	experience	in	large-
scale	fertilizer	production.	3.	An	optimal	control	strategy	and	algorithm	using	commercial	optimization	software	packages	connected	to	reliable	DAE/ODE	solvers	are	successful	for	the	determination	of	optimal	trajectories	with	good	convergence	properties.	This	implies	that	under	certain	conditions,	the	more	complicated	optimal	control	algorithms,
such	as	that	based	on	the	well-known	Pontryagin’s	maximum	principle,	could	be	avoided.	4.	Since	startup	and	shutdown	operations	are	frequently	encountered	in	granulation	plants	with	huge	financial	impacts,	studies	on	optimal	control	strategies	can	lead	to	significant	economic	benefits.	23.5.3	SENSITIVITY	AND	RELIABILITY	ANALYSIS	23.5.3.1
Sensitivity	Analysis	for	Application	of	Multidimensional	Models	A	multidimensional	PBM	is	applied	to	a	pharmaceutical	process	by	Shirazian	et	al.	[79],	in	which	microcrystalline	cellulose	is	granulated	in	the	twin-screw	wet	granulator	(TSWG)	with	water	as	the	binder.	The	internal	coordinates	are	particle	size	and	liquid	content,	and	the	external
coordinate	is	the	axial	distance	in	the	2D	PBM.	Through	an	analysis	of	the	experimental	and	simulation	results,	it	can	be	seen	that	the	model	is	robust	for	the	prediction	of	the	liquid	distribution	as	a	function	of	particle	size.	An	important	conclusion	can	be	drawn	that	increasing	screw	speed	and	decreasing	liquid	to	solid	ratio	(L/S)	lead	to	more
uniform	liquid	distribution.	This	conclusion	indicates	that	the	2D	PBM	is	useful	for	the	granulator	design.	However,	the	results	also	show	that	liquid	dis	tribution	is	not	very	sensitive	to	the	size	variations	with	less	than	15%	deviations	from	the	average	moisture	content	in	a	broad	size	range.	In	other	granulation	processes	using	continuous	or	pulse
spraying	schemes,	such	as	drum	and	fluidized-bed	granulators,	the	liquid	distribution	is	more	significantly	affected	by	the	spray	rate	and	method,	particle	location,	and	solid	flow	patterns	rather	than	particle	size.	Consequently,	we	are	of	the	opinion	that	in	the	simultaneous	wetting	and	granulation	processes	without	pre-wetting	zone,	applicability	of
2D	PBM	should	be	further	in	vestigated.	It	could	be	more	efficient	to	use	1D	PBM	coupled	with	moisture	transport	models	such	as	the	one	described	by	Eq.	(23.84)	for	batch	and	Eq.	(23.85)	for	continuous	process,	respectively,	in	this	chapter.	23.5.3.2	Reliability	Analysis	for	Model	Failure	Diagnosis	Causes	leading	to	failure	in	models	as	well	as
product	quality	are	shown	in	an	Ishikawa	Fishbone	Diagram	depicted	in	Figure	23.15.	Most	parts	of	the	figure	are	self-explanatory,	and	a	few	im 	portant	points	are	stressed	here	based	on	our	experiences.	First	of	all,	we	would	point	out	that	there	exists	a	disturbance	amplification	effect	in	continuous	granulation	processes	with	recycle	streams.	700
FIGURE	23.15	Pharmaceutical	Granulation	Technology	Ishikawa	Fishbone	diagram	to	track	down	model	failure.	A	minor	disturbance	in	feed	or	operational	conditions	can	lead	to	a	major	deviation	in	the	output	stream	after	a	few	recycles	of	the	material.	A	typical	example	is	that	if	the	ratio	of	the	difficult-toagglomerate	sized	mass,	such	as	“pin	head”
particles,	is	too	high	in	the	feed	or	recycle	stream,	this	ratio	will	become	increasingly	higher	in	circuit	operations	without	returning	to	the	set-point.	To	model	the	disturbance	amplification	effect	is	still	a	challenging	topic	in	granulation	fields.	Second,	the	PBM	will	become	invalid	with	the	violation	of	some	constraints,	which	are	defined	as	“hard
constraints”.	Examples	of	hard	constraints	include	moisture	content,	equipment	hold-up,	and	ratio	of	difficult-to-agglomerate	particles.	Third,	PBMs	are	developed	based	on	specified	solid	flow	patterns.	Consequently,	the	development	of	hybrid	models	has	become	an	important	research	area.	23.6	SUMMARY	It	has	long	been	realized	that	granulation
is	a	very	important	process	in	pharmaceutical	field	as	reviewed	by	Kristensen	and	Schaefer	[72].	Granulation	modeling	is	an	area	of	design	and	op	erational	importance.	It	continues	to	grow	in	importance	and	particularly	so	as	companies	push	down	the	Industry	4.0	and	Digitalization	routes.	Modeling	practice	is	dominated	by	the	population	balance
approach	for	developing	mechanistic	models.	However,	it	requires	an	improved	under	standing	of	the	key	factors	involved	in	particle	nucleation,	growth,	coalescence,	and	breakage.	It	can	be	seen	that	much	has	been	achieved	over	the	last	two	decades	through	a	comparison	between	the	current	article	and	the	early	review	paper	published	by	the
authors	in	2002	[80].	Also,	the	growing	importance	of	particulate	flow	patterns	is	being	addressed	through	approaches	such	as	discrete	element	methods	(DEM)	and	computational	fluid	dynamics	(CFD)	through	the	develop	ment	of	hybrid	models,	which	will	hopefully	provide	a	microscale	view	of	particle	motions	in	the	granulation	device.	The
challenge	is	in	addressing	the	multiscale	nature	of	granulation	modeling	that	spans	the	particle	interactions	length	and	timescales	to	individual	plant	equipment	at	the	mesoscale	and	then	up	to	macro-scale	considerations	of	complete	process	operations.	The	development	of	empirically	based	models	has	provided	a	simple	means	of	quickly	ad	dressing
a	number	of	control-related	applications.	This	will	continue	to	be	a	useful	approach	for	such	problems.	Granulation	Process	Modeling	701	Application	of	models	to	design,	advanced	control,	and	diagnosis	will	require	mechanistic	models	that	continue	to	incorporate	the	latest	understanding	of	the	underlying	mechanisms.	A	number	of	mechanistic
kernels	have	been	reported	in	the	literature	and	reviewed	in	this	article.	An	integration	of	studies	on	granulation	mechanisms,	modeling,	design	of	experiments	(DoE),	and	risk	analysis	has	been	implemented	in	the	pharmaceutical	field	through	the	Quality-by-Design	(QbD)	campaign,	which	can	be	classified	as	an	area	of	process	systems	engineering.
The	continued	emphasis	on	Industry	4.0	initiatives	with	the	intimate	linking	of	physical	and	cyber	assets,	along	with	enhanced	Digitalization	activities,	will	only	further	drive	the	importance	of	an	ecosystem	of	models	that	are	used	in	real-time	for	operational	decisions,	process	diagnostics,	and	risk	management	[81].	Much	work	is	currently	underway
in	these	areas,	and	the	incorporation	into	existing	models	of	new	insights	will	help	extend	the	applicability	of	process	models	for	granulation,	thereby	providing	better	design	and	increased	performance	across	many	industry	sectors.	REFERENCES	1.	Michaels	JN.	Toward	rational	design	of	powder	processes.	Powder	Technol	2003;	138:1–6.	2.	Litster
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INTRODUCTION	Scale-up	of	any	engineering	process	is	a	great	technical	and	economic	challenge.	Scale-up	of	granulation	processes,	in	particular,	is	difficult	and	often	problematic	because	of	the	inherently	heterogeneous	nature	of	the	materials	used.	However,	recently	improved	understanding	of	the	rate	processes	that	control	granulation	improves
our	ability	to	do	rational	scale-up.	There	are	two	situations	where	process	scale-up	is	needed:	1.	Commercialization	of	newly	developed	processes	and/or	products	2.	Expansion	of	production	capacities	in	response	to	increased	market	demand	705	706	Pharmaceutical	Granulation	Technology	TABLE	24.1	Scale-Up	and	Post-Approval	Changes	Level
Component	or	Composition	Change	Levels	Excipient	Percent	Excipient	(w/w	of	Total	Dosage	Unit)	Level	1	Level	2	Level	3	±5	±10	>10	Starch	Other	±3	±0.5	±6	±1	>6	>1	Binder	±0.5	±1	>1	Lubricant	Ca	or	Mg	±0.25	±0.5	>0.5	±1	±2	>2	Filler	Disintegrant	Stearate	Other	Glidant	Talc	Other	Film	coat	Total	drug	recipient	change	(%)	±1	±2	>2	±0.1
±1	±0.2	±2	>0.2	>2	5	10	n/a	Source:	From	Ref.	[2].	For	pharmaceutical	applications,	the	challenge	is	almost	always	associated	with	new	product	development.	Scale-up	in	the	pharmaceutical	industry	is	unique	in	that	experiments	at	laboratory	and	pilot	scales	are	also	required	to	produce	products	of	the	desired	specification	for	different	stages	of
clinical	trials.	This	gives	additional	constraints	and	challenges	to	engineers	and	tech	nologists	during	scale-up.	A	change	in	scale	invariably	impacts	on	process	conditions	and,	consequently,	on	the	product	quality.	For	pharmaceutical	industries,	the	Food	and	Drug	Administration	(FDA)	ranks	the	impacts	on	the	drug	product	arising	from	changes	in
process	conditions	including	production	scales	into	three	levels	as	shown	in	Table	24.1	[1].	Level	1	is	reserved	for	changes	that	are	unlikely	to	have	any	detectable	impact	on	the	formulation	quality	and	performance	[2].	For	all	practical	purposes,	scale-up	should	aim	to	achieve	an	impact	equivalent	to	or	less	than	level	1.	In	this	chapter,	we	will	first
consider	general	scale-up	approaches	from	a	chemical	engineering	perspective.	We	will	then	look	specifically	at	understanding	pharmaceutical	granulation	scale-up	through	considering	granulation	as	a	combination	of	rate	processes.	Each	rate	process	is	affected	by	changes	in	the	process	during	scaling,	as	well	as	by	formulation	decisions.	Finally,	we
will	present	suggestions	for	the	scaling	of	a	fluid-bed,	high-shear	mixer,	and	twin-screw	granulation	processes	that	follow	from	this	approach.	24.2	GENERAL	CONSIDERATIONS	IN	PROCESS	SCALE-UP:	DIMENSIONAL	ANALYSIS	AND	THE	PRINCIPLE	OF	SIMILARITY	It	is	important	to	recognize	that	designing	a	commercial-scale	operation	via
several	stages	of	scaleup	is,	in	one	sense,	an	admission	of	failure.	If	we	have	a	strong	understanding	of	our	processes,	then	the	full-scale	design	can	be	performed	using	appropriate	mathematical	models,	given	feed	formulation	properties	and	clear	required	product	specifications.	Mature	chemical	engineering	processes,	such	as	distillation,	are
designed	this	way.	Scale-Up	Considerations	in	Granulation	707	However,	most	solids’	processing	technologies	do	not	have	this	level	of	maturity	yet.	In	this	case,	scale-up	studies	reduce	uncertainties	in	the	design	and	operation	of	the	scaled	unit	most	economically.	On	this	basis,	the	starting	point	in	scale-up	must	be	the	commercial	unit.	In	theory,
once	sufficient	information	for	the	commercial	unit	is	known,	scale-up	can	be	done	by	applying	similarity	principles	from	data	collected	on	a	smaller	unit.	The	similarity	principle	states	[3]:	Two	processes	can	be	considered	similar	if	they	take	place	in	similar	geometric	space	and	all	dimensionless	groups	required	to	describe	the	processes	have	the
same	numerical	values.	To	establish	the	necessary	dimensionless	groups,	a	systematic	dimensional	analysis	needs	to	be	carried	out	during	which	the	Buckingham	Π	theorem	is	used	to	reduce	the	number	of	di	mensionless	groups	[4].	Assuming	that	a	process	can	be	described	by	k	variables,	we	can	express	one	variable	as	a	function	of	the	other	k	−	1
variable,	that	is,	x1	=	f	(x2	,	x3,	…,	xk	1)	(24.1)	To	conform	to	the	dimensional	homogeneity,	the	dimensions	of	the	variable	on	the	left	side	of	the	equation	must	be	equal	to	those	on	the	right	side	of	the	equation.	With	some	simple	mathematical	rearrangements,	equation	(24.1)	can	be	transformed	into	an	equation	of	dimensionless	groups	(Π	terms),
that	is,	1	=	(	2,	3,	…,	k	r)	(24.2)	Equation	(24.2)	is	a	relationship	among	k−r	independent	dimensionless	products,	where	r	is	the	minimum	number	of	reference	dimensions	required	to	describe	the	variables.	While	the	Buckingham	Π	theorem	itself	is	straightforward,	the	development	of	a	dimensionless	expression	for	a	process	or	a	phenomenon
requires	a	systematic	dimensional	analysis	[4].	For	most	en	gineering	problems,	variables	can	be	divided	into	three	groups:	(i)	geometric	variables,	(ii)	material	property	variables,	and	(iii)	process	variables.	The	reference	dimensions	are	normally	the	basic	dimensions	such	as	mass	(M),	length	(L),	and	time	(T).	It	is	important	to	note	that	a	systematic
dimensional	analysis	can	only	be	applied	to	processes	where	a	clear	understanding	of	the	processes	is	established.	The	omission	of	any	important	variables	of	the	process	will	lead	to	an	erroneous	outcome	of	the	dimensional	analysis,	inevitably	causing	major	problems	in	scale-up.	Zlokarnik	[3]	divided	the	application	of	dimensional	analysis	into	five
general	cases	with	different	levels	of	understanding	in	each	case.	1.	The	science	of	the	basic	phenomenon	is	unknown	–	dimensional	analysis	cannot	be	applied.	2.	Enough	is	known	about	the	science	of	the	basic	phenomenon	to	compile	a	tentative	draft	list	–	the	resulting	Π	set	is	unreliable.	3.	All	the	relevant	variables	for	the	description	of	the
problems	are	known	–	application	of	dimensional	analysis	is	straightforward.	4.	The	problem	can	be	described	by	a	mathematical	equation	–	mathematical	functions	are	better	than	Π	relationships,	which	may	help	to	reduce	the	number	of	dimensionless	groups.	5.	A	mathematical	solution	of	the	problem	exists	–	application	of	dimensional	analysis	is
unnecessary.	Clearly,	the	more	we	understand	a	process	or	phenomenon,	the	better	we	can	scale	it	up	with	confidence.	Full	application	of	the	similarity	principle	requires	all	the	relevant	Π	groups	to	be	measured	at	a	small	scale	and	kept	constant	during	scale-up.	Unfortunately,	most	industrial	processes	are	very	complex	with	many	physical	and
chemical	phenomena	occurring.	This	leads	to	a	large	set	of	dimensionless	groups	required	to	fully	characterize	the	process.	This	is	particularly	the	case	with	708	Pharmaceutical	Granulation	Technology	processes	involving	particulate	materials	such	as	granulation.	Maintaining	all	the	dimensionless	groups	constant	on	the	two	scales	is	very	difficult,	if
not	impossible,	because	of	constraints	on	the	degrees	of	freedom	in	variables	that	can	be	changed	on	scale-up.	In	this	case,	scale-up	can	only	be	done	based	on	partial	similarity.	That	is,	not	all	dimensionless	numbers	can	be	maintained	the	same	on	the	two	scales.	To	scale-up	based	on	partial	similarity,	experiments	are	carried	out	on	a	succession	of
types	of	equipment	at	different	scales	and	results	extrapolated	to	the	final	scale.	That	is,	the	scale-up	ratio	is	kept	low.	With	conflicting	requirements	on	the	dimensionless	groups	during	scale-up,	a	common	approach	is	to	maintain	one	dimensionless	group	constant	and	check	the	effect	of	other	di	mensionless	groups	on	the	dependent	variable	by
varying	these	dimensionless	groups	during	ex	perimentation.	Once	determined,	only	the	dominant	dimensionless	number	will	be	kept	constant	on	scale-up.	This	partial	similarity	approach	is	often	applied	to	granulation.	24.3	ANALYSIS	OF	GRANULATION	RATE	PROCESSES	Many	of	the	required	granule	product	attributes	are	directly	related	to	the
size,	size	distribution,	and	density	of	the	granule	product.	These	granule	properties	develop	as	a	result	of	three	classes	of	rate	process	in	the	granulator	(Fig.	24.1):	1.	Wetting	and	nucleation	2.	Growth	and	consolidation	3.	Breakage	and	attrition	Each	of	these	processes	is	analyzed	in	depth	by	Litster	and	Ennis	[5].	In	this	section,	we	will	summarize
each	rate	process	in	turn,	particularly	highlighting	the	main	formulation	properties	and	process	variables.	Where	possible,	we	will	define	dimensionless	groups	that	can	be	used	in	scale-up.	FIGURE	24.1	A	classification	of	granulation	rate	processes.	Source:	From	Ref.	[5].	Scale-Up	Considerations	in	Granulation	FIGURE	24.2	709	Wetting	and	nuclei
formation	in	the	spray	zone	of	a	granulator.	24.3.1	WETTING	AND	NUCLEATION	The	first	step	in	granulation	is	the	addition	of	a	liquid	binder	to	the	powder	to	form	nuclei	granules.	Within	the	granulator,	the	key	region	for	wetting	and	nucleation	is	the	spray	zone	where	liquid	binder	droplets	contact	the	moving	powder	surface.	The	nucleation
process	is	considered	to	consist	of	four	stages	(Fig.	24.2).	1.	2.	3.	4.	Droplet	formation	Droplet	overlap	and	coalescence	at	the	bed	surface	Drop	penetration	into	the	bed	by	capillary	action	Mechanical	dispersion	of	large	clumps	within	the	powder	bed	(only	applicable	to	mixer	granulators)	Poor	wetting	and	nucleation	lead	to	broad	granule	size
distributions	and	poor	distribution	of	the	liquid	binder,	which	increases	substantially	the	chances	of	poor	drug	distribution.	Despite	the	action	of	other	rate	processes,	the	broad	size	distributions	and	poor	liquid	distribution	often	persist	throughout	the	granulation.	For	ideal	nucleation,	the	granulator	should	operate	in	the	drop-controlled	regime.	Here,
each	drop	that	hits	the	powder	bed	penetrates	into	the	bed	to	form	a	single	nucleus	granule.	There	is	(almost)	no	drop	overlap	at	the	bed	surface,	and	mechanical	dispersion	of	large	wet	powder	clumps	is	unnecessary.	To	predict	the	required	conditions	for	drop-controlled	nucleation,	we	must	understand	1.	the	thermodynamics	and	kinetics	of	drop
penetration,	largely	controlled	by	formulation	properties,	and	2.	the	flux	of	drops	onto	the	bed	surface,	largely	controlled	by	process	parameters.	The	drop	penetration	time	tp	can	be	estimated	using	a	model	that	considers	the	rate	at	which	liquid	flows	into	the	pores	in	the	powder	surface	under	capillary	action	[6].	tp	=	1.35	V02/3	2	eff	R	eff	LV	cos
(24.3)	where	V0	is	the	drop	volume,	μ	is	the	liquid	viscosity,	and	γLVcosθ	is	the	adhesive	tension	between	the	liquid	and	the	powder.	The	effective	pore	size	Reff	and	porosity	ɛeff	of	the	powder	bed	are	given	by	710	Pharmaceutical	Granulation	Technology	d3,2	3	(1	Reff	=	eff	=	tap	(1	eff	eff	)	+	tap	)	(24.4)	(24.5)	where	ϕ	is	the	particle	sphericity,	d3,2
is	the	specific	surface	mean	particle	size,	ɛ	is	the	loosepacked	bed	porosity,	and	ɛtap	is	the	tapped	bed	porosity.	For	drop-controlled	nucleation,	the	drop	penetration	time	must	be	small	compared	with	the	bed	circulation	time	tc	before	that	section	of	powder	passes	again	through	the	spray	zone,	that	is,	the	dimensionless	penetration	time	should	be
small.	P	=	tP	<	0.1	tc	(24.6)	To	avoid	drop	overlap	on	the	bed	surface	and	caking	of	the	powder,	the	dimensionless	spray	flux	ѱ	must	also	be	kept	small.	ѱa	is	the	ratio	of	the	rate	of	production	of	drop	projected	area	by	the	nozzle	to	the	rate	at	which	powder	surface	area	passed	through	the	spray	zone	and	is	defined	as	a	=	3V	2Add	(24.7)	Figure	24.3
shows	how	the	nuclei	granule	size	distribution	broadens	as	the	spray	flux	increases.	For	drop-controlled	nucleation,	the	dimensionless	spray	flux	should	be	kept	less	than	0.2.	For	ѱa	>	0.7,	the	surface	of	the	powder	bed	in	the	spray	zone	is	effectively	caked.	We	can	represent	the	nucleation	behavior	in	a	regime	map	(Fig.	24.4).	Drop-controlled	nu-
cleation	is	achieved	only	when	both	ѱa	and	τp	are	low.	Figure	24.5	shows	an	example	of	full	granulation	data	from	a	25-L	Fielder	mixer	granulator	on	this	type	of	regime	map.	The	granule	size	distribution	is	much	narrower	when	nucleation	is	kept	in	the	drop-controlled	regime	(lower	lefthand	corner).	This	illustrates	that	poor	nucleation	usually
results	in	broad	final	granule	size	dis	tributions	despite	the	impact	of	other	processes	occurring	in	the	granulator.	FIGURE	24.3	Effect	of	powder	velocity	on	nuclei	size	distribution	for	lactose	with	water	at	310	kPa.	Source:	From	Ref.	[6].	Scale-Up	Considerations	in	Granulation	711	FIGURE	24.4	Nucleation	regime	map.	For	ideal	nucleation	in	the
drop-controlled	regime,	it	must	have	(i)	low	ѱa	and	(ii)	low	tp.	In	the	mechanical	dispersion	regime,	one	or	both	of	these	conditions	are	not	met,	and	good	binder	dispersion	requires	good	mechanical	mixing.	FIGURE	24.5	Nucleation	regime	map	in	25-L	Fielder	mixer	at	15%	liquid	content.	Merck	lactose	with	water	and	hydroxypropyl	cellulose	(HPC)
as	liquid	binders.	Source:	From	Ref.	[6].	24.3.2	GROWTH	AND	CONSOLIDATION	Granule	growth	is	very	complex.	The	key	question	in	establishing	growth	behavior	is:	will	two	granules	that	collide	in	a	granulator	stick	together	(coalesce)	or	rebound?	To	answer	this	question,	it	is	useful	to	look	at	two	extreme	cases	that	cover	most	applications.
Deformable	porous	granules:	These	granules	are	typically	formed	by	a	nucleation	process	described	above	with	the	drop	size	of	the	same	order	or	larger	than	the	powder	size.	712	Pharmaceutical	Granulation	Technology	Most	of	the	liquid	in	the	granule	is	contained	in	the	pores	between	particles	in	the	granule	and	held	there	by	capillary	action.	For
successful	coalescence,	this	liquid	must	be	made	available	at	the	contact	point	between	colliding	granules.	This	model	is	often	suitable	for	drum	mixer	granulation.	Near	elastic	granules:	Here,	the	wetted	granule	is	considered	as	a	nearly	elastic	sphere	with	a	liquid	layer	on	the	surface.	This	is	a	good	model	for	cases	where	the	drop	size	is	much
smaller	than	the	granule	size	and	the	granulator	has	simultaneous	drying.	This	model	is	often	suitable	for	fluid-bed	granulation.	The	different	growth	modes	for	deformable	porous	granules	can	be	represented	on	a	regime	map	(Fig.	24.6).	For	growth	to	occur	by	coalescence,	the	liquid	content	needs	to	be	large	enough	to	provide	85%	to	105%
saturation	of	the	pores	in	the	granule.	Weak	granules	form	large	contact	areas	on	collision	and	fall	into	the	steady	growth	regime.	When	two	granules	collide,	a	large	contact	area	is	formed	and	liquid	is	squeezed	to	the	contact	area,	allowing	successful	coalescence.	In	this	regime,	granules	grow	steadily	and	the	growth	rate	is	very	sensitive	to	moisture
content	(Fig.	24.7a).	FIGURE	24.6	Granule	growth	regime	map.	Source:	From	Ref.	[7].	FIGURE	24.7	Coalescence	growth	modes	for	deformable	granules.	Scale-Up	Considerations	in	Granulation	713	Strong	granules	do	not	deform	much	on	collision	and	granules	rebound,	rather	than	coalesce.	However,	as	granules	consolidate	slowly,	eventually	the
liquid	is	squeezed	to	granule	surface,	and	this	liquid	layer	causes	successful	coalescence.	This	is	the	induction	growth	regime	(Figure	24.7b).	At	lower	moisture	contents,	nuclei	granules	form	and	consolidate.	Some	growth	by	layering	may	occur,	but	there	is	insufficient	liquid	for	growth	by	coalescence.	This	is	the	nucleation	regime.	Very	weak
granules	simply	fall	apart	and	cannot	sustain	growth.	This	is	the	crumb	regime.	Two	dimensionless	groups	dictate	the	growth	behavior,	the	Stokes	deformation	number,	Stdef,	and	the	maximum	pore	saturation,	Smax,	which	are	defined	as	follows:	St	def	=	Smax	=	2	g	Uc	(24.8)	2Y	w	s	(1	min	)	(24.9)	1	min	where	ρg,	ρs,	and	ρl	are	the	granule,	particle,
and	liquid	densities;	Uc	is	the	effective	granule	collision	velocity;	Y	is	the	granule	yield	strength;	w	is	the	liquid	content	(kg	liquid/kg	dry	powder),	and	ɛmin	is	the	minimum	granule	porosity	after	complete	consolidation.	Understanding	where	your	system	sits	on	the	growth	regime	map	is	important	for	trouble	shooting	and	scale-up.	Granules	that	grow
in	the	induction	regime	are	easy	to	scale	with	respect	to	granule	size	provided	that	the	induction	time	is	not	exceeded.	However,	granule	density	often	changes	with	scale	because	consolidation	kinetics	are	important	and	these	kinetics	can	change	with	scale.	On	the	other	hand,	in	the	steady	growth	region,	it	is	difficult	to	control	granule	size	but
granule	density	quickly	settles	to	a	minimum	value	and	varies	little	with	process	parameters.	To	make	effective	use	of	the	granulation	regime	map,	we	need	reasonable	estimates	of	the	effective	collision	velocity	Uc	(controlled	by	process	conditions)	and	dynamic	yield	stress	Y	(a	function	of	formulation	properties).	Table	24.2	gives	estimates	of	the
average	and	maximum	collision	velocities	for	different	process	equipment.	In	high-shear	mixers,	the	difference	between	the	average	and	maximum	collision	velocities	can	be	very	large.	The	dynamic	yield	stress	of	the	granule	matrix	is	a	function	of	strain	rate	due	to	the	contribution	of	viscous	dissipation	to	the	granule	strength.	Therefore,	it	is
dangerous	to	use	static	strength	measurements	to	predict	performance	in	the	granulator.	Iveson	et	al.	[8]	show	how	dynamic	yield	stress	can	be	estimated	from	peak	flow	stress	measurements	in	a	high-speed	load	frame.	They	were	able	to	correlate	data	for	different	formulations	and	strain	rates	in	a	single	line	when	plotted	as	the	dimensionless	peak
flow	stress	(Str*)	versus	the	capillary	number	(Ca)	(Figure	24.8).	This	line	can	be	fitted	by	a	simple	empirical	equation	of	the	form	TABLE	24.2	Estimates	of	Uc	for	Different	Granulation	Processes	Type	of	Granulator	Average	Uc	Maximum	Uc	Fluidized	beds	6Ub	dp	6Ub	dp	db	db	2	Tumbling	granulators	ωdp	dbδ2	ωidp,	ωcdp	ωiD,	ωcDc	ωDdrum	Mixer
granulators	Source:	From	Ref.	[5].	714	Pharmaceutical	Granulation	Technology	FIGURE	24.8	Dimensionless	flow	stress	versus	capillary	number	for	widely	sized	35-µm	glass	ballotini	with	six	different	binders.	Str	=	k1	+	k2	Caz	(24.10)	where	Str*	=	σpkdp/γcosθ	is	the	dimensionless	peak	flow	stress,	Ca	=	με̇	dp/γcosθ	is	the	ratio	of	viscous	to	capillary
forces,	σpk	is	peak	flow	stress,	ε̇	is	the	bulk	strain	rate,	and	θ	is	the	solid–liquid	contact	angle.	k1	gives	the	static	strength	of	the	pellets.	k2	determines	the	transition	between	strain	rate-independent	and	strain	rate-dependent	behavior.	z	is	an	exponent	that	gives	the	power-law	dependency	of	the	flow	stress	on	viscosity	and	strain	rate.	The	best-fit
value	of	z	was	found	to	be	0.58	±	0.04,	and	the	transition	between	strain	rate-independent	and	strain	rate-dependent	flow	stress	occurred	at	Ca	~	10–4.	The	rate	of	consolidation	of	granules	can	also	be	correlated	with	Stdef	in	the	form	kc	=	c	exp(a	×	St	def	)	(24.11)	where	βc	and	a	are	constants	and	kc	is	the	consolidation	rate	constant	for	a	first-
order	consolidation	equation	of	the	form	min	0	min	=	exp(	k	c	t	)	(24.12)	For	near	elastic	granules,	the	conceptual	model	originally	developed	by	Ennis	et	al.	[9]	considers	the	collision	between	two	near	elastic	granules	each	coated	with	a	layer	of	liquid	(Figure	24.9).	In	this	case,	the	key	dimensionless	group	is	the	viscous	Stokes	number	Stv.	St	v	=	4	g
Uc	dP	9	(24.13)	Scale-Up	Considerations	in	Granulation	715	FIGURE	24.9	Two	near	elastic	granules	colliding	–	the	basis	for	the	coalescence/rebound	criteria.	Source:	From	Ref.	[9].	Stv	is	the	ratio	of	the	kinetic	energy	of	the	collision	to	the	viscous	dissipation	in	the	liquid	layer.	Successful	coalescence	will	occur	if	Stv	is	less	than	some	critical	value
St*,	and	we	can	define	three	growth	regimes	as	follows	1.	Noninertial	growth	(Stv,	max	<	St*):	The	viscous	Stokes	number	for	all	collisions	in	the	granulator	is	less	than	the	critical	Stokes	number.	All	collisions	lead	to	sticking	and	growth	by	coalescence.	In	this	regime,	changes	to	process	parameters	will	have	little	or	no	effect	on	the	probability	of
coalescence.	2.	Inertial	growth	(Stv,	av	>>	St*):	Some	collisions	cause	coalescence,	while	others	lead	to	a	rebound.	There	will	be	steady	granule	growth	by	coalescence.	The	extent	and	rate	of	growth	will	be	sensitive	to	process	parameters,	which	will	determine	the	proportion	of	collisions	that	lead	to	coalescence.	Varying	process	parameters	and
formulation	properties	can	push	the	system	into	either	the	noninertial	or	coating	regimes.	3.	Coating	regime	(Stv,	min	>	St*):	The	kinetic	energy	in	most	or	all	collisions	exceeds	viscous	dissipation	in	the	liquid	layer.	There	is	no	coalescence.	Granule	growth	will	only	occur	by	the	successive	layering	of	new	material	in	the	liquid	phase	(melt,	solution,	or
slurry)	onto	the	granule.	Figure	24.10	shows	an	example	of	granule	growth	in	a	fluidized	bed	where	the	growth	regime	changes	as	the	granules	grow.	Glass	ballotini	are	grown	with	two	liquid	binders	of	different	viscosity.	Initially,	both	systems	grow	steadily	at	the	same	rate	(noninertial	regime).	When	the	granule	size	reaches	approximately	800	µm,
the	polyvinylpyrrolidone	(PVP)	bound	granule	growth	begins	to	slow,	indicating	a	transition	to	the	inertial	growth	regime	(only	some	collisions	are	successful).	Finally,	the	PVP	granules	level	off	at	a	maximum	size	of	approximately	900	µm,	showing	the	transition	to	the	coating	regime	where	no	granule	collisions	are	successful.	In	contrast,	the	more
viscous	carboxyl	methylcellulose	(CMC-M)	granules	grow	steadily	throughout	the	eight-hour	experiment,	that	is,	they	remain	in	the	noninertial	regime	for	the	whole	experiment.	24.3.3	BREAKAGE	AND	ATTRITION	Breakage	and	attrition	cover	two	separate	phenomena.	1.	Breakage	of	wet	granules	in	the	granulator	2.	Attrition	or	fracture	of	dried
granules	in	the	granulator,	drier,	or	subsequent	handling	Breakage	of	wet	granules	will	influence	and	may	control	the	final	granule	size	distribution.	It	is	only	an	important	phenomenon	for	high-shear	granulators.	Wet	granule	breakage	is	much	less	716	Pharmaceutical	Granulation	Technology	FIGURE	24.10	Growth	of	glass	ballotini	granules	in	a
fluidized	bed	with	binders	of	different	viscosity.	Source:	From	Ref.	[9].	studied	than	nucleation	and	growth.	There	is	very	little	quantitative	theory	or	modeling	available	to	predict	conditions	for	breakage	or	the	effect	of	formulation	properties	on	wet	granule	breakage.	Tardos	et	al.	[10]	considered	that	a	granule	will	break	if	the	applied	kinetic	energy
during	an	impact	exceeds	the	energy	required	for	breakage.	This	analysis	leads	to	a	Stokes	deformation	number	criteria	for	breakage.	St	def	>	St	def	(24.14)	where	St*def	is	the	critical	value	of	Stokes	number	that	must	be	exceeded	for	breakage	to	occur.	However,	this	model	is	probably	an	oversimplification.	Figure	24.8	shows	the	schematics	of	the
failure	mode	of	different	formulations	in	dynamic	yield	strength	measurements.	Failure	behavior	varies	widely	from	semibrittle	behavior	at	low	capillary	numbers	to	plastic	failure	at	high	capillary	numbers.	We	expect	a	purely	plastic	granule	to	smear	rather	than	break	when	its	yield	stress	is	exceeded.	At	high	impeller	speeds,	such	materials	will	coat
the	granulator	wall	or	form	a	paste.	Semibrittle	granules	will	break	at	high	impact	velocity,	giving	a	maximum	stable	granule	size	or	a	weak	crumb.	Nevertheless,	equation	(24.14)	provides	a	good	starting	point	for	quantifying	wet	granule	breakage.	Liu	et	al.	[11]	developed	a	model	to	calculate	the	granule	yield	strength,	which	can	then	be	used	to
calculate	Stdef	in	equation	(24.8).	The	model	is	a	modified	combination	of	two	models	in	troduced	previously	in	the	literature	[12,13]	for	the	static	and	dynamic	contributions	to	granule	strength,	respectively.	The	model	introduced	by	Liu	et	al.	[11]	takes	into	account	both	the	effects	of	capillary	force	and	the	viscous	force	in	liquid	bridges	when
calculating	the	strength	of	the	granule.	It	also	incorporates	liquid	pore	saturation.	The	model	includes	a	particle	shape	factor	that	allows	calculating	the	strength	of	granules	made	of	nonspherical	particles,	and	is	given	by	the	following	equation:	Y	=	AR	4.3S	6	1	g	g	LV	cos	d3,2	+	9	(1	8	g)	2	g	2	9	vP	16d3,2	(24.15)	Scale-Up	Considerations	in
Granulation	717	where	AR	is	the	aspect	ratio	of	the	primary	particles,	S	is	the	granule	pore	saturation,	ɛ	is	the	porosity	of	the	granule,	d3,2	is	the	specific	surface	area	diameter	of	the	particles,	and	vp	is	the	relative	velocity	of	the	moving	particle	inside	a	granule	after	impact.	Liu	et	al.	[11]	performed	experiments	in	a	“breakage-only	granulator”	for	a
wide	range	of	formulations	and	determined	the	St*def	as	0.2.	If	Stdef	is	greater	than	0.2,	the	granules	are	in	the	breakage	regime.	While	breakage	models	remain	very	basic	with	simplistic	descriptions	of	granule	mechanical	properties	and	many	simplifying	assumptions,	models	of	the	type	described	in	equation	(24.8)	with	an	appropriate	calculation
of	the	granule	strength	[such	as	equation	(24.15)]	are	immediately	useful	for	scaling	and	troubleshooting.	Dry	granule	attrition	is	important	where	drying	and	granulation	occur	simultaneously	(e.g.,	in	fluidized	beds)	and	in	subsequent	processing	and	handling	of	the	granular	product.	We	can	con	sider	dry	granule	breakage	as	a	brittle	or	semibrittle
phenomenon.	The	key	granule	properties	that	control	the	breakage	are	the	granule	fracture	toughness	Kc	and	the	flaw	or	crack	size	c	in	the	granule.	Kc	is	set	by	formulation	properties,	while	c	is	closely	related	to	granule	porosity	controlled	by	the	consolidation	process	in	the	granulator.	Dry	granule	breakage	usually	results	in	the	production	of	fines
by	wear,	erosion,	or	attrition	brought	about	by	diffuse	microcracking.	Within	a	fluid	bed,	there	are	a	large	number	of	lowvelocity	collisions	between	particles	as	they	shear	past	each	other.	This	process	is	analogous	to	abrasive	wear.	For	abrasive	wear	of	agglomerates,	the	volumetric	wear	rate	V	is	given	by	Ref.	14:	V=	d	i1/2	P	5/4l	A1/4	Kc3/4	H1/2
(24.16)	where	di	is	indentor	diameter,	P	is	applied	load,	H	is	the	hardness	of	the	particles,	l	is	wear	displacement	of	the	indentor,	and	A	is	an	apparent	area	of	contact	of	the	indentor	with	the	surface.	The	number	and	relative	velocity	of	the	collisions	depends	on	the	number	of	bubbles	in	the	bed	and	hence	the	excess	gas	velocity	(u	–	umf).	The	applied
pressure	in	a	fluid	bed	depends	on	bed	depth.	Thus,	the	attrition	rate	Bw	in	a	fluidized-bed	granulator	is	Bw	=	d	01/2	L5/4	(u	3/4	1/2	Kc	H	u	mf	)	(24.17)	where	do	is	the	distributor	hole	orifice	size	and	L	is	the	fluidized-bed	height.	Figure	24.11	shows	the	attrition	rates	of	several	formulations	in	a	fluidized	bed	with	a	direct	correlation	between	the
attrition	rate	and	the	material	properties	grouping	in	equations	(24.16)	and	(24.17).	Note	that	equations	(24.16)	and	(24.17)	only	hold	for	breakage	via	a	wear	mechanism.	For	attrition	during	impact	or	compaction,	there	are	different	dependencies	of	the	attrition	rate	on	the	properties	of	the	material	[5].	24.4	IMPLICATIONS	FOR	SCALE-UP	Table
24.3	summarizes	the	key	controlling	dimensionless	groups	for	the	rate	processes	described	above	and	the	main	process	parameters	and	formulation	properties	that	impact	on	these	groups.	In	addition	to	these	groups,	there	are	dimensionless	groups	to	describe	[1]	the	geometry	of	the	equipment	and	[2]	the	flow	of	the	powder	and	granules	in	the
granulator.	Both	these	classes	of	controlling	groups	are	very	equipment	dependent.	For	scale-up	using	full-dimensional	similarity,	all	these	dimensionless	groups	need	to	be	held	constant.	This	is	normally	impossible	because	of	the	small	number	of	degrees	of	freedom	and	a	large	number	of	constraints.	In	particular,	for	regulatory	reasons,	it	is	usually
not	possible	718	Pharmaceutical	Granulation	Technology	FIGURE	24.11	Erosion	rates	of	agglomerate	mate	rials	during	attrition	of	granules	in	a	fluidized	bed.	Source:	From	Ref.	[15].	TABLE	24.3	Summary	of	Controlling	Groups	for	Granulation	Rate	Processes	Rate	Process	Controlling	Groups	Key	Formulation	Properties	Key	Process	Parameters
Wetting	and	nucleation	Dimensionless	spray	flux	Ψ	Dimensionless	penetration	tp,	μ,	γ	cos	θ,	dp,	ɛ,	ɛtap	V̇	,	A	̇	(influenced	by	nozzle	design	and	position,	number	of	nozzles,	Growth	and	consolidation	Stokes	deformation	number	Stdef	Viscous	Stokes	number	Stv	Y,	ρg,	μ,	γ	cos	θ,	dp,	ɛtap	Uc	(influenced	by	powder	flow	patterns—see	Table	24.2)	Attrition
and	breakage	Stokes	deformation	number	Stdef	Kc,	H,	Y,	ρg,	μ,	γ	cos	θ,	dp,	ɛtap	Uc,	L,	u	–	umf	time	τp	and	powder	flow	patterns)	Liquid	saturation	s	to	change	formulation	properties	during	scale-up	except	during	the	very	early	stages	of	process	development.	This	leaves	only	a	relatively	small	number	of	process	parameters	as	degrees	of	freedom.
Therefore,	a	partial	similarity	approach	for	scale-up	is	recommended.	The	general	steps	are	given	below.	1.	Maintain	similar	geometry	throughout	the	scale-up	process.	For	most	pharmaceutical	granulation	equipment,	this	can	be	achieved	from	either	10-	or	25-L	nominal	batch	size	to	full	scale.	Be	wary,	however,	in	some	cases,	key	geometric
parameters	do	vary	with	scale	in	a	particular	design,	for	example,	relative	chopper	size,	and	relative	fill	height.	Manufacturers	should	be	lobbied	hard	to	provide	geometrically	similar	designs	at	all	scales.	2.	Set	key	dimensionless	groups	to	maintain	similar	powder	flow	during	scale-up.	In	particular,	avoid	changes	of	flow	regime	during	scale-up	that
make	maintaining	granule	attributes	during	scale-up	impossible.	3.	Use	your	experience	and	an	understanding	of	your	process	to	decide	which	product	attributes	are	most	important	and	which	granulation	rate	process	is	most	dominant	in	controlling	these	Scale-Up	Considerations	in	Granulation	719	attributes.	This	is	difficult	to	do	a	priori,	but	with	a
good	characterization	of	your	for	mulation	and	process,	the	regime	map	approaches	described	above	are	very	useful.	4.	Use	your	remaining	degrees	of	freedom	in	the	choice	of	process	parameter	values	to	keep	the	most	important	one	or	two	rate	process	dimensionless	groups	constant.	This	approach	is	most	easily	demonstrated	on	particular	types	of
equipment	(see	sections	“ScaleUp	of	Fluidized-Bed	Granulators,”	“Scale-Up	of	High-Shear	Mixer	Granulators,”	and	“Scale-up	and	Scale-Out	of	Twin-Screw	Granulators”).	24.5	SCALE-DOWN,	FORMULATION	CHARACTERIZATION,	AND	FORMULATION	DESIGN	IN	PHARMACEUTICAL	GRANULATION	In	the	development	of	a	new	pharmaceutical
product,	important	decisions	about	the	manufacturing	process	are	made	with	a	few	grams	or	tens	of	grams	of	the	formulation.	To	provide	drug	products	for	clinical	trials	and	to	provide	the	final	design	at	a	large	scale,	granulations	are	often	conducted	at	several	laboratory	and	pilot	scales	as	well.	Typical	nominal	batch	sizes	are	1,	10,	25,	and	65	L
scaling	to	commercial	operation	at	300	or	600	L.	Small-scale	granulations	up	to	1	L	are	often	done	by	hand	and	certainly	performed	in	equipment	that	is	very	different	from	the	equipment	that	will	be	used	from	scales	of	10	L	and	larger.	At	this	level,	the	general	scale-up	approach	described	in	section	“Implications	for	Scale-Up”	does	not	hold.	How	do
we	scale-down	to	make	the	best	use	of	data	from	the	granulation	of	these	small	amounts?	The	key	is	to	consider	granulation	as	a	particle	design	process	(Figure	24.12).	During	scaling	from	10	L	up,	formulation	properties	cannot	be	varied.	Only	process	parameters	can	be	used	to	keep	key	granule	attributes	in	the	target	range.	Therefore,	very	small-
scale	experiments	should	target	major	formulation	design	decisions,	and	attempts	to	mimic	completely	different	geometries	at	a	larger	scale	should	be	avoided.	Table	24.3	summarizes	the	key	formulation	properties	that	should	be	measured.	Most	of	these	require	relatively	small	amounts	of	material	and	can	be	measured	at	this	level.	By	using	this
data	to	help	estimate	key	controlling	groups	for	the	granulation	rate	processes	in	the	larger-scale	equip	ment,	appropriate	changes	to	the	formulation	can	be	made.	This	avoids	major	headaches	at	a	later	stage.	Good	communication	between	the	technologists	who	design	the	formulations	and	the	pro	cess	engineers	who	scale	the	process	and	transfer
the	product	to	manufacturing	is	an	essential	part	of	this	paradigm.	Some	of	the	questions	that	can	be	addressed	at	this	stage	of	formulation	development	and	scaleup	include	the	following:	1.	Wetting	and	nucleation	a.	Contact	angle:	are	the	active	and	all	the	excipients	easily	wetted	by	the	liquid	binder?	b.	Drop	penetration	time:	is	the	liquid	phase	too
viscous,	or	the	particle	size	too	small	to	achieve	fast	drop	penetration?	FIGURE	24.12	Granulation	as	an	example	of	particle	design.	Both	formulation	properties	and	process	para	meters	influence	granule	attributes.	720	Pharmaceutical	Granulation	Technology	2.	Growth	and	consolidation	a.	What	is	the	dynamic	yield	stress	of	the	formulation?	b.	How
much	liquid	binder	is	required	for	granule	growth?	c.	What	is	the	likely	growth	regime?	d.	What	range	of	granule	density	is	likely?	3.	Attrition	and	breakage	a.	Will	extensive	granule	breakage	occur	in	the	granulator?	b.	What	is	the	dry	granule	strength	(fracture	toughness)	and	porosity?	c.	Are	attrition	and	dust	formation	during	handling	likely?	4.
Downstream	processing	issues	a.	Does	the	formulation	compress	well	for	tableting?	b.	Can	desired	dissolution	profiles	be	met?	Details	of	how	to	measure	key	formulation	properties	are	described	in	more	detail	by	Litster	and	Ennis	[5].	24.6	SCALE-UP	OF	FLUIDIZED-BED	GRANULATORS	There	are	many	different	variations	of	fluidized-bed
granulators	including	bubbling	fluidized	bed,	draft	tube	fluidized	beds,	and	spouted	beds	[5].	However,	in	this	section,	we	limit	ourselves	only	to	the	scale-up	of	the	most	commonly	used	fluidized-bed	granulator,	that	is,	bubbling	fluidized-bed	granulator.	In	particular,	as	most	fluidized-bed	granulators	used	in	the	pharmaceutical	industry	are	operated
in	batch	mode,	we	will	concentrate	on	the	scale-up	of	batch	bubbling	fluidized-bed	granulators.	24.6.1	BED	HYDRODYNAMICS	AND	SCALE-UP	Particle	growth	in	a	fluidized	bed	is	closely	related	to	the	particle	mixing	and	flow	pattern	in	the	bed.	This	dictates	that	the	hydrodynamics	of	the	scaled	bed	should	be	the	same	as	the	small	unit,	that	is,
hydrodynamic	similarity.	Basic	fluidized-bed	hydrodynamics	are	described	in	chapter	10.	In	bubbling	fluidized	beds,	bed	expansion,	solids	mixing,	particle	entrainment,	granule	growth,	and	attrition	are	intimately	related	to	the	motion	of	bubbles	in	the	bed	(Fig.	24.13).	The	volume	flow	rate	of	bubbles	in	the	bed	Qb,	the	bubble	size	db,	and	the	bubble
rise	velocity	ub	are	the	key	parameters	that	characterize	the	bubbly	flow.	There	are	numerous	correlations	relating	these	bubble	parameters	to	process	conditions	[16,17].	In	general,	Qb	is	a	strong	function	of	the	excess	gas	velocity	u	–	umf.	Growing	granules	are	usually	Geldart	type	B	powders	or	perhaps	type	A	powders	at	the	start	of	the	batch.	For
group	B	powders,	db	increases	with	bed	height	and	is	a	function	of	excess	gas	velocity.	The	bubble	rise	velocity	is	directly	related	to	db.	For	the	simplest	models	for	group	B	powders,	we	can	write	Q	b	=	(u	u	mf	)	DF2	ub	=	0.71	gdb	db	(u	u	mf	)0.4	L0.8	(24.18)	(24.19)	(24.20)	Scale-Up	Considerations	in	Granulation	721	FIGURE	24.13	Effect	of	bubbles
on	(a)	solid	mixing	and	(b)	solid	entrainment.	Source:	From	Ref.	[16].	Thus,	the	excess	gas	velocity	u	–	umf	and	the	bed	height	L	are	the	key	process	parameters	that	control	bubbling	behavior	in	the	bed.	Several	rules	exist	for	scaling-up	a	bubbling	fluidized	bed	under	the	condition	of	hydrodynamic	similarity.	Fitzgerald	and	Crane	[18]	proposed	that
the	following	dimensionless	numbers	be	kept	constant	in	scale-up.	•	•	•	•	Particle	Reynolds	number	based	on	gas	density	dpuρG/μ	Solid	particle	to	gas	density	ratio	ρs/ρG	Particle	Froude	number	u/(gdp)0.5	The	geometric	similarity	of	distributor,	bed,	and	particle	L/dp	where	dp	is	particle	diameter,	u	is	the	fluidization	velocity	(superficial	gas	velocity),
μ	is	the	viscosity	of	fluidizing	gas,	ρG	is	the	density	of	fluidizing	gas,	g	is	gravitational	acceleration,	and	L	is	the	fluidized-bed	height.	In	this	approach,	experiments	on	the	smaller	scale	are	performed	with	model	materials,	that	is,	model	gas	(different	from	the	larger-scale	one)	and	model	solid	particles	(different	particle	density,	size,	and	size
distribution).	For	readers	interested	in	following	Fitzgerald’s	scale-up	rules,	a	detailed	calculation	procedure	can	be	found	in	Kunii	and	Levenspiel’s	book	[16],	illustrated	with	an	example.	In	a	series	of	publications,	Glicksman	et	al.	[19–21]	divided	the	scale-up	into	two	regimes,	namely,	inertia-dominated	and	viscous-dominated	flow	regimes.	In
viscous-dominated	flow	re	gime,	where	particle	Reynolds	number	based	on	fluid	density	is	equal	or	less	than	4,	that	is,	when	dpuρG/μ	≤	4,	the	dimensionless	numbers	that	need	to	be	kept	constant	are	dP	u	s	L	D	F	u	,	,	,	,	,	particle	size	distribution,	bed	geometry	(gdP	)0.5	dP	dP	where	DF	is	the	fluidized-bed	diameter.	(24.21)	722	Pharmaceutical
Granulation	Technology	In	contrast,	in	inertia-dominated	flow	regime,	dpuρG/μ	≥	400,	scale-up	of	the	process	demands	that	the	following	dimensionless	numbers	are	kept	constant.	u	,	(gdP	)0.5	G	,	s	L	DF	,	,	,	particle	size	distribution,	bed	geometry	dP	dP	(24.22)	In	the	intermediate	region,	where	4	≤	dpuρG/μ	≤	400,	both	the	viscous	and	inertial
forces	are	important	to	the	fluid	dynamics,	and	all	the	dimensionless	numbers	for	the	two	regions	above	will	need	to	be	kept	constant	during	scale-up,	that	is,	3	s	G	dP	g	,	2	u	,	(gdP	)0.5	G	s	,	L	DF	,	,	,	particle	size	distribution,	bed	geometry	dP	dP	(24.23)	Experimenting	with	only	ambient	air	and	particles	made	of	the	same	material	but	different	sizes,
Horio	et	al.	[22,23]	developed	what	was	later	defined	as	the	simplified	scaling	law.	They	de	monstrated	that,	with	similar	bed	geometry	(ratio	of	bed	height	to	diameter),	using	particles	of	different	mean	sizes	but	the	same	distribution	characteristics	and	operating	the	bed	in	proportional	superficial	gas	velocities	would	ensure	that	the	hydrodynamic
conditions	of	the	two	beds	remain	similar.	Expressed	in	mathematical	terms,	it	is	u2	u	mf2	=	m	(u1	u	mf2	=	m	u	mf1	m=	u	mf1)	(24.24)	L2	L1	bed	geometry	where	1	and	2	refer	to	the	small-scale	and	large-scale	beds,	respectively.	Experimental	results	by	Roy	and	Davidson	[24]	suggest	that	when	dpuρG/μ	<	30,	the	criteria	by	Horio	et	al.	[22,23]	are
sufficient	to	give	similarity	in	behavior.	However,	when	dpuρG/μ	>	30,	the	more	restrictive	approach	of	Fitzgerald	and	Crane	has	to	be	used.	Unfortunately,	few	of	the	above	scaling	rules	for	bubbling	fluidized	beds	have	been	strictly	followed	for	the	scaling-up	of	fluidized-bed	granulators.	This	is	largely	because	the	scaling	rules	require	model
materials	to	be	used	at	a	smaller	scale,	whereas	in	pharmaceutical	granulation,	the	formulation	is	unchanged	during	scale-up.	However,	the	simplified	rules	presented	by	Horio	et	al.,	combined	with	our	understanding	of	granulation	rate	processes,	do	provide	some	guidance.	24.6.2	GRANULATION	RATE	PROCESSES	IN	FLUIDIZED	BEDS	Figure
24.14	shows	the	rate	processes	occurring	during	fluidized	granulation.	Wetting,	nucleation,	and	layered	growth	occur	in	the	spray	zone	of	the	fluidized	bed.	Most	consolidation	and	coales	cence	also	occur	in	or	near	the	spray	zone	because	fluidized-bed	granulators	are	also	driers.	The	drying	process	“freezes”	the	granule	structure	and	prevents
further	growth.	Thus,	the	good	design	of	the	spray	zone	is	very	important,	and	the	liquid	flow	rate	is	a	critical	process	parameter.	Beds	should	be	designed	to	keep	a	dimensionless	spray	flux	low	(drop-controlled	regime).	If	this	is	not	done,	the	formation	of	large	clumps	leads	to	rapid	wet	quenching	and	defluidization	with	likely	loss	of	the	batch.
Figure	24.15	shows	how	the	product	granule	size	distribution	is	closely	related	to	the	design	of	the	spray	zone.	The	x-axis	variable	(spray	surface	area	per	mass	in	granulator)	is	closely	related	to	our	definition	of	dimensionless	spray	flux.	Scale-Up	Considerations	in	Granulation	723	FIGURE	24.14	Important	granulation	processes	in	the	fluidized	bed.
Source:	From	Ref.	[5].	FIGURE	24.15	Geometric	standard	deviation	of	granule	size	in	an	agitated	fluid-bed	granulator	as	a	function	of	gas	fluidization	velocity	and	binder	dispersion	measured	using	spray	surface	area	to	mass	in	a	mixer.	Source:	From	Ref.	[10].	Because	of	the	simultaneous	drying,	our	consolidation	and	growth	models	for	near	elastic
granules	are	usually	appropriate	and	the	viscous	Stokes	number	is	a	key	controlling	group	[equation	(24.13)].	This	model	predicts	that	in	batch	granulation,	granules	will	grow	toward	a	maximum	size	corresponding	to	the	critical	Stokes	number	and	transition	to	the	coating	regimes	(e.g.,	Figure	24.10).	The	average	and	maximum	granule	collision
velocities	are	set	by	the	flow	of	bubbles	in	the	fluid	bed	and	are	a	function	of	bubble	velocity	and	size	(Table	24.3).	Fluidized	beds	produce	porous	granules	because	the	consolidation	time	is	limited	to	granule	drying	time,	which	is	of	the	order	of	seconds,	rather	than	minutes.	Thus,	process	changes	that	reduce	drying	time	(higher	bed	temperature,
lower	liquid	flow	rate,	and	smaller	drop	size)	will	724	Pharmaceutical	Granulation	Technology	decrease	granule	density	(will	increase	granule	porosity).	Increasing	the	liquid	binder	viscosity	decreases	granule	voidage	by	increasing	the	resistance	of	the	granule	to	deformation.	Dry	granule	attrition	in	the	fluid	bed	is	an	important	source	of	fines.
Equation	(24.17)	quantifies	the	attrition	rate	in	terms	of	granule	properties	and	process	conditions	(Figure	24.11).	Increasing	fluid-bed	height	increases	both	consolidation	and	attrition	for	two	reasons:	(i)	it	increases	the	effective	“fluid”	pressure	on	granules	in	the	bed	and	(ii)	it	increases	the	average	bubble	size	in	the	bed,	leading	to	more	vigorous
mixing	and	higher-velocity	granule	collisions.	24.6.3	SUGGESTED	SCALING	RULES	FOR	FLUID-BED	GRANULATORS	Given	this	understanding	of	fluidized-bed	hydrodynamics	and	granulation	rate	process,	we	suggest	the	following	guidelines	for	scaling	fluidized-bed	granulators.	1.	Maintain	the	fluidized-bed	height	constant.	Granule	density	and
attrition	rate	increase	with	the	operating	bed	height.	L	2	=	L1	(24.25)	2.	If	L	is	kept	constant,	then	batch	size	scales	with	the	bed	cross-sectional	area.	D2	M2	=	F2	2	M1	DF1	(24.26)	3.	Maintain	superficial	gas	velocity	constant	to	keep	excess	gas	velocity	and	therefore	bubbling	and	mixing	conditions	similar.	D2	Q2	u	=	2	=	F2	2	Q1	u1	DF1	(24.27)
Note	that	the	scaling	rules	defined	by	equation	(24.27)	are	consistent	with	Horio’s	simplified	scaling	rules	[	equation	(24.24)].	4.	Keep	dimensionless	spray	flux	constant	on	scale-up.	This	is	most	easily	achieved	by	increasing	the	area	of	bed	surface	under	spray	(usually	by	increasing	the	number	of	nozzles).	By	doing	this,	the	liquid	flow	rate	can	be
increased	in	proportion	to	batch	size	without	changing	critical	spray	zone	conditions.	Thus,	batch	times	at	small	and	large	scales	should	be	similar.	V2	=	V1	Aspray,2	Aspray,1	=	2	DF2	2	DF1	(24.28)	(24.29)	5.	Keep	viscous	Stokes	number	constant.	By	adhering	to	the	scaling	rules	described	above,	Stv	should	automatically	be	similar	at	small	and	large
scales,	leading	to	similar	consolidation	and	growth	behavior.	There	are	also	some	cautionary	notes	relating	to	the	minimum	scale	for	the	laboratory-scale	stu	dies.	Slug	flow,	a	phenomenon	where	single	gas	bubbles	as	large	as	the	bed	diameter	form	in	Scale-Up	Considerations	in	Granulation	725	regular	patterns	in	the	bed,	significantly	reduces	solid
mixing.	It	occurs	in	tall	and	narrow	beds.	Steward	[25]	proposed	a	criterion	for	the	onset	of	slugging.	u	u	mf	=	0.2	0.35	gD	F	(24.30)	To	ensure	that	the	bed	is	operating	in	bubbling	mode	without	risking	slugging,	the	ratio	in	equation	(24.30)	must	be	kept	below	0.2.	In	addition,	both	the	bed	height	to	bed	diameter	and	particle	diameter	to	bed
diameter	ratios	should	be	kept	low.	For	the	pilot	fluidized	bed,	the	diameter	should	be	greater	than	0.3	m.	To	avoid	the	gas	entry	effect	from	the	distributor	(gas	jet),	there	is	also	a	requirement	on	minimum	fluidized-bed	height.	The	jet	length	depends	on	the	gas	velocity	and	the	size	of	the	opening	on	the	distributor.	For	the	same	opening	size,	jet
length	increases	with	gas	velocity	through	the	hole;	for	a	given	gas	velocity	through	the	hole,	small	holes	give	shorter	jets	but	are	accompanied	by	a	larger	pressure	drop	across	the	distributor.	Even	at	a	superficial	gas	velocity	as	low	as	0.2	m/sec	with	a	hole	size	of	9.5	mm	in	diameter,	jet	length	as	long	as	0.6	m	has	been	reported	[26].	The	amount	of
fluidization	gas	required	to	maintain	constant	fluidization	velocity	scales	linearly	with	the	cross-sectional	area	of	the	bed.	However,	for	large	fluidized	beds,	one	of	the	major	concerns	is	the	even	distribution	of	the	fluidization	gas	across	the	whole	area	of	the	bed.	In	addition	to	the	use	of	a	plenum	chamber	and	an	even	distribution	of	flow	channels
across	the	distributor,	the	distributor	should	be	designed	in	such	a	way	that	the	pressure	drop	across	it	is	at	least	20%	of	the	total.	If	these	scaling	rules	are	applied,	there	is	a	good	chance	to	keep	granule	properties	within	the	desired	range	on	scaling.	If	fine-tuning	is	needed	at	a	large	scale,	minor	adjustments	to	the	liquid	spray	rate	can	be	used	to
adjust	granule	properties,	as	all	the	granulation	rate	processes	in	fluidized	beds	are	very	sensitive	to	this	parameter.	24.7	SCALE-UP	OF	HIGH-MIXER	GRANULATORS	Effective	scale-up	of	mixer	granulators	is	more	difficult	than	fluidized	beds.	There	are	several	reasons	for	this.	•	The	geometric	and	mechanical	design	of	mixer	granulators	varies
enormously,	as	do	the	powder	flow	patterns	in	the	mixer.	There	is	no	such	thing	as	a	generic	high-shear	mixer,	and	caution	is	needed	in	transferring	scaling	rules	from	one	design	to	another.	•	Even	with	the	same	series	from	the	same	manufacturer,	the	geometric	similarity	is	not	al	ways	maintained	between	different	scales,	for	example,	impeller	size
in	relation	to	bowl	size.	•	Powder	flow	in	high-shear	mixers	is	not	fluidized,	and	powder	flow	patterns	are	much	harder	to	predict	than	in	a	fluidized	bed.	•	All	three	rate	processes,	that	is,	wetting	and	nucleation,	growth	and	consolidation,	and	breakage	and	attrition,	take	place	simultaneously	in	the	mixer	granulator	of	all	scales.	However,	the	relative
dominance	of	each	of	the	rate	processes	can	vary	significantly	on	different	scales	of	the	same	series,	let	alone	in	granulators	of	different	series.	In	this	section,	we	will	focus	mainly	on	vertical	shaft	mixers,	for	example,	Fielder	and	Diosna	designs.	Some	of	the	suggested	approaches	may	be	used	with	caution	for	other	mixer	designs.	24.7.1
GEOMETRIC	SCALING	ISSUES	For	a	simple	vertical	mixer	design,	the	key	dimensions	are	the	impeller	diameter	D,	which	is	usually	equal	to	the	bowl	diameter,	the	chopper	diameter	Dc,	and	the	fill	height	Hm.	The	di	mensionless	groups	that	need	to	be	held	constant	for	geometric	similarity	are	726	Pharmaceutical	Granulation	Technology	Dc	Hm	,	D
D	In	addition,	the	shape	and	positioning	of	the	impeller	and	chopper	should	be	the	same	on	scale-up.	Unfortunately,	manufacturers	do	not	always	adhere	to	these	rules.	It	is	common	for	the	absolute	size	of	the	chopper	to	be	invariant,	meaning	its	relative	influence	is	much	larger	in	the	small-scale	granulator.	Relative	fill	height	is	also	often	varied	with
scale.	This	often	reflects	the	small-sized	batches	required	for	early-stage	clinical	trials	and	the	desire	to	maximize	production	rate	(by	maximizing	batch	size)	at	full	scale.	Varying	relative	fill	height	is	very	dangerous,	as	it	can	have	a	major	impact	on	powder	flow	patterns.	24.7.2	POWDER	FLOW	PATTERNS	AND	SCALING	ISSUES	There	are	two	flow
regimes	observed	in	a	vertical	shaft	mixer	granulator,	namely,	bumping	and	roping	regimes	[27].	At	low	impeller	speeds	in	the	bumping	regime,	the	powder	is	displaced	only	vertically	as	the	blade	passes	underneath,	leading	to	a	slow,	bumpy	powder	motion	in	the	tangential	direction.	There	is	almost	no	vertical	turnover	of	the	powder	bed,	as	shown
in	Figure	24.16a.	At	higher	impeller	speed	in	the	roping	regime,	material	from	the	bottom	of	the	bed	is	forced	up	the	vessel	wall	and	tumbles	down	at	an	angle	of	the	bed	surface	toward	the	center	of	the	bowl.	There	is	both	a	good	rotation	of	the	bed	and	good	vertical	turnover	(Figure	24.16b).	The	transition	from	bumping	to	roping	is	due	to	a	change
in	the	balance	between	centrifugal	force	and	gravity.	The	centrifugal	force,	which	is	caused	by	the	rotational	movement	of	the	powder	from	the	spinning	of	the	blades,	pushes	the	powder	outward	toward	the	wall	of	the	bowl,	while	gravity	keeps	the	powder	tumbling	back	toward	the	center	of	the	bowl	from	the	buildup	at	the	wall	region.	This	balance
between	rotational	inertia	and	gravity	is	given	by	the	Froude	number:	Fr	=	DN2	g	(24.31)	where	N	is	the	impeller	speed	and	g	is	the	gravitational	acceleration.	When	the	Froude	number	exceeds	a	critical	value,	a	transition	from	bumping	to	roping	takes	place.	Fr	>	Frc	(24.32)	Frc	will	be	a	function	of	relative	fill	height	(Hm/D),	impeller	design	(size
and	geometry),	and	powder	flow	properties.	FIGURE	24.16	Powder	flow	regimes	in	Fielder	mixer	granulators:	(a)	bumping	and	(b)	roping.	Scale-Up	Considerations	in	Granulation	727	FIGURE	24.17	Powder	surface	velocities	as	a	function	of	impeller	tip	speed.	Source:	From	Ref.	[27].	Roping	flow	is	more	difficult	to	achieve	as	relative	fill	height
increases	because	the	centrifugal	force	is	only	imparted	to	powder	in	the	impeller	region.	This	region	becomes	a	smaller	fraction	of	the	total	powder	mass	as	fill	height	increases.	Schaefer	[28]	also	showed	that	impeller	design	had	a	significant	effect	on	both	Frc	and	bed	turnover	rates.	Cohesive	powders	transfer	to	roping	at	lower	values	of	Fr
because	the	momentum	from	the	spinning	impeller	is	more	effectively	transferred	into	the	powder	mass.	Note	that	powder	flow	properties	generally	change	with	the	addition	of	the	liquid	binder,	and	therefore,	flow	patterns	will	probably	change	significantly	during	a	batch	granulation.	Figure	24.17	shows	dry	lactose	powder	surface	velocity	data	in	a
25-L	Fielder	granulator	[27].	In	the	bumping	flow	regime,	the	powder	surface	velocity	increases	in	proportion	to	the	impeller	speed.	In	the	roping	regime,	the	surface	velocity	stabilizes	and	is	less	sensitive	to	impeller	speed.	In	all	cases,	the	surface	velocity	of	the	powder	is	only	of	the	order	of	10%	of	the	impeller	tip	speed.	Knight	et	al.	[29]	showed
that	dimensionless	torque	T	is	a	direct	function	of	Froude	number	and	effective	blade	height	heff:	T	=	T0	+	k	Fr	0.5	where	k	=	2h	eff	D	b	(24.33)	Thus,	to	maintain	a	similar	powder	flow	pattern	during	scale-up,	the	Froude	number	should	be	kept	constant,	that	is,	N2	=	N1	D1	D2	(24.34)	In	addition,	the	dimensionless	bed	height	should	also	be	kept
constant,	that	is,	the	same	fraction	of	the	bowl	is	filled	at	all	scales.	728	Pharmaceutical	Granulation	Technology	Hm2	D	=	2	Hm1	D1	(24.35)	Historically,	mixer	granulators	have	been	more	commonly	scaled	up	using	constant	tip	speed	or	constant	relative	swept	volume	[28,30].	Maintaining	constant	impeller	tip	speeds	leads	to	the	scaling	rule	N2	D	=
1	N1	D2	(24.36)	This	scale-up	rule	leads	to	Fr	decreasing	as	scale	increases.	Combined	with	the	common	practice	of	overfilling	full-scale	granulators,	this	approach	to	scaling	can	often	lead	to	a	change	in	operating	regime	from	roping	to	bumping	on	scale-up.	The	constant	swept	volume	approach	to	scale-up	was	introduced	partly	to	account	for
variations	in	geometry	on	scale-up.	The	relative	swept	volume	is	defined	as	VR	=	Vimp	Vmixer	(24.37)	where	V̇	r	is	the	relative	swept	volume,	V̇	imp	is	the	rate	of	swept	volume	of	the	impeller,	and	Vmixer	is	the	mixer	volume.	On	scale-up,	VR,1	=	VR,2	(24.38)	This	approach	is	useful	for	comparing	granulators	where	geometry	changes	with	scale.	For
geo	metrically	similar	granulators,	(24.38)	is	equivalent	to	scale-up	with	constant	tip	speed	[(24.36).	In	addition	to	constant	tip	speed,	constant	Froude	number,	and	constant	swept	volume	ap	proaches,	a	new	approach	was	introduced	for	scale-up	of	high-shear	mixer	granulators,	where	shear	rate	is	kept	constant	across	all	scales	[31].	Provided	that
the	bowl	and	impeller	geometries	are	similar,	constant	shear	stress	leads	to	the	scaling	rule	N2	D1	=	N1	D2	0.8	(24.39)	In	summary,	in	all	approaches	mentioned	above,	the	main	impeller	speed	(N)	is	varied	according	to	the	following	equation.	N	D	n	=	constant	(24.40)	where	the	scaling	index	“n”	equals	to	0.5,	0.8,	and	1	in	constant	Fr,	constant
shear	rate,	and	constant	tip	speed	cases,	respectively.	24.7.3	GRANULATION	RATE	PROCESSES	AND	RELATED	SCALING	ISSUES	In	high-shear	mixer	granulation,	all	three	classes	of	rate	process	can	have	a	significant	effect	on	the	granule	size	distribution.	Section	“Wetting	and	Nucleation”	describes	conditions	for	good	nu	cleation	in	the	drop-
controlled	regime	and	uses	examples	from	mixer	granulation.	For	good	nucleation,	the	granulator	should	be	operated	in	the	roping	regime	for	good	bed	turnover	and	the	Scale-Up	Considerations	in	Granulation	729	dimensionless	spray	flux	Ψa	should	be	kept	low.	This	implies	a	careful	choice	of	the	liquid	flow	rate,	nozzle	design,	and	positioning	in	the
granulator.	To	maintain	similar	nucleation	behavior	and	equivalent	liquid	distribution,	the	dimensionless	spray	flux	Ψa	should	be	kept	constant	on	scale-up.	If	spray	drop	size	in	the	full-scale	granulator	is	similar	to	that	in	the	small-scale	granulator,	this	implies	V2	V	=	1	A2	A1	V2	A	=	2	A1	V1	(24.41)	A	common	scale-up	approach	is	to	keep	the	same
total	spray	time	and	still	use	a	single	nozzle	at	a	large	scale.	Thus,	V̇	is	proportional	to	D3.	Even	though	the	powder	area	flux	will	increase	slightly	with	scale,	this	approach	generally	leads	to	a	substantial	increase	in	dimensionless	spray	flux.	To	keep	dimensionless	spray	flux	constant,	multiple	spray	nozzles	and/or	longer	spray	times	should	be	used	at
a	large	scale.	It	should	be	noted	that	consolidation,	growth,	and	breakage	processes	are	controlled	by	Stdef.	This	can	lead	to	quite	complicated	growth	behavior	in	mixer	granulators.	Figure	24.18	illustrates	some	of	the	complex	behaviors	[30].	Both	decreasing	liquid	viscosity	and	increasing	impeller	speed	increase	the	rate	of	granule	growth	but
decrease	the	final	equilibrium	granule	size.	Both	of	these	effects	increase	Stdef.	In	the	early	stage	of	granulation,	this	increases	the	probability	of	successful	coalescence.	However,	as	the	granules	grow,	the	critical	value	of	Stoke’s	number	for	breakage	may	be	exceeded	–	at	least	near	the	impeller	blade	leading	to	a	balance	of	breakage	and	growth
and	an	equilibrium	granule	size.	This	example	also	highlights	that	most	high-shear	mixers	have	a	very	wide	range	of	collision	velocities	in	different	parts	of	the	bed.	Granule	coalescence	will	occur	in	regions	of	low	collision	velocity,	while	breakage	and	consolidation	are	more	likely	near	the	impeller.	To	properly	quantify	and	predict	this	behavior,	we
need	more	sophisticated	models	that	divide	the	granulator	into	at	least	two	regions	and	incorporate	a	better	understanding	of	powder	flow	than	we	currently	have.	Nevertheless,	we	can	make	some	intelligent	comments	with	regard	to	scale-up.	In	a	mixer	granulator,	the	maximum	collision	velocity	for	a	granule	will	be	of	the	order	of	the	impeller	tip
FIGURE	24.18	Variations	in	granule	growth	rate	and	extent	of	growth	in	a	mixer	granulator	with	changes	to	(a)	binder	viscosity	and	(b)	impeller	speed.	Source:	From	Ref.	[30].	730	Pharmaceutical	Granulation	Technology	speed.	To	maintain	constant	Stdef,	the	impeller	tip	speed	should	be	kept	constant,	that	is,	(24.36).	If	a	constant	Fr	rule	is	used	[
Eq.	(34)],	2	Uc,2	St	def,2	N2	D	2	D	=	2	=	22	22	=	2	St	def,1	D1	Uc,1	N1	D1	(24.42)	Thus,	Stdef	increases	with	scale.	This	will	lead	to	an	increase	in	the	maximum	achievable	granule	density	and	a	decrease	in	the	maximum	achievable	particle	size.	The	actual	granule	density	and	size	may	also	depend	on	the	kinetics	of	consolidation	and	growth	and	are
difficult	to	predict	without	more	sophisticated	quantitative	modeling.	As	such,	the	variation	in	Stdef	with	scale	po	tentially	leads	to	changes	in	granule	attributes	that	are	difficult	to	predict.	The	liquid	saturation	S	[	Eq.	(9)]	should	be	kept	constant	on	scaling.	This	implies	a	similar	liquid	content	on	a	kg/kg	dry	powder	basis	provided	the	granule	density
does	not	change	with	scale.	For	operation	in	the	steady	growth	regime,	this	is	a	reasonable	assumption.	However,	for	operation	in	the	induction	growth	regime,	the	change	in	density	with	scale	is	harder	to	predict.	24.7.4	RECOMMENDED	SCALING	RULES	STUDY	EXAMPLES	FOR	HIGH-SHEAR	MIXER	GRANULATORS	AND	CASE	The	complexity	of
powder	flow	and	granulation	rate	processes	makes	it	impossible	to	recommend	a	single	definitive	set	of	scaling	rules.	It	is	important	to	know	which	granule	attribute	is	of	most	importance	during	scaling	and	the	main	granulation	rate	process	that	controls	this	attribute.	Overall,	we	recommend	the	following	approach:	1.	Keep	granulators	geometrically
similar	during	scale-up	where	manufacturer’s	designs	allow.	In	particular,	keep	dimensionless	fill	height	constant	during	scale-up	[	Eq.	(35)].	2.	To	ensure	similar	powder	mixing,	keep	Froude	number	constant	during	scale-up	by	adjusting	the	impeller	speed	according	to	Eq.	(34).	At	the	very	least,	make	sure	Fr	>	Frc	at	all	scales.	3.	To	achieve	good
binder	distribution,	Ψa	should	be	kept	constant	on	scale-up.	This	is	likely	to	mean	multiple	spray	nozzles	at	a	large	scale	to	give	sufficient	spray	zone	area	[(24.41)].	4.	To	keep	Stdef	constant	for	consolidation,	breakage,	and	growth,	keep	NDn	constant,	where	n	is	in	the	range	of	0.8	to	1.0.	This	conflicts	with	scaling	rule	2	above.	Therefore,	scale-up
the	impeller	speed	with	scaling	index	(n)	in	the	range	of	0.8	to	1.0,	provided	that	at	a	large	scale	Fr	>	Frc.	5.	Spray	time	during	the	batch	and	total	batch	time	scaling	rules	require	a	sound	understanding	of	how	the	kinetics	of	growth	and	consolidation	vary	with	scale.	We	do	not	know	these	rules	yet,	and	they	are	likely	to	be	different	for	operation	in
different	growth	regimes.	As	a	starting	point,	keeping	batch	times	constant	during	scaling	is	probably	reasonable	provided	this	does	not	conflict	with	other	scaling	rules	(especially	rule	3	above).	(Note	that	the	second	case	study	presented	in	this	section	introduces	an	alternate	approach	in	determining	the	spray	batch	time	and	total	batch	time	in	high-
shear	granulation.)	Conflicting	scale-up	goals	lead	us	to	consider	more	sophisticated	operating	strategies	at	a	largescale	including	programming	impeller	speed	to	change	during	the	batch	operation.	For	example,	begin	the	granulation	with	high	impeller	speed	(constant	Fr)	to	induce	good	dry	powder	turnover.	This	helps	ensure	good	wetting	and
nucleation	at	the	beginning	of	the	batch	when	it	is	most	important.	Later	reduce	the	impeller	speed	to	give	a	similar	tip	speed	to	smaller-scale	operation	to	control	granule	density	or	size.	As	the	powder	mass	is	now	wet,	it	will	be	more	cohesive,	and	operation	above	the	critical	Froude	number	for	rolling	flow	will	be	easier	to	maintain.	Scale-Up
Considerations	in	Granulation	731	TABLE	24.4	Case	Study	1:	Operating	Conditions	for	the	25-L	Granulator	Parameter	Value	Nominal	volume	(L)	25	Powder	charge	(kg)	Impeller	speed	(rpm)	5	330	Spray	time	(min)	8	Drop	size	(µm)	ɛmin	100	0.3	W	V̇	(m3/sec)	0.15	1.6	×10−6	0.13	Spray	width	W	(m)	Powder	surface	velocity	(m/sec)	0.85	Ψa	0.22	Litster
and	Ennis	[5]	give	a	case	study	for	scale-up	of	a	lactose	granulation	that	is	useful	for	illustrating	these	scaling	rules	and	conflicts.	It	is	represented	in	the	next	section.	Case	Study	1:	Scale-up	of	a	lactose	granulation	from	25	to	300	L	A	lactose-based	granulation	in	a	25-L	granulator	has	given	granules	with	acceptable	properties.	The	operating
conditions	for	the	25-L	granulator	are	summarized	as	follows	(Table	24.4):	The	dimensionless	spray	flux	Ψa	above	was	calculated	by	Eq.	(7)	a	=	3V	2Add	This	granulation	is	to	be	scaled	to	300	L	using	the	following	rules	and	heuristics:	•	Keep	Fr	constant.	•	Keep	spray	time	constant.	•	Spray	from	a	single	nozzle	on	a	large	scale.	How	do	Ψa	and	Stdef
change	on	scale-up?	What	are	the	implications	of	granulation	rate	processes	at	a	full	scale?	Scaling	to	300-L	granulation	Assuming	geometric	similarity,	D2	=	121/3	D1	Keeping	Fr	constant,	N2	=	D1	D2	0.5	N1	=	218	rpm	732	Pharmaceutical	Granulation	Technology	Assume	spray	width	scales	with	impeller	diameter.	W2	=	D2	W1	=	0.3	m	D1	Powder
surface	velocity	scales	with	tip	speed.	v2	=	D2	N2	v1	=	1.28	m/sec	D1	N1	Keeping	spray	time	constant	with	one	nozzle,	V2	=	12V1	Thus,	the	dimensionless	spray	flux	at	300	L	is	a,2	=	3V2	3(12V1)	=	=	3.41	1/3	2W2	v2	d	2.	(12	W1)121/6v1	d	a,1	=	0.75	There	has	been	a	substantial	increase	in	Ψa	on	scale-up	taking	the	granulation	from	nearly
dropcontrolled	into	the	mechanical	dispersion	regime.	This	could	result	in	a	much	broader	granule	size	distribution	on	a	large	scale.	A	similar	spray	flux	could	be	achieved	by	using	an	array	of	four	nozzles	spaced	at	90°	intervals	around	the	granulator	(all	positioned	so	that	the	spray	fan	is	at	right	angles	to	the	direction	of	powder	flow).	We	cannot



calculate	the	value	of	Stdef	because	the	dynamic	yield	stress	Y	for	the	lactose/binder	system	is	not	given.	However,	if	we	neglect	changes	in	Y	because	of	the	larger	strain	rate,	then	Stdef	will	increase	as	St	def,2	=	Uc2,2	Uc1,2	St	def,1	=	(D2	N2	)2	St	def,1	=	2.3St	def,1	(D1	N1)2	There	is	a	significant	increase	in	Stdef	with	scale-up	that	could	impact
on	the	granule	density	and	maximum	size.	It	is	not	possible	to	scale	with	constant	Stdef	while	simultaneously	maintaining	constant	Fr.	A	scale-up	summary	data	is	tabulated	in	Table	24.5.	Case	Study	2:	Scale-up	of	a	conventional	pharmaceutical	formulation	granulation	from	2	to	25	and	300	L	Michaels	et	al.	[32]	demonstrated	a	new	approach	to	high-
shear	granulation	scale-up,	which	is	named	as	“steady	states	in	granulation.”	In	a	steady-state	approach,	the	liquid	binder	is	introduced	to	the	powder	very	slowly	to	ensure	drop-controlled	nucleation,	and	also	long	time	is	allowed	for	wet	massing	in	order	to	eliminate	the	effects	of	both	steps	on	the	granule	properties.	When	the	wet	powder	is	mixed
for	a	sufficiently	long	time,	simultaneous	growth	and	breakage	take	the	granules	to	a	steady	state,	where	the	granule	properties	do	not	change	anymore.	In	this	approach,	during	scale-up,	the	only	variable	that	needs	to	be	adjusted	is	the	impeller	speed.	The	authors	applied	constant	shear	stress	rule	for	the	impeller	speed	scale-up,	that	is,	NDn	=
constant	and	n	=	0.8	[(24.39)].	The	heuristics	and	rules	applied	in	this	scale-up	are	tabulated	in	Table	24.6.	•	The	geometric	similarity	was	maintained	across	all	scales.	•	The	fill	ratio	was	kept	constant	during	the	scale-up.	Scale-Up	Considerations	in	Granulation	733	TABLE	24.5	Case	Study	1:	Scale-Up	Summary	Data	Parameter	25	L	300	L	Nominal
volume	(L)	Powder	charge	(kg)	25	5	300	60	Impeller	speed	(rpm)	330	218	Spray	time	(min)	Drop	size	(µm)	8	100	8	100	ɛmin	W	V̇	(m3/sec)	0.3	0.3	0.15	1.6	×	10−6	0.15	19.2	×	10−6	Spray	width	W	(m)	0.13	0.3	Powder	surface	velocity	(m/sec)	Ψa	0.85	0.22	1.28	0.75	1	2.3	Stdef/Stdef,25L	•	The	fluid	level	was	held	constant.	•	Spray	rate	and	wet	mixing
time	were	kept	constant	during	scale-up;	however,	their	durations	were	much	longer	compared	with	the	conventional	granulation	practices	(steady-state	approach).	•	The	main	impeller	speed	was	varied	according	to	the	constant	shear	stress	rule.	The	process	conditions	at	each	scale	are	summarized	in	Table	24.6.	The	exact	Ψa	and	Stdef	cannot	be
calculated	for	this	study	because	of	the	lack	of	necessary	information,	but	it	can	be	deduced	that	both	Ψa	and	Stdef	increase	during	scale-up	when	the	scaling	rules	mentioned	above	are	used	(i.e.,	single	spray,	constant	spray	rate,	and	constant	shear	stress	rule).	However,	it	should	also	be	noted	that	the	increases	in	Ψa	and	Stdef	are	less	in	this	case
compared	with	the	constant	Fr	number	case	presented	in	the	previous	section.	Increases	in	both	Ψa	and	Stdef	would	cause	differences	in	granule	properties	in	conventional	high-shear	granulation	practices	where	the	wet	massing	time	is	limited	to	a	few	minutes,	that	is,	the	rate	processes	are	at	transient	state.	Michaels	et	al.	[32]	showed	that	by
applying	the	constant	shear	rule	and	steady-state	TABLE	24.6	Case	Study	2:	Process	Conditions	at	Each	Scale	Parameter	2L	25	L	300	L	Granulator	type	Fukae	Powtec	Fielder	PMA25	Fielder	PMA25	Nominal	volume	(L)	2	25	300	Powder	charge	(kg)	Fluid	level	(%)	0.4	24,	28,	32	5	24,	28,	32	70	24,	28,	32	Spray	rate	(g/min)	8	100	1400	Impeller	speed
(rpm)	Chopper	speed	(rpm)	600,	800,	1000	2000	296,	395,	494	3000	146,	194,	242	1000	Wet	massing	time	(min)	30–40	30–40	30–40	734	Pharmaceutical	Granulation	Technology	FIGURE	24.19	Granule	size	distribution	for	steady-state	granulation	at	three	scales	(2,	25,	and	300	L)	for	three	levels	of	shear	stress	(low,	medium,	and	high)	and	three
levels	of	fluid	amount	(24%,	28%,	and	32%).	Source:	From	Ref.	[32].	approach,	it	is	possible	to	get	similar	granule	properties	as	you	scale-up.	Their	results	showed	that	at	the	lowest	liquid	level	and	lowest	shear	rate,	the	granule	mean	particle	sizes	for	25	and	300	L	deviated	only	1%	from	the	mean	particle	size	of	the	granules	produced	in	a	2-L
granulator.	The	worst	case	was	obtained	for	the	highest	liquid	level	and	highest	shear	rate	combination	(31%).	At	all	other	conditions,	the	results	were	within	18%	or	better	agreement.	Figure	24.19	shows	the	particle	size	distribution	of	the	granules	from	all	three	scales	at	different	fluid	levels	and	shear	stresses.	The	main	concern	with	a	steady-state
approach	might	be	getting	too	dense	granules	that	may	be	a	problem	in	tableting	and	disintegration.	Although	the	authors	did	not	perform	an	ex	tensive	study	on	tablet	performance,	they	showed	that	the	dissolution	profiles	of	tablets	made	by	granules	from	conventional	and	steady-state	granulation	were	comparable.	24.8	SCALE-UP	OF	TWIN-
SCREW	GRANULATORS	Twin-screw	granulators	(TSG)	have	gained	popularity	increasingly	in	the	pharmaceutical	industry	in	the	past	decade	or	so	due	to	their	mode	of	continuous	operation	and	advantages	in	process	efficiency,	control,	and	economy	[33].	In	the	twin-screw	granulation	process,	the	powder	blend	is	continuously	fed	from	one	end,	then
mixed	and	kneaded	while	being	transported	through	the	barrel	of	the	TSG	by	the	screw	elements,	producing	the	required	product	granules	at	the	other	end	of	the	barrel.	Figure	24.20	is	a	schematic	that	illustrates	the	principle	components	of	a	twin-screw	granulation	process	with	online	monitoring	and	control	capabilities	[34].	Depending	on	the
binding	mechanisms,	TSGs	can	be	categorized	into	three	types,	namely,	twinscrew	wet	granulators	(TSWGs),	twin-screw	dry	granulators	(TSDGs),	and	twin-screw	melt	granula	tors	(TSMGs).	In	a	TSWG,	a	liquid	binder	is	added	to	the	dry	feed	powder	blend	to	aid	the	granulation	process.	In	a	TSDG,	a	polymeric	binder	with	a	glass	transition
temperature	much	lower	than	the	melting	temperature	of	the	active	pharmaceutical	ingredients	(API)	is	often	used,	and	the	granulation	is	performed	at	a	temperature	near	or	above	the	glass	transition	temperature	of	the	binder	but	below	the	melting	point	of	the	API.	With	TSMG,	a	solid	binder	is	added	to	the	feed	powder	blend	and	granulation	is
performed	at	a	temperature	near	or	above	the	melting	point	of	the	binder	[34].	In	this	section,	we	focus	our	attention	mainly	on	the	most	common	process	of	wet	granulation	but	will	include	some	limited	discussions	on	the	general	scaling	rules	for	TSDGs	and	TSMGs.	FIGURE	24.20	A	schematic	of	continuous	twin-screw	granulation	with	monitoring
and	control.	Source:	From	Ref.	[34].	Scale-Up	Considerations	in	Granulation	735	736	24.8.1	CHARACTERISTICS	Pharmaceutical	Granulation	Technology	OF	TSG	PROCESSES	TSG	technology	is	adopted	from	the	continuous	hot-melt	extrusion	process	employed	in	the	plastic	and	food	industry.	One	of	the	distinct	characteristics	of	TSGs	is	the
availability	of	a	wide	range	of	screw	elements	and	the	flexibility	in	the	configurations	of	the	screw	elements	in	the	construction	of	TSGs.	This	can	be	both	an	advantage	and	a	disadvantage.	The	advantage	is	that	each	TSG	can	be	customized	to	suit	one’s	purpose.	The	disadvantage	is	that	it	makes	it	difficult,	if	not	totally	impossible,	to	develop	generic
scaling	rules	for	TSGs	[35].	Several	types	of	screw	elements	that	are	commonly	used	in	a	TSG	include	conveying	elements	(CEs),	kneading	elements	(KEs),	distributive	mixing	elements	(DMEs,	also	known	as	comb	mixing	elements),	and	distributive	feed	screws	(DFSs).	These	elements	are	assembled	along	the	length	of	the	barrel,	effectively	dividing
the	barrel	into	separate	granulation	zones	of	different	growth	mechanisms	[35,36].	The	design	and	type	of	screw	elements	in	a	TSG	strongly	influence	the	attributes	of	the	product	granules,	that	is,	the	size	and	porosity	or	density	of	the	granules.	In	general,	CEs	and	DFSs	are	very	similar	in	their	granulating	performances,	generating	a	relatively	low
shear,	and	thus	can	only	produce	very	porous	granules	with	a	bimodal	granule	size	dis	tribution.	In	contrast,	KEs	usually	produce	granules	with	a	broad	size	distribution	from	the	combined	actions	of	shearing,	breakage,	and	layering.	The	situation	inside	a	DME	block	is	more	complex	with	a	forward	DME	configuration	producing	granules	of	bimodal
granule	size	dis	tribution	and	a	reverse	DME	configuration	producing	granules	of	the	mono-modal	granule	size	distribution	[37].	In	addition	to	the	machine	design	variables,	operating	conditions	also	significantly	influence	the	granule	attributes.	With	each	formulation,	where	the	composition	of	the	powder	blend	is	de	termined,	the	powder	feed	rate
and	the	screw	speed,	which	together	influence	the	level	of	fill	in	the	barrel	of	the	TSG,	are	the	two	process	variables	common	to	all	TSGs.	For	both	the	TSDGs	and	TSMGs,	the	operating	temperature	is	a	key	additional	process	variable.	For	TSWGs,	in	contrast,	the	quantity	and	the	addition	rate	of	the	liquid	binder	play	a	critical	role	in	the	granulation
process.	A	more	detailed	discussion	on	the	rate	processes	in	a	TSWG	is	presented	in	the	next	section.	24.8.2	GRANULATION	RATE	PROCESSES	AND	THE	SCALING	ISSUES	OF	TSGS	To	enable	nucleation	and	granule	growth,	particle	contacts	must	be	constantly	renewed;	that	is,	continuous	mixing	of	the	powder	blend	is	essential	for	granulation	to
take	place.	For	a	TSG,	the	mixing	behaviors,	and	therefore	the	overall	rate	processes,	are	determined	by	both	the	physical	design	of	the	screw	elements	and	the	operating	conditions.	In	this	section,	we	will	summarize	the	granulation	characteristics	of	different	screw	elements	and	discuss	the	scaling	process	using	di	mensionless	numbers	related	to
the	operating	conditions.	Figure	24.21	summarizes	the	dominant	granulation	mechanisms	in	the	conveying	and	kneading	compartments	of	a	TSWG	[38].	In	the	conveying	section	where	the	liquid	binder	is	added,	nu	cleation	occurs	around	liquid	binder	drops.	When	the	rate	of	binder	drop	addition	is	low	relative	to	the	powder	feed	rate,	each	drop	is
likely	to	form	one	nucleus.	When	the	binder	addition	rate	becomes	too	high,	binder	drops	can	coalesce	to	form	larger	nuclei	of	the	granules.	Although	not	shown	in	the	figure,	distributive	feed	screws	(DFSs)	generate	similar	shear	and	mixing	environ	ments	to	the	powder	blend.	As	such,	granule	growth	mechanisms	in	the	DFS	compartment	are
expected	to	be	similar	to	those	in	the	CE	compartment.	In	the	kneading	compartment,	which	is	usually	located	after	conveying	compartment,	two	dominant	granulation	rate	processes	are	taking	place,	namely,	breakage	followed	by	layering.	In	addition,	the	design	of	the	kneading	elements	significantly	impacts	on	the	morphology	of	the	resultant
granules	from	the	breakage.	Obviously,	the	elongated,	flake-like	granules	from	the	reverse	configuration	of	the	KEs	are	likely	to	have	a	poor	flow	property,	which	will	cause	powder-handling	problems	downstream	and	should,	there	fore,	be	avoided.	Scale-Up	Considerations	in	Granulation	737	FIGURE	24.21	Summary	of	granulation	rate	processes	in
the	conveying	and	kneading	compartments	of	a	TSWG.	Source:	from	Ref.	[38].	FIGURE	24.22	Summary	of	granulation	rate	processes	in	the	DME	compartment	of	a	TSG.	Source:	From	Ref.	[37].	The	dominant	granulation	rate	processes	in	the	DME	compartment	are	shown	in	Figure	24.22.	Overall,	liquid	distribution	and	the	morphology	of	granules
produced	in	the	DME	compartment,	irrespective	of	the	orientation	of	the	DMEs,	are	better	than	those	from	other	screw	elements.	In	general,	granules	from	the	DME	compartment	are	more	spherical	in	shape	and	have	a	monomodal	granule	size	distribution	without	the	oversize	lumps,	which	could	potentially	negate	the	milling	requirement
downstream.	Key	process	variables	for	TSGs	include	powder	feed	rate	m	p	and	screw	speed	ωs.	Additionally,	there	is	also,	for	a	TSWG,	liquid	binder	feed	rate	ml	,	and	for	both	TSDG	and	TSMG,	operating	temperature,	T,	of	the	granulating	section.	Taking	the	same	general	approach	of	dimensional	analysis	to	the	scaling-up	of	TSGs,	the	following
dimensionless	numbers	can	be	defined	for	a	TSWG:	738	Pharmaceutical	Granulation	Technology	The	liquid	to	solid	ratio	(LSR):	ml	mp	LSR	=	(24.43)	The	powder	feed	number	(PFN):	mp	PFN	=	b	3	s	DB	(24.44)	The	Froude	number:	Fr	=	DB	s2	2g	(24.45)	where	ρb	is	the	bulk	density	of	the	powder;	m	p	and	ml	are	the	mass	flow	rates	of	the	powder	and
liquid,	respectively;	DB	is	the	barrel	diameter;	and	ωs	is	the	angular	velocity	of	the	screw	shaft.	If	we	represent	the	granule	attributes	by	their	mean	granule	size,	d50,	and	granule	porosity,	ε,	dimensional	analysis	suggests:	d50	L	=	g1	LSR,	PFN	,	Fr	,	B	,	F1,	F2,	…	DB	DB	(24.46)	and	=	g2	LSR,	PFN	,	Fr	,	LB	,	F1,	F2,	…	DB	(24.47)	where	LB	is	the
barrel	length	after	wetting	addition	of	liquid,	and	F1,F2,	…	are	a	series	of	geometric	ratios	that	describe	the	geometry	of	the	individual	screw	elements	and	the	screw	configurations.	LSR	has	a	profound	effect	on	the	granule	size	and	its	distribution	[35].	Increasing	the	LSR	increases	the	proportion	of	larger	granules	of	the	bimodal	granule	size
distribution,	as	shown	in	Figure	24.23.	In	contrast,	PFN	and	Fr	have	little	influence	on	the	key	granule	attributes,	as	de	monstrated	by	the	median	granule	size,	d50,	in	Figure	24.24(a)	and	(b).	Figure	24.24(c)	reveals	a	critical	characteristic	of	the	TSGs,	that	is,	the	median	granule	size	increases	with	the	barrel	size	of	the	TSG.	In	other	words,	it	is
impossible	to	produce	granules	with	the	size	and	size	distribution	from	TSGs	of	different	scales.	This	is	because,	for	geometrically	similar,	noncustom-designed	TSGs	(e.g.,	the	same	LB/DB	for	the	whole	TSG	and	for	each	screw	element),	the	clearance	between	the	screw	elements	and	the	barrel,	as	well	as	the	gap	between	the	intermeshing	screw
elements,	scales	almost	linearly	with	the	diameter	of	the	barrel	of	the	TSG.	These	gaps	have	a	strong	impact	on	the	size	of	large	granules	(e.g.,	d90)	and	the	spread	of	the	granule	size	distribution;	d90	scales	almost	linearly	with	the	diameter	of	TSGs,	while	the	spread	of	the	granule	size	distribution	also	increases	with	the	barrel	size	of	the	TSG	[35].
This	is	to	be	expected	as	the	smallest	gap	between	the	intermeshing	screw	elements	determines	the	largest	granule	size	because	the	granules	have	to	traverse	the	length	of	the	TSG	unbroken	during	the	granulation	process.	Consequently,	without	modifications	to	the	physical	construction	of	the	TSGs,	in	particular,	maintaining	the	same	absolute	gap
size	between	the	screw	elements	for	the	TSGs	of	Scale-Up	Considerations	in	Granulation	739	FIGURE	24.23	Effect	of	LSR	on	granule	size	distribution.	Source:	From	Ref.	[35].	FIGURE	24.24	Median	granule	size	(d50)	change	with	(a)	Fr	and	LSR;	(b)	PFN	and	LSR;	and	(c)	LSR	and	TGS	scale.	Source:	From	Ref.	[35].	different	scales,	it	is	not	possible	to
achieve	the	same	granule	size	distribution	of	product	granules	from	TSGs	of	different	scales.	For	TSDGs	and	TSMGs,	in	addition	to	the	operating	temperature	of	the	granulating	section,	the	granule	attributes	are	determined	by	the	residence	time	of	the	powder	blend,	tr,	and	the	specific	mechanical	energy	consumption,	Em,	which	are	defined	in
equations	(24.48)	and	(24.49),	re	spectively	[34,39].	tr	=	DB2	LB	b	%	of	fill	mp	(24.48)	740	Pharmaceutical	Granulation	Technology	Em	=	s	mp	(24.49)	where	τ	is	the	torque	of	the	screw	shaft.	24.8.3	SUGGESTED	SCALING	RULES	FOR	TSGS	As	mentioned	before,	one	of	the	main	advantages	of	TSGs	is	the	continuous	manufacturing	mode	that	allows
them	to	increase	their	throughput	by	simply	extending	the	duration	of	the	operation.	In	addition,	the	throughput	of	a	TSG	can	also	be	increased	through	increasing	the	speed	of	screws	and	powder	feed	rate	while	maintaining	other	operating	conditions	constant	(i.e.,	maintaining	both	LSR	and	PFN	constant).	Within	a	reasonable	range,	this	method	can
increase	the	production	rate	without	significantly	impacting	on	the	attributes	of	the	product	granules.	This	method	of	increasing	throughput	of	a	TSG,	which	has	widely	been	used	in	the	pharmaceutical	industry,	is	defined	by	researchers	as	“scaling	out”	to	differentiate	it	from	the	increase	of	the	physical	size	of	the	gran	ulator	[35].	Whenever	possible,
the	preferred	scaling	choice	for	all	TSGs	is	to	scale	out.	When	the	required	throughput	increase	can	no	longer	be	achieved	with	increased	operating	time	or	increased	screw	speed,	that	is,	TSGs	of	larger	barrel	diameters	must	be	used,	we	only	suggest	the	following:	For	TSWGs:	maintain	PFN,	LSR,	and	gaps	between	the	screw	elements	invariant.	For
TSDGs	and	TSMGs:	maintain	granulation	temperature,	Em	and	tr	invariant.	24.9	CONCLUDING	REMARKS	Scaling	of	granulators	using	the	traditional	chemical	engineering	dimensional	analysis	approach	of	complete	similarity	is	not	possible	because	of	the	complexity	of	the	process	and	the	constraints	on	formulation	changes	during	scaling
pharmaceutical	processes.	Nevertheless,	scale-up	using	partial	similarity	that	strives	to	keep	some	key	dimensionless	groups	invariant	is	possible.	It	is	very	important	to	understand	the	powder	flow	phenomena	in	the	granulator	of	choice	and	to	maintain	the	same	flow	regime	during	scaling	(bubbling	vs.	slugging,	bumping	vs.	roping).	The	second
important	requirement	is	to	maintain	constant	key	dimensionless	groups	that	control	the	important	granulation	rate	process	of	most	interest	during	scale.	This	is	somewhat	easier	to	do	in	fluidized	beds	than	in	high-shear	mixers.	For	the	twin-screw	granulators	that	operate	in	a	continuous	manufacturing	mode,	it	is	always	preferable	to	scale	out
instead	of	scaling-up.	Very	small-scale	tests,	which	have	no	geometric	similarity	to	pilot	and	full	scale,	should	be	used	to	focus	on	formulation	design	and	measurement	of	key	formulation	properties	that	influence	the	granulation	rate	processes.	Insightful	understanding	of	the	granulation	processes	is	essential	for	the	identification	of	key	variables	and
parameters	for	the	dimensional	analysis	and	scale-up	considerations.	While	the	development	of	definitive	mathematical	models	for	the	granulation	processes	is	incomplete,	the	scaling	approaches	recommended	in	this	chapter	help	reduce	the	uncertainty	during	new	product	development	and	transfer	to	industrial	scales.	NOMENCLATURE	a	A	Ȧ	AR	b
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technology	where	fine	particles	are	agglomerated	together	to	improve	drug	product	manufacturing	and	performance.	The	most	common	agglomeration	mechanisms	used	in	pharmaceutical	granulation	are	dry	pressure	agglomeration	and	wet	binder-assisted	granulation.	Many	factors	should	be	considered	during	process	selection	to	avoid	unwanted
chemical,	solid-state,	or	functional	changes	that	may	occur	in	the	presence	of	moisture,	solvents,	or	pressure	[1–3].	After	the	appropriate	process	is	selected,	it	is	necessary	to	identify	the	granulation	attributes	responsible	for	improved	downstream	drug	product	performance.	To	achieve	this,	it	is	necessary	to	correlate	the	measured	values	of	these
attributes	with	desired	downstream	improvements.	To	begin	correlating	process	improvements	with	the	attributes,	it	is	first	necessary	to	identify	the	process	improvements	gained	by	performing	granulation.	Desirable	downstream	process	and	drug	product	improvements	include	enhanced	flow,	the	formation	of	strong	tablets,	uniform	drug	product
mass,	consistent	in	vivo	drug	substance	exposure,	dose	release	profiles,	and	absence	of	tablet	defects	such	as	sticking,	picking,	and	delamination.	These	qualitative	and	quantitative	im 	provements	are	then	empirically	correlated	to	the	values	of	one	or	more	granulation	attributes.	The	next	step	to	correlate	process	improvements	with	the	attributes	is
to	select	the	attributes.	Two	conventional	critical	attributes	of	granulation	are	particle	size	and	density.	Granulations	with	increased	particle	size	typically	flow	better,	have	reduced	dusting,	reduced	potential	for	ingredient	segregation,	and	improved	compactibility,	and	may	have	reduced	sticking	to	process	equipment.	It	is	important	to	recognize,
however,	that	particle	size	enlargement,	taken	to	an	extreme,	could	erode	downstream	processes.	Particle	size	also	governs	the	packing	arrangement	in	the	filling	of	tablets	and	capsules	and	directly	affects	final	product	weight	variation	[4,5].	Some	authors	suggest,	as	a	rule	of	thumb,	that	the	size	of	the	granules	should	ideally	be	matched	to	the	size
of	the	tablet	dies	or	capsules	to	minimize	weight	variation	[6,7].	Solid	dosage	forms	suitable	for	pediatric	patients,	mini-tablets	and	sprinkle	capsules,	have	also	recently	motivated	a	deeper	understanding	between	the	optimum	size	of	granular	materials	and	the	physical	size	of	tablets	and	capsules	[8–10].	The	balance	between	745	746	Pharmaceutical
Granulation	Technology	enhanced	flow	and	acceptable	weight	uniformity	is	in	dynamic	tension,	and	empiricism	is	required	to	inform	the	optimum	value	of	particle	size.	Following	particle	size,	another	attribute	often	correlated	to	downstream	process	improvement	is	the	arrangement	of	primary	particles	within	the	granule,	collectively	known	as
density.	Increased	density	has	long	been	correlated	with	improved	flow	properties	of	granulations	[11].	Granules	prepared	through	pressure	agglomeration	have	mechanical	properties	that	correlate	well	with	density.	For	granules	prepared	by	wet	binder	agglomeration,	density	and	binder	adhesion	to	the	primary	particles	provide	a	more	complete
representation	of	mechanical	properties.	It	is	important	to	recognize,	however,	that	increased	granule	density,	taken	to	an	extreme,	could	erode	down	stream	processes.	The	dynamic	tension	of	density	occurs	between	flow	improvement	while	minimizing	attrition	or	breakage	during	handling	and	assuring	that	the	granules	can	be	compressed	into
tablets	and	subsequently	dissolves	to	release	the	drug	in	the	body.	Decreased	porosity,	which	represents	increased	density,	of	tablets	and	granules	has	been	reported	to	negatively	impact	dis	integration	and	dissolution	[12–14].	On	the	opposite	extreme	of	high	density,	granules	having	low	density	are	often	weak	and	friable.	These	weak	granules	may
break	down	to	the	original	un	granulated	materials	prematurely	and	will	not	contribute	to	downstream	process	improvement.	In	addition	to	particle	size	and	density,	many	other	critical	attributes	contribute	to	improved	drug	product	manufacturing	and	performance	including	particle	shape,	the	fraction	of	fines,	che	mical	homogeneity,	wet	bulk
density,	and	air	permeability.	Due	to	a	large	number	of	considera	tions	for	process	improvement	and	critical	attributes,	no	universal	particle	size	distribution	or	optimal	granule	density	has	been	identified	that	once	met	ensures	the	desired	product	performance.	In	the	absence	of	these	metrics	and	the	improbability	that	such	metrics	could	be
identified,	the	process	to	identify	critical	attributes	requires	a	trial-and-error	approach	to	correlating	the	mea	surements	of	these	attributes	to	the	desired	downstream	performance	to	establish	the	desired	endpoint	[15].	With	the	concept	of	how	critical	attributes	affect	downstream	performance	in	mind,	attention	shifts	to	the	quantitative	measurement
of	critical	granulation	attributes.	So	far,	the	discussion	on	the	impact	of	critical	attributes	on	downstream	performance	has	been	qualitative:	increased	particle	size	and	density	have	led	to	increased	flow	and	are	associated	with	poor	weight	uniformity	and	drug	release	when	the	granulations	are	too	large	or	too	dense.	To	define	an	end-point,	it	is
necessary	to	identify	value,	or	magnitude,	of	the	critical	attribute	that	is	highly	correlated	with	the	optimum	downstream	performance	metric	or	metrics.	Attribute	mea	surements	can	be	direct	or	indirect.	Direct	measurements	of	critical	attributes	provide	a	value	or	distribution	of	values	that	represent	the	granulation.	These	values	can	then	be
attempted	to	be	correlated	to	granulation	performance.	The	optimum	value	of	the	attribute	that	is	associated	with	the	improved	performance	represents	the	granulation	end-point.	Common	direct	particle	size	measurements	are	mesh	or	sieve	analysis	and	laser	diffraction.	Density	is	often	directly	measured	using	mercury	intrusion	porosimetry	(MIP)
or	other	displacement	technologies	such	as	GeoPyc.	While	these	methods	to	determine	particle	size	and	density	are	direct	and	their	values	easily	correlate	with	performance,	they	also	almost	always	occur	after	the	granulation	process	is	over.	Since	these	offline	measurements	take	place	after	the	process	is	over,	there	is	no	chance	to	control	the
process	to	meet	the	desired	end-point.	This	means	that	if	the	value	of	the	attributes	happens	to	be	different	from	the	desired	end-point	value,	the	downstream	performance	will	be	negatively	affected.	An	additional	drawback	of	these	offline	techniques	is	that	they	are	often	destructive	since	the	sample	is	consumed	during	the	test.	The	effect	of	not
meeting	granulation	end-point	is	illu	strated	in	Figure	25.1,	the	root	cause	of	which	was	not	divulged.	Since	offline	measurements	cannot	detect	the	end-point	during	granulation,	attempts	have	been	made	to	measure	the	critical	attributes	during	the	process.	Measuring	attributes	during	the	process	provides	insight	into	how	the	attributes	form	and
provide	the	ability	to	stop	the	process	once	the	optimum	values	of	the	critical	attributes	have	been	reached.	Online	techniques	currently	used	by	the	pharmaceutical	industry	to	obtain	wet	granulation	end-points	are	listed	in	Table	25.1.	Advances	in	Process	Controls	and	End-Point	Determination	747	FIGURE	25.1	Effect	of	compaction	and	dissolution.
Source:	Courtesy	of	W.	Phuapradit,	H.	Ahmed,	and	N.	Shah,	Hoffman	LaRoche.	TABLE	25.1	Examples	of	Techniques	Used	to	Measure	Critical	Properties	During	Wet	Granulation	Technique	Granulation	Property	Measured	Boots	Diosna	probe	Granule	density	and	size	Capacitance	The	conductivity	of	the	damp	mass	Granule	moisture	and	saturation
Uniformity	of	liquid	distribution,	packing	density	Impeller	torque	End-point	determination	and	scale-up	(more	sensitive	to	high-frequency	Impeller	tip	speed	oscillation	than	power)	Corresponds	to	shear	rate.	Some	benefit	in	scale-up	for	geometrically	similar	Power	consumption	(kW)	Probe/bowl	vibration	Widely	used	for	end-point	determination	and
scale-up	Granulation	adhesiveness/cohesiveness	monitoring	and	end-point	determination	mixers	Torque	rheometer	An	offline	technique	for	measuring	mechanical	properties	of	the	granulation	FBRM	Chord	length	distribute,	correlated	to	the	particle	size	distribution	One	common	drawback	of	online	measurements	is	that	they	are	almost	always	an
indirect	measure	of	the	critical	granulation	attributes.	For	example,	impeller	torque	and	power	consumption	require	correlation	to	direct	offline	measurement	attributes	like	particle	size	and	density	that	are	further	correlated	to	downstream	improvement.	Adding	another	level	of	correlation,	between	the	online	and	offline	attributes,	increases	the
empiricism	required	to	determine	granulation	end-point	in	real-time.	Despite	the	additional	complexity	and	empiricism,	online	measurements	invaluably	pro	vide	opportunities	to	understand	granulation	mechanisms	and	determine	granulation	end-point	during	the	process.	To	take	it	one	step	further,	an	ideal	online	measurement	system	would	directly
measure	the	values	of	critical	attributes	in	real-time	to	enable	end-point	determination	and	enable	process	control.	The	goal	beyond	merely	stopping	granulation	at	its	end-point	is	to	assure	downstream	performance	by	manipulating	process	variables	and	steering	the	critical	attributes	to	values	consistent	with	the	end-point.	To	achieve	this	ultimate
level	of	process	control,	it	is	necessary	to	measure	or	otherwise	predict	the	critical	attributes	in	real-time	and	have	an	actionable	control	framework	that	links	process	parameters	to	the	formation	of	the	desired	granulation	attributes.	Figure	25.2	outlines	progress	that	has	been	made	toward	developing	a	high-shear	wet	granulation	control	framework.
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This	type	of	holistic	modeling	framework	is	established	over	time	by	forming	testable	hypotheses	and	conducting	experimental	studies	to	test	the	hypotheses.	Eventually,	the	modeling	framework	provides	full	connectivity	between	input	material	properties,	process	variables,	critical	attributes,	granulation	rate	phenomena,	downstream	improvement,
and	final	drug	product	performance.	By	adopting,	testing,	and	continually	verifying	the	structured	relationships	within	the	model,	it	can	be	used	to	inform	process	levers	capable	of	controlling	the	granulation	process.	For	relationships	that	are	incompletely	described,	the	framework	guides	the	systematic	application	of	new	measurement	and	modeling
technologies	capable	of	more	deeply	understanding	wet	granulation.	In	cases	where	the	framework	completely	explains	all	granulation	phenomena,	it	can	be	implemented	in	real-time	to	consistently	achieve	the	end-point.	The	rest	of	this	chapter	will	discuss	advances	that	have	been	made	in	the	pharmaceutical	industry	to	measure	and	model	critical
granulation	attributes	and	their	formation	during	the	process.	Examples	of	offline,	online,	direct,	and	indirect	granulation	attribute	measurements	that	have	been	applied	to	end-point	determination	and	control	of	roller	compaction,	fluid-bed	gran	ulation,	dense-phase	wet	granulation,	and	twin-screw	granulation	will	be	shared.	This	chapter	will	close
by	highlighting	exciting	emerging	trends	that	will	shape	the	future	of	granulation	technologies.	25.2	ROLLER	COMPACTION	Roller	compaction	starts	by	feeding	a	well-mixed	blend	through	counter-rotating	rolls.	The	geo	metry	of	the	rolls	physically	reduces	the	volume	of	the	blend	and	compresses	the	powdered	blend	into	a	solid	ribbon.	The	ribbon	is
subsequently	milled	into	granules	that	have	a	larger	particle	size,	higher	density,	and	better	flow	characteristics	compared	to	the	original	well-mixed	blend	that	was	fed	through	the	roller	compactor.	Roller	compaction	transforms	a	small	amount	of	material	over	an	extended	period.	Attributes	are	monitored	continuously,	or	at	time	intervals,	and
process	changes	can	be	made	in	case	of	deviation	from	desired	attributes.	The	continuous	nature	of	roller	com 	paction	has	also	made	it	an	ideal	candidate	to	be	incorporated	within	continuous	manufacturing	operations.	Ribbon	density,	particle	size,	and	bulk	granulation	density	are	common	critical	attributes	that	correlate	strongly	with	the
downstream	process	and	product	improvement.	Ribbon	density	is	often	directly	measured	using	offline	displacement	methods	such	as	mercury	intrusion	porosimetry	and	GeoPyc	[16].	Online	and	indirect	real-time	approaches	to	measuring	ribbon	attributes	include	acoustic	relaxation	emission	techniques	and	using	near-infrared	(NIR)	spectroscopy
[17,18].	The	intensity	of	acoustic	relaxation	was	correlated	to	the	relative	degree	of	ribbon	consolidation	through	the	roller	compaction	force.	NIR	spectra	were	found	to	be	correlated	to	multiple	ribbon	attributes	including	density,	Young's	modulus,	and	tensile	strength	using	this	measurement	approach.	Even	though	these	methods	indirectly	measure
critical	at	tributes,	both	approaches	have	the	potential	to	become	real-time	methods	for	process	control.	Another	indirect	measurement	technique	capable	of	predicting	mechanical	properties	of	ribbons	is	using	instrumented	roll	technology	[19].	In	this	real-time	and	indirect	approach,	the	force	experienced	during	roller	compaction	is	measured	using
load	cell	sensors	embedded	in	the	roll.	The	force	distribution	is	then	related	through	material	compactibility	to	predict	the	ribbon	properties.	It	is	not	always	necessary	to	measure	the	critical	attributes	to	obtain	its	quantitative	value.	Ribbon	density	values,	for	example,	have	been	reported	in	real-time	using	a	novel	modeling	approach	by	Nkansah	et
al.	who	proposed	a	model	for	deriving	the	average	ribbon	density,	without	taking	measurements	of	ribbon	samples	[20].	This	indirect	modeling	method	requires	the	mass	of	ribbons	produced	during	a	steady-state	time	interval	to	be	divided	by	the	volume	through	which	that	mass	passed	in	the	same	time	interval.	In	this	model,	the	volume	is	calculated
by	multiplying	the	average	roll	gap	by	the	roll	width	and	ribbon	length	as	determined	750	Pharmaceutical	Granulation	Technology	by	the	roll	diameter	and	number	of	revolutions	that	occurred	during	the	steady-state	interval.	Due	to	the	fixed	roller	compactor	geometry	and	the	well-controlled	roll	gap	and	roll	speed,	very	constant	ribbon	density
predictions	are	produced	by	only	measuring	the	mass	of	the	collected	product.	This	simple	and	highly	effective	model	to	measure	ribbon	density	opens	a	new	path	to	control	the	process	in	real-time	by	manipulating	roll	force	and	gap	to	achieve	the	desired	ribbon	density.	Quantifying	particle	size	is	also	of	great	interest	for	roller	compaction.	Silva	et
al.	provide	a	thorough	review	of	offline	and	online	as	well	as	direct	and	indirect	particle-sizing	techniques	[21].	Some	of	the	online	and	direct	particle-sizing	techniques	that	have	been	successfully	applied	to	roller	compaction	include	digital	image	analysis	using	EyeCon	analyzer	[16].	An	attribute	that	is	derived	from	particle	size	is	process	efficiency.
Process	efficiency,	defined	by	percentage	of	un	compressed	particles,	needs	to	be	minimized	to	optimize	granules	size	and	assure	in-spec	tablets	are	produced	after	roller	compaction	[22].	In	the	report,	am	Ende	et	al.	reported	the	modeling	structure	between	percentage	of	fines,	roll	gap,	and	roll	force.	With	a	control	framework	in	mind	for	this
product,	a	measured	decrease	in	efficiency	might	be	corrected	by	reducing	the	roll	gap	by	increasing	roll	force.	As	more	of	these	interactions	between	roller	compaction	settings,	inter	mediate	granulation	attributes,	and	final	product	performance	are	elucidated,	control	frameworks	can	be	established,	tested,	and	used	to	meet	process	efficiency
requirements	and	produce	the	desired	granulation	size.	25.3	FLUID-BED	GRANULATION	Fluidized-bed	granulation	starts	by	passing	heated	air	through	a	well-mixed	powder	bed	at	a	sufficient	velocity	to	overcome	gravity.	Fluid-bed	granulators	have	a	narrow	chamber	at	the	bottom	and	a	tapered	expansion	chamber	at	the	top.	As	the	powder	meets
the	level	of	the	expansion	chamber,	the	air	velocity	drops	and	the	fluidized	powder	falls	under	the	influence	of	gravity	back	toward	the	narrow	section	of	the	fluid	bed.	As	this	cyclical	pattern	continues,	a	liquid	polymercontaining	solution	is	added	to	the	powder	bed.	As	the	liquid	binder	spreads	over	the	powder,	the	particles	are	gathered	together	and
form	wet	agglomerates.	In	addition	to	binder–formulation	in	teractions	that	are	reliant	on	the	thermodynamics	of	wetting	parameters,	binder	solution	viscosity	and	binder	solution	quantity	determine	granule	growth	kinetics.	During	the	spraying	process,	the	heated	fluidization	air	drives	off	moisture	to	form	solid	polymer	bridges	between	the	particles,
thereby	creating	permanent	granules.	The	simultaneous	processes	of	liquid	addition,	agglomera	tion,	and	drying	work	together	to	produce	granulations	having	increased	particle	size,	high	por	osity,	improved	flow,	and	uniform	shape.	Granule	formation	during	fluid-bed	granulation	relies	on	steady-state	moisture	content	that	is	comprised	of	balancing
liquid	binder	addition	and	simultaneous	evaporation.	For	this	reason,	it	is	desirable	to	understand	and	control	the	dynamic	process	of	drying	and	wetting	during	fluid-bed	granulation	by	constantly	measuring	critical	granule	attributes	including	particle	size,	density,	and	moisture	content.	Offline	and	direct	measurement	of	moisture	content	is	usually
completed	by	loss	on	drying.	In	this	method,	a	sample	from	the	wet	granulation	is	heated	while	the	mass	of	the	sample	is	recorded.	The	mass	lost	during	heating,	compared	to	the	original	sample	mass,	represents	the	quantity	of	moisture	contained	in	the	sample.	With	the	sample	that	is	now	dry,	it	is	common	to	measure	other	attributes	including
particle	size,	density,	and	attrition.	By	completing	these	tests	at	time	intervals	during	the	granulation	process,	the	quality	of	granulation	attributes	can	be	assessed	and	an	end-point	can	be	determined.	To	enable	continuous	measurement,	rather	than	in	discrete	intervals,	of	the	moisture	present	during	processing,	near-infrared	(NIR)	spectroscopy	has
been	applied	to	indirectly	determine	moisture	content	to	guide	granulation	and	determine	the	end-point	of	drying	[23,24].	In	addition	to	moisture,	another	critical	attribute	that	has	been	indirectly	measured	in	real-time	is	particle	size.	In	one	application,	particle	size	was	predicted	from	multivariate	data	analysis	of	microwave	Advances	in	Process
Controls	and	End-Point	Determination	751	FIGURE	25.3	Cutaway	view	of	Lasentec	FBRM®	probe	showing	various	parts.	Source:	Courtesy	of	Mettler	Toledo	Autochem,	Inc.	resonance	spectra	and	used	to	monitor	granulation	size	progression	[25].	In	another	substantial	publication,	success	was	reported	in	monitoring	both	moisture	and	mean	particle
size	indirectly	with	NIR	spectroscopy	[24,26].	As	useful	as	these	indirect	methods	are,	they	still	require	a	large	amount	of	work	to	correlate	the	offline	granulation	attributes	to	the	online	signals.	The	next	ad	vance	in	the	end-point	determination	of	fluid-bed	granulation	comes	in	the	form	of	directly	measuring	particle	size	during	the	process.	The
focused	beam	reflectance	method	(FBRM®)	directly	measures	particles	and	has	been	successfully	used	at-line	to	assess	the	progression	of	fluid-bed	granulation	with	respect	to	particle	growth	[27].	While	this	is	a	great	step	forward	and	eliminates	the	need	for	drying	before	sizing,	it	still	required	samples	to	be	extracted	from	the	granulator.
Techniques,	such	as	FBRM	and	particle	vision	and	measurement	(PVM®)	microscopy,	both	allow	real-time	direct	measurement	of	granule	size	without	sampling	or	extracting	product.	Figure	25.3	shows	the	FBRM	cutaway	view	of	the	probe	that	tracks	the	effect	of	changing	critical	process	conditions	and	quickly	detects	undersized	and	oversized
granule	distributions.	Another	direct	method,	image	analysis	has	successfully	monitored	the	change	in	granule	size	during	processing	[28,29].	For	systems	that	measure	only	particle	size,	other	critical	attributes	are	not	measured	and	may	need	to	be	verified	after	the	process	is	complete.	While	particle	size	does	not	tell	the	whole	story,	it	has	still	been
a	very	useful	quality	attribute	and	has	been	used	for	realtime	control	of	granulation	processes.	Watano	has	demonstrated	the	ability	to	control	the	process	of	fluid-bed	granulation	using	direct	particle	size	image	analysis	and	fuzzy	logic	combined	with	delay	terms	to	help	prevent	overgranulation	[30].	Reimers	et.	al.	implemented	a	closed-loop	feedback
control	system	by	measuring	real-time	particle	size	directly	with	spatial	filtering	tech	nique	[31].	In	the	absence	of	a	critical	attribute	measurement	system,	Hu	et	al.	incorporated	thermodynamic	models	of	wetting	and	evaporation	to	enable	moisture	prediction	prior	to	granu	lation	[32].	The	authors	illustrated	success	in	controlling	moisture	during
granulation	by	using	the	process	models	to	modulate	the	temperature	of	the	air	entering	and	fluidizing	the	granulation.	Successfully	implementing	a	modeling	framework	to	predict	moisture	indicates	that	fluidized-bed	granulation	has	become	well-understood,	and	a	generalized	control	framework	may	soon	become	available.	752	Pharmaceutical
Granulation	Technology	25.4	DENSE-PHASE	WET	GRANULATION	The	previous	section	illustrates	a	granulation	approach	where	the	air	is	used	to	convey	particles	in	a	vessel	and	random	collisions	of	wetted	ingredients	formed	agglomerates.	When	agglomeration	was	complete,	the	drying	phase	occurred	in	the	same	vessel.	This	section	focuses	on
granulation	technologies	where	mechanical	mixers	provide	particle	motion	to	form	wet	agglomerates	and	drying	is	often	completed	in	a	separate	operation.	This	section	continues	to	focus	on	measuring,	either	directly	or	indirectly,	critical	quality	attributes	that	are	required	to	guide	the	granulation	process	and	inform	end-point	decisions.	Dense-phase
wet	granulation	can	be	broken	into	four	subphases:	ingredient	loading	and	dry-mixing,	binder	addition,	wet	massing,	and	drying.	The	ideal	granulation	has	both	uniform	chemical	composition	and	desirable	physical	attributes	that	facilitate	processing,	and	each	phase	of	granulation	has	distinct	end-point	considerations.	The	end-point	of	both	chemical
and	physical	attributes	will	be	addressed	for	each	granulation	phase	in	the	following	sections.	The	process	of	high-shear	and	low-shear	wet	granulation	starts	by	dispensing	and	loading	dry	ingredients	into	the	mixing	vessel.	Active	pharmaceutical	ingredients	are	often	loaded	between	bulking	excipients.	Sandwich-style	loading	facilitates	the	mixing
process	by	minimizing	material	adherence	to	the	mixing	vessel.	The	dry	ingredients	are	mechanically	agitated	using	impellers	and/	or	choppers	until	the	end-point	of	dry-mixing	is	reached,	and	all	ingredients	are	acceptably	uni	form.	Ingredient	uniformity	can	be	assessed	by	directly	measuring	samples	offline	using	wet	chemistry	or	non-destructive
spectroscopy.	Instead	of	thief	sampling	for	offline	analysis,	some	investigators	have	used	indirect	measurement	online	tools	such	as	near-infrared	(NIR)	spectro	scopy,	Raman	spectroscopy,	and	hyperspectral	imaging	to	assess	blend	uniformity	during	the	drymixing	phase	of	granulation.	When	uniformity	end-point	is	achieved	at	this	stage,	there	is	less
risk	of	meeting	content	uniformity	requirements	of	the	final	drug	product.	The	second	phase	of	wet	granulation	consists	of	adding	a	liquid	binder	to	the	well-mixed	and	mechanically	agitated	dry	ingredients.	Dense-phase	wet	granulation,	just	like	fluid-bed	granulation,	uses	polymeric	binders	to	hold	granules	together.	Selecting	which	binder	to	use	has
become	a	wellunderstood	science,	and	many	publications	discuss	wettability,	spreading	coefficients,	viscosity,	and	desired	granule	strength	to	guide	binder	selection	[33,34].	Polymeric	binders	can	be	added	to	granulations	in	the	liquid	or	solid	state.	With	dry	binder	addition,	the	polymer	is	added	to	the	vessel	with	the	other	dry	ingredients,	and	water
or	other	solvent	is	added	to	activate	the	binder	by	hy	dration	or	solvation.	With	wet	binder	addition,	a	prehydrated	or	presolvated	binder	solution	is	prepared	and	sprayed	or	poured	onto	the	mechanically	mixed	ingredients.	Hapgood	et	al.	have	shown	that	the	rate	of	water	uptake	is	an	important	step	in	the	formation	of	granule	nuclei	[35].	The
formation	of	nuclei	can	be	directly	measured	offline	using	laser	diffraction	or	sieve	analysis	of	samples	taken	during	the	early	binder	addition	phase	[36,37].	After	nuclei	form,	binder	addition	continues	until	the	granules	have	grown	to	a	sufficiently	large	size	and	have	sufficient	binder	saturation	to	form	acceptably	strong	granules.	Most	traditional
measurements	to	determine	binder	requirements	aim	to	monitor	the	dynamic	transitions	between	physical	states	of	the	wet	mass	during	binder	addition.	Determining	the	optimal	quantity	of	binder	required	for	a	granulation	has	historically	been	completed	using	sensory	techniques	such	as	squeeze	tests,	and	hearing	increased	granulator	load	during
binder	addition.	Non-biased	techniques	to	determine	binder	quantity	have	been	sought	to	ensure	products	are	manufactured	reproducibly	while	minimizing	exposure	of	operators	to	drug	products.	Many	characterization	techniques	to	assess	binder	addition	and	the	resulting	granules	are	available	(Table	25.2).	Boots	Diosna	Probe,	impeller	torque,
power	consumption,	conductivity,	and	capacitance	are	online	and	indirect	measurements	that	describe	binder	addition	end-point	that	are	indirectly	related	to	the	particle	size	and	the	relative	degree	of	binder	saturation	within	granules.	Variations	mea	sured	by	power	consumption	and	torque	during	granulation	are	indirectly	attributed	to	the	evo-
lution	of	wet	agglomerate	strength	and	granule	size.	Despite	the	research	that	has	attempted	to	Advances	in	Process	Controls	and	End-Point	Determination	753	TABLE	25.2	Review	of	Various	Characterization	Techniques	Technique	Pros	Cons	Comment	Sieve	analysis	Simple	Must	dry	granules	A	feasible	method	to	find	Malvern	technique	Fast	The
offline	technique,	data	is	not	reliable	granulation	growth	rates	The	current	model	is	not	Lasentec	FBRM	Online	method	The	information	does	not	correlate	to	other	techniques.	The	new	prototype	will	be	Need	further	understanding	of	obtained	information	NIR	Online	method	Combined	particle	size	and	density	information	Information	is	currently	not
useful	for	distribution	Optical	Direct	method	Small	sample	size	Not	feasible	to	measure	the	entire	microscopy	Sympatec	Fast,	reliable	Offline	method	batch	A	feasible	method	to	find	appropriate	tested	method	granulation	growth	rates	Source:	From	David	Ely,	Carvajal’s	research	group.	Abbreviation:	NIR,	near-infrared.	predict	the	optimal	quantity	of
binder,	the	requirements	remain	empirically	determined	[38–40].	While	useful	information	is	gained	by	using	surrogate	transition	states	of	granulation,	recent	measurements	of	end-point	research	aim	to	directly	measure	granule	attributes	responsible	for	improved	downstream	functionality	including	particle	size	and	density.	Decoupling	the	signals
into	individual	critical	attributes	allows	for	better	understanding	and	provides	mechanisms	for	process	control	decisions.	In	addition	to	mesh	analysis	and	laser	scattering,	at-line	focused	beam	re	flectance	methods	have	been	useful	to	directly	measure	granule	growth	during	binder	addition.	Attempts	have	been	made	to	automate	the	real-time
diversion	of	material	during	granulation	to	enable	measurement	by	laser	diffraction	equipment	but	are	not	well	documented	in	the	open	lit	erature.	One	of	the	obstacles	to	enabling	the	automated	diversion	is	the	blocking	of	sampling	streams	due	to	adhesive	properties	of	the	wet	mass.	The	adhesive	nature	of	binder-soaked	material	has	also	limited
the	implementation	of	laser	backscattering	techniques	[41].	One	of	the	hurdles	to	monitoring	wet	granulations	is	the	fouling	of	probes,	and	several	recent	efforts	have	tried	to	address	this	issue.	Figure	25.4	shows	the	results	of	various	levels	of	moisture	addition	in	a	highshear	mixer,	and	the	resulting	particle	size	increases	due	to	different	water
addition	and	different	massing	time	measured	by	Lasentec	FBRM	and	PVM.	Material	adherence	to	the	probe	has	been	reported	as	a	drawback	to	this	probe	technology.	To	mitigate	material	adherence	to	a	probe,	an	FBRM	with	an	integrated	wiper	became	commercially	available	and	was	applied	to	directly	measure	granule	growth	during	wet
granulation	[42,43].	This	same	style	of	FBRM	with	wiping	technology	has	been	used	to	monitor	binder	addition	during	granulation	and	found	success	as	a	real-time	end-point	technique	[44–46].	Granule	density	is	most	often	measured	offline	using	mercury	intrusion	porosimetry	(MIP)	[11,47].	Measurements	of	torque	have	been	correlated	to	particle
size	and	density.	Recently	a	direct	strain	probe	technique	has	shown	promise	[48–52].	This	optical-based	sensor	measures	probe	deflection	and	has	been	correlated	with	the	density	and	kinetic	energy	of	the	granules.	This	new	measurement	shows	promise	to	determine	wet	mass	transition	states	of	binder	addition	directly	at	the	individual	granule
level.	A	final	critical	attribute	that	affects	the	downstream	process	and	product	improvement	is	binder	uniformity.	Proper	selection	of	binder,	optimum	spray	flux,	and	consistent	granule	growth	754	Pharmaceutical	Granulation	Technology	FIGURE	25.4	Three	levels	of	moisture	addition	and	massing	times	with	the	resultant	granule	growth	measured
by	Lasentec	FBRM®	and	PVM®.	Source:	Courtesy	of	Mettler	Toledo	Autochem,	Inc.	should	translate	into	uniform	binder	distribution	throughout	the	granulation.	To	check	for	homogeneity,	binder	uniformity	has	been	directly	measured	offline	with	PVP	extraction	and	loss	on	drying	as	well	as	indirectly	online	using	spectroscopy	[36,53,54].	After	the
binder	addition	phase	is	complete,	mechanical	agitation	of	the	wet	mass	continues	for	a	period	of	time.	The	wet	massing	phase	of	wet	granulation	helps	further	distribute	the	liquid	binder,	consolidate	granules,	and	form	final	granule	size	and	shape.	As	was	true	during	binder	addition,	sensory	techniques	have	traditionally	been	used	to	determine
granulation	progress	in	the	wet	massing	phase.	Arising	from	the	experienced-based	squeeze	test	are	the	technologies	of	direct	probe	strain	[55]	and	indirect	vibration	analysis	[56,57]	that	have	provided	indirect	measures	of	particle	size,	density,	and	liquid	saturation.	To	displace	hearing	the	granulator,	torque,	power	consumption,	and	direct	impeller
torque	have	been	tested	simultaneously	to	test	the	predictive	capability	of	a	low-shear	wet	granulation	to	indirectly	assess	subsequent	tablet	manufacture	[58].	More	recently,	indirect	methods	using	passive	acoustic	technology	have	been	successful	in	de	termining	granulation	end-point	with	respect	to	particle	size	and	granules	properties	[59–63].	In
general,	particle	size	and	density	remain	the	primary	critical	attributes	to	determine	the	end-point	of	wet	massing.	As	such,	the	same	measurements	used	to	assess	binder	addition	are	applied	to	understand	and	ultimately	control	wet	massing.	Figure	25.5	illustrates	a	correlation	that	was	found	between	the	wet	mass	consistency	measured	during
granulation	and	the	relative	flow	of	the	granulation	[64].	This	very	important	publication	by	Faure	et	al.	demonstrates	that	it	is	possible	to	draw	corre	lations	between	wet	mass	properties	and	dry	granulation	behavior.	The	authors	took	it	a	step	further	and	described	the	ability	of	the	granules	to	maintain	their	attributes	during	downstream	processing
by	introducing	the	friability	test.	Granules	having	low	friability	are	able	to	withstand	processing	and	thereby	enable	correlation	between	wet	and	dry	granulation	attributes.	In	Figure	25.6,	the	relative	friability	of	granulations	is	reported	for	granulations	in	which	the	wet	Advances	in	Process	Controls	and	End-Point	Determination	755	FIGURE	25.5
Hausner	ratio	determined	for	granulations	in	which	the	wet	mass	was	characterized	in	terms	of	wet	mass	consistency.	Source:	From	Ref.	64.	FIGURE	25.6	Friability	determined	for	granulations	in	which	the	wet	mass	was	characterized	in	terms	of	wet	mass	consistency.	Source:	From	Ref.	64.	mass	was	characterized	prior	to	drying	[64].	This	key	wear-
resistance	attribute	assures	that	the	desired	level	of	flow	will	be	maintained	until	the	final	product	is	manufactured.	Now	that	critical	attributes	have	been	formed	through	dry-mixing,	binder	addition,	and	wet	massing,	the	final	phase	of	wet	granulation	is	to	remove	the	excess	binding	liquid	by	drying.	There	are	many	drying	options	available	including
fluidized-bed	drying,	tray	drying,	and	microwave	drying.	The	end-point	of	drying	has	been	reached	with	the	moisture	or	solvent	that	has	reached	a	low	and	acceptable	level.	The	moisture	level	is	often	monitored	by	a	combination	of	bed	756	Pharmaceutical	Granulation	Technology	temperature	and	direct	measurement	of	moisture	content	using	the
loss-on-drying	(LOD)	technique	from	samples	taken	from	the	fluidized-bed	dryer.	In	a	quasi-continuous	process,	over-dry	granules	have	been	produced	during	start-up.	It	was	found	that	the	over-dry	granules	were	a	result	of	the	large	heat	sink	before	steady-state,	evaporative-cooling	operation	[65].	To	negate	over-drying,	approaches	have	been
established	where	the	temperature	has	been	controlled	to	ramp	the	tem 	perature	to	not	over-dry	the	first	portion	of	the	continuous	manufacturing	drying	system.	It	is	also	common	to	develop	real-time	NIR	moisture	models	to	constantly	measure	drying	progress.	This	trend	is	especially	important	to	embrace	as	continuous	wet	granulation	production
lines	strive	to	reduce	operator	intervention	by	manual	sampling	and	offline	loss-on-drying	analysis.	With	the	entire	process	complete,	and	desired	physical	attributes	confirmed,	the	final	granu	lation	is	often	tested	for	chemical	homogeneity.	Assessment	of	chemical	composition	can	be	evaluated	by	fractionating	the	granulation	by	sieve	analysis	and
measuring	the	chemical	compo	sition	within	each	size	fraction.	Analysis	of	sieve	fractions	is	possible	by	direct	testing	using	wet	chemistry	or	by	indirect	spectroscopic	means	and	is	used	to	contextualize	the	risk	to	blend	uni	formity	should	any	segregation	occur	during	processing.	25.5	TWIN-SCREW	WET	GRANULATION	Continuous	twin-screw	wet
granulation	(TSG)	is	well	established	in	food,	detergent,	and	polymer	industries	[66].	Its	adoption	is	owed	to	its	potential	to	improve	process	efficiency	through	con	tinuous	processing.	TSG	is	gaining	interest	in	the	pharmaceutical	industry	since	first	patented	and	introduced	in	2002	[67].	The	small	footprint,	robust	equipment	assembly,	and	potential
for	closedloop	control	are	aligned	with	quality-by-design	(QbD)	and	process	analytical	technology	(PAT)	concepts	introduced	by	the	FDA	[68].	TSG	is	a	process	where	a	well-mixed	blend	is	fed	through	dual	co-rotating	screws	that	are	confined	within	barrels.	Segments	along	the	length	of	the	screws	perform	conveying,	kneading,	and	back-mixing
functions.	As	the	blend	moves	through	the	screws,	and	the	various	elements,	an	aqueous	or	solvent	liquid	binder	is	introduced	into	the	blend.	The	wetted	blend	experiences	shear	forces	and	back-mixing	in	the	kneading	zone	where	the	binder	is	uniformly	mixed	to	form	granules.	Upon	exiting	the	barrels,	the	granulation	is	often	discharged	directly	into
a	heated	fluidized	bed	where	excess	moisture	is	removed.	The	effect	of	the	process	variables	on	granule	properties	and	subsequent	downstream	behavior	has	been	studied	over	the	years	[68–72].	The	three	main	research	areas	include:	1.	Equipment	which	includes:	screw	configuration,	conveying	elements,	kneading	elements,	cross-sectional	area,
length	to	diameter	(L/D)	ratio;	2.	Operation	variables	such	as	liquid	to	solid	(L/S)	ratio,	material	properties	(excipient	and	binder	formulation),	screw	and	material	feed	speed	rates;	3.	Process	outcomes	and	product	quality	that	incorporate	mixing	and	residence	time	distribu	tion	(RTD),	granule	particle	size	distribution,	torque,	granule	porosity/density,
and	final	tablet	properties.	Research	has	been	undertaken	on	the	characterization	for	equipment	geometry,	operation	variables	and	product	quality/outcomes	[69–71,73,74],	or	the	lack	thereof	in	the	case	of	formulation	and	materials	[72,73,75,75,76].	The	same	critical	attributes,	particle	size,	density,	shape,	and	flow,	that	were	important	to
fluidizedbed	and	dense-phase	granulation	are	important	to	measure	and	control	in	TSG.	Particle	size	is	often	measured	by	offline	and	direct	techniques	with	relatively	few	successful	examples	of	online	measurements.	Near-infrared	spectra,	which	were	previously	correlated	to	offline	particle	size,	were	able	to	measure	particle	size	in	real-time	[77].
Image	analysis	has	directly	measured	particle	size	and	has	been	implemented	in	closed-loop	control	of	particle	size	for	TSG	[78].	Other	imaging	systems,	including	EyeCon,	have	been	successfully	used	to	measure	particle	size	during	TSG	[79].	Advances	in	Process	Controls	and	End-Point	Determination	757	To	measure	moisture	content,	researchers
have	qualified	the	use	of	an	inline	torque	method	that	measured	the	energy	uptake	of	the	system	[80].	In	the	Consigma-25,	NIR,	Raman,	and	photometric	imaging	were	shown	to	correlate	to	quality	attributes	of	granule	moisture	content,	tapped	and	bulk	density,	and	flowability	[81].	The	drying	process	after	extrusion	is	also	very	amenable	to	moisture
measurement	by	indirect	means	of	NIR	spectroscopy	[82].	Material	traceability	is	used	to	evaluate	the	residence	time	during	wetting,	kneading,	and	densification.	Many	times	spectroscopy	can	be	used	to	monitor	tracer	studies	that	are	required	for	RTD	parameterization.	Successful	examples	of	traceability	with	positron	emission	particle	tracking
(PEPT)	experiments	have	allowed	the	visualization	of	powder	flow	in	high-shear	granulators	and	residence	time	distribution	(RTD)	measurement	of	twin-screw	granulators	[83].	Material	flow	tracking	and	better	links	between	the	granulation	process	and	final	quality	attributes	have	been	enabled	by	modeling	and	control	systems	[84].	Once	the	desired
screw	configuration	is	established,	TSG	has	few	levers	to	control,	increase,	or	decrease	the	powder	feed	rate,	slow	down	or	speed	up	the	screws,	and	add	more	or	less	binder	to	increase	or	decrease	the	liquid	to	solid	ratio	[74,85].	A	digital	tool	called	flowsheet	modeling	has	formed	the	modeling	framework	that	connects	material	attributes,	equipment
parameters,	and	downstream	performance	of	continuous	operations	[86].	Automation	has	also	enabled	the	rapid	development	of	mechanistic	and	model-based	analysis	for	TSG	[87].	By	combining	the	flowsheet	modeling	framework	with	automated	recipe	execution,	the	framework-guided	experiments	can	quantitatively	inform	the	modeling
relationships	very	quickly,	sometimes	in	a	matter	of	hours.	In	situations	where	model-based	control	is	required,	techniques	using	advanced	process	control	have	been	established	[88].	Eventually,	these	frameworks	might	be	so	well	understood	that	they	form	the	basis	of	control	strategies	or	become	a	useful	digital	twin	that	informs	major	effects	on
critical	attributes	through	sensitivity	analysis.	25.6	EMERGING	APPROACHES	25.6.1	SURFACE	CHEMISTRY	AND	ENERGETICS	IN	GRANULATION	The	next	level	of	understanding	fluid-bed,	dense-phase,	and	TSG	involves	understanding	the	thermodynamics,	kinetics,	and	physics	of	the	concurrent	processes	occurring	during	granulation.	It	is	known
in	wet	granulation	that	the	wettability	of	granular	solids	such	as	pharmaceutical	materials	depends	on	particle	inherent	chemistry	and	physical	properties	such	as	particle	morphology	(size	distribution,	shape,	and	surface	roughness),	binder	addition	(spray	flux),	composition,	and	spreading	of	the	liquid	in	the	bed	powder	[89–91].	The	study	of	these
characteristics	helps	to	predict	the	behavior	of	the	material	between	granulation	and	compression.	More	recently,	the	surface	chemistry	of	materials	has	slowly	gained	interest	as	an	important	attribute	that	affects	the	performance	of	various	unit	operations	(milling,	granulation,	spray-drying,	or	freeze-drying)	during	manufacture	[92–94].	The	surface
chemistry	characterization	has	proven	to	help	in	the	understanding	of	powder	behavior,	physical	performance	(flowability,	water	repellency),	and	stability	of	the	materials	that	were	subjected	to	secondary	processing	[94,95].	Studies	on	the	powder	surface	chemistry	and	its	effect	on	particle	cohesion-adhesion	and	wettability	of	powders	are
anticipated	to	play	an	important	role	during	its	use	in	producing	ag	glomerates	for	formulations	during	new	product	development.	The	comprehensive	characterization	of	powder	surface	properties	is	necessary	to	facilitate	the	manufacture	of	granules	by	adding	appropriate	binder	solutions	and	for	controllable	critical	attributes.	The	surface
characterization	can	analytically	be	obtained	for	surface	energetics	via	inverse	gas	chromatography	(iGC)	mea	surements	[96–98]	and	surface	composition	via	X-ray	Photoelectron	Spectroscopy	(XPS)	or	electron	spectroscopy	for	chemical	analysis	(ESCA)	measurements	[94,99].	With	complete	un	derstanding,	empirically	driven	screening	studies	to
perform	binder	selection	and	binder	quantity	could	become	obsolete.	758	25.6.2	MEASUREMENTS	Pharmaceutical	Granulation	Technology	AND	CONTROLS	Despite	the	excellent	benefits	provided	by	end-point	determination	and	process	control,	there	are	common	roadblocks	to	technology	adoption	routinely	encountered.	Investment	of	PAT	for	drug
product	manufacturing	can	be	difficult	for	pharmaceutical	companies	due	to	the	lack	of	com 	mercially	available	“PAT-Ready”	equipment.	Although	there	are	a	few	equipment	vendors	that	allow	for	easy	integration,	for	the	vast	majority	of	equipment,	a	PAT-focused	team	must	develop	a	bespoke	system	and	integrate	it	into	the	equipment.	This	includes
mechanical	interfacing,	assur	ance	of	equipment	integrity,	assurance	of	intrinsic	safety,	having	complete	confidence	in	the	in	formation	being	collected,	and	maintaining	the	data	that	must	be	reported	in	the	batch	record.	Connections	between	the	bespoke	system	and	the	equipment	controls	must	also	be	completed	and	maintained.	Too	often,	this
scenario	is	viewed	as	too	much	of	an	investment	of	time	and	resources.	There	are	a	few	commercially	available	options	for	directly	measuring	granule	attributes.	Examples	include	fluid-bed	drying	equipment	that	can	be	delivered	with	PAT	ports	for	NIR	and	microwave	sensing	technologies.	The	introduction	of	continuous	manufacturing	has	increased
the	adoption	rate	of	direct	and	indirect	methods	to	monitor	and	control	the	critical	attributes.	These	methods	have	taken	the	form	of	soft	sensors	and	traditional	PAT	measurement	methods.	The	exponential	growth	of	sensors	has	enabled	many	projects	under	the	broad	Industrial	Internet	of	Things	(IIoT)	umbrella.	Not	only	are	there	more	sensors
available,	but	they	are	available	in	smaller	form	factors	and	with	higher	re	producibility.	With	time,	these	highly	capable	and	robust	sensors	might	be	integrated	by	phar	maceutical	equipment	manufacturers.	Autonomous	systems	have	emerged	in	many	fields	such	as	robotics	and	automobiles.	Faster	development,	faster	and	more	robust	systems,	and
better	yields	are	exceptional	value	propositions	for	the	adoption	of	autonomous	continuous	processing	systems.	Now	that	meaningful	pharma	ceutical	frameworks	exist	and	there	is	technology	available	to	measure	critical	attributes,	the	final	level	of	sophistication	is	to	measure	the	quality	attributes	and	then	control	the	quality	attributes	by	a	closed
feedback	loop	with	automated	decision-making.	With	this	significant	migration,	there	will	be	an	emphasis	placed	on	reducing	operator	exposure	and	improving	the	overall	process	robustness	with	remote	operation.	The	same	infrastructure	also	allows	the	removal	of	non-conforming	ma	terials	from	the	process	line	during	planned	process	deviations	in
the	case	of	startup	and	shutdown	and	unplanned	deviations	of	unknown	origin.	These	new	technologies,	coupled	with	emerging	telepresence	technologies,	will	continue	to	reveal	a	deeper	understanding	of	granulation	and	guide	formulation	and	process	decisions	using	the	science-based	approach	with	the	goal	of	having	un	supervised	control	loops.
Ultimately,	these	technologies	could	become	useful	to	increase	trans	parency	between	stakeholders	including	regulatory	agencies.	With	the	adoption	of	these	technologies,	there	is	hope	for	continued	compliance	assurance	between	audits	and	potential	frameworks	that	continually	track	the	risk	of	drug	shortages	[100,101].	REFERENCES	1.	Bauer,	J.,
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References......................................................................................................................................	798	765	766	Pharmaceutical	Granulation	Technology	26.1	INTRODUCTION	Artificial	intelligence	(AI)	can	be	defined	as	the	attempt	to	make	machines	achieve	human-like	capabilities,	such	as	seeing,	hearing,	and	thinking.	Expert	Systems	(ES)	are	a	subset
of	AI	projects	that	attempt	to	achieve	expert-level	results	in	solving	tough	problems.	The	idea	of	inanimate	objects	coming	to	life	as	intelligent	beings	has	been	around	for	a	long	time.	The	ancient	Greeks	had	myths	about	robots,	and	Chinese	and	Egyptian	engineers	built	au	tomatons.	The	beginnings	of	modern	AI	can	be	traced	to	classical
philosophers'	attempts	to	de	scribe	human	thinking	as	a	symbolic	system	[1].	But	the	field	of	AI	wasn't	formally	founded	until	a	summer	conference	which	was	formally	proposed	by	McCarthy	et	al.	[2].	Their	proposal	stated:	“We	propose	that	a	2-month,	10-man	study	of	artificial	intelligence	be	carried	out	during	the	summer	of	1956	at	Dartmouth
College	in	Hanover,	New	Hampshire.	The	study	is	to	proceed	on	the	basis	of	the	conjecture	that	every	aspect	of	learning	or	any	other	feature	of	intelligence	can	in	principle	be	so	precisely	described	that	a	machine	can	be	made	to	simulate	it”	marks	the	debut	of	the	term	“artificial	intelligence”	(AI).	But	achieving	an	artificially	intelligent	being	wasn’t
so	simple.	After	several	reports	criticizing	progress	in	AI,	government	funding	and	interest	in	the	field	dropped	off	–	a	period	from	1974	to	1980	that	became	known	as	the	“AI	winter.”	The	field	later	revived	in	the	1980s	when	the	British	government	started	funding	it	again	in	part	to	compete	with	efforts	by	the	Japanese.	The	field	experienced	another
major	winter	from	1987	to	1993,	coinciding	with	the	collapse	of	the	market	for	some	of	the	early	general-purpose	computers,	and	reduced	government	funding.	But	research	began	to	pick	up	again	after	that,	and	in	1997,	IBM’s	Deep	Blue	became	the	first	computer	to	beat	a	chess	champion	when	it	defeated	Russian	grandmaster	Garry	Kasparov.	And
in	2011,	the	computer	giant's	question-answering	system	Watson	won	the	quiz	show	“Jeopardy!”	by	beating	reigning	champions	Brad	Rutter	and	Ken	Jennings	[1,3].	The	history	of	ESs	has	played	an	integral	part	in	the	development	of	its	structure	and	com 	ponents.	ESs	did	not	begin	as	a	known	program	with	defined	components	and	relationships.
Instead,	ES	was	preceded	by	the	general	development	of	AI.	ESs	have	been	defined	in	various	ways,	but	all	the	definitions	share	a	common	thread,	suggesting	that	ESs	are	artificial	means	to	emulate	how	human	(domain)	experts	solve	problems.	A	definition	of	such	systems	that	may	be	appropriate	for	the	applications	in	pharmaceutical	science	would
be	“ES	is	a	computer	program	capable	of	making	recommendations,	decisions	or	predictions	based	on	knowledge	gathered	from	the	experts	and/or	experimental	data	obtained	in	the	field”	[4].	Experts,	or	in	other	words	domain	experts,	can	solve	difficult	problems,	explain	the	result,	learn,	restructure	knowledge,	and	determine	relevance,	and	they
know	what	they	don’t	know.	So,	a	domain	expert	can	be	defined	as	a	person	who	possesses	the	skill	and	knowledge	to	solve	a	specific	problem	in	a	manner	superior	to	others.	The	human	experts	are	not	100%	reliable	in	different	domains,	which	can	be	taken	into	consideration	as	the	advantages	and	benefits	of	all	accomplished	things,	but	they	may
disagree	with	each	other	or	forget	to	take	into	account	a	crucial	parameter	before	making	a	decision.	A	human	expert	can	have	unsurpassed	knowledge	in	the	field	and	can	gain	as	much	knowledge	as	possible	but	be	hopeless	explaining	that	to	someone	else.	ESs	mimic	the	first	–	the	ability	to	solve	problems	–	most	successfully.	Most	systems	also	are
able	to	explain	themselves	by	backtracking	through	the	logic	used	to	arrive	at	a	question	or	conclusion,	and	some	ESs	have	rudimentary	learning	capabilities	as	well.	In	addition	to	the	characteristics	of	expert	performance,	an	ES	should	be	able	to	provide	a	high-level	explanation	of	its	results.	Not	only	should	the	system	obtain	the	performance	of	a
domain	expert,	but	it	should	also	explain	results	like	the	human	expert.	This	necessarily	implies	a	sequence	of	rea	soning	similar	to	that	of	the	human	expert	whose	expertise	is	being	modeled.	Thus,	this	would	exclude	most	purely	statistical	models,	mathematical	simulations,	and	numerical	approximation	methods.	Artificial	Intelligence	and	Expert
Systems	767	Functional	areas	of	ESs	include,	but	are	not	limited	to,	control,	design,	diagnosis,	instruction,	interpretation,	monitoring,	planning,	prediction,	prescriptions,	selection,	and	simulation.	ESs	are	being	used	in	many	disciplines	such	as	agriculture,	business,	chemistry,	communications,	com 	puters,	education,	electronics,	engineering,
environment,	geology,	image,	information,	law,	man	ufacturing,	mathematics,	medicine,	meteorology,	military,	science,	space,	and	transformations.	The	literature	reported	less	than	50	ESs	in	use	in	1985;	this	number	increased	to	more	than	12,000	in	about	seven	years	[5].	According	to	AI	Index	2018	Annual	Report,	the	number	of	AI/ES-related
publications	increased	from	about	1000	per	year	to	about	50,000	within	the	last	two	decades	[6].	The	pharmaceutical	industry	has	entered	the	21st	century,	a	new	era	that	will	be	far	more	scientific,	technological,	and	sophisticated	than	anyone	would	have	imagined	just	a	quarter	of	a	century	ago	when	it	was	still	a	tradition	to	develop	formulation	and
processes	mostly	based	on	the	trial-and-error	method.	However,	nowadays,	the	awareness	of	and	the	use	of	AI-based	ESs	[such	as	rule-based	systems,	fuzzy	logic,	genetic	algorithm	(GA),	artificial	neural	networks	(ANNs),	simulations,	etc.]	in	the	areas	of	preformulation,	formulations	and	process	development,	regulatory	affairs,	new	drug	delivery
system	development,	project	management,	and	all	other	areas	of	pharmaceutical	science	seem	to	be	slowly	growing	[4,7].	Even	though	problems	faced	in	the	pharmaceutical	industry	are	not	necessarily	more	complicated	than	some	of	the	problems	encountered	in	the	area	of	non-pharmaceutical	fields,	the	number	of	ESs	used	in	pharmaceutical
science	is	still	negligibly	low	despite	the	recent	slow	increases.	One	of	the	reasons	for	the	insignificant	use	of	ESs	in	pharmaceutical	applications	is	the	challenge	facing	ES	developers	in	terms	of	their	verification	and	validation	(V&V)	processes,	in	part	because	of	the	FDA’s	interest	in	the	V&V	of	all	types	of	software.	However,	the	main	reason	is	that
pharma	ceutical	scientists	prefer	to	use	well-established	concepts.	Many	in	the	industry	will	let	somebody	else	try	a	new	concept	first,	and	if	it	works,	then	join	the	crowd.	It	is	a	safe	approach	to	use	an	established	system,	but	it	does	not	provide	us	with	the	immediate	benefits	of	being	on	the	technological	edge.	On	the	other	hand,	it	is	always	risky	to
try	a	new	concept,	even	though	the	outcome	may	prove	to	be	rewarding	for	both	the	scientist(s)	and	the	company	[4].	The	future	success	in	all	areas	of	pharmaceutical	science	will	depend	entirely	on	how	fast	pharmaceutical	scientists	will	adapt	to	the	rapidly	changing	technologies	(such	as	shifting	toward	continuous	manufacturing	and
implementation	of	new	industry	4.0-based	manufacturing	concepts	in	Pharma	4.0™	which	requires	alignment	of	expectations,	interpretation,	and	definitions	with	the	pharmaceutical	regulation)	and	more	strict	regulatory	requirements	[such	as	FDA’s	quality-bydesign	(QbD)/process	analytical	technology	(PAT)	initiative	which	requires	an
understanding	and	control	the	manufacturing	process	to	demonstrate	that	quality	was	not	tested	into	the	product	but	was	built	in	or	by	design].	AI	applications	and	ESs	will	inevitably	be	the	major	contributors	to	the	future	success	or	even	survival	of	many	companies	in	the	pharmaceutical	industry.	26.2	BUILDING	AN	EXPERT	SYSTEM	In	the
introduction,	the	definition	of	an	ES	appropriate	for	pharmaceutical	science	was	made	as	a	computer	program	capable	of	making	recommendations,	decisions,	or	predictions	based	on	knowledge	gathered	from	the	experts	and/or	experimental	data	obtained	in	the	field	[4].	In	order	to	build	an	ES,	first,	a	development	team	(task	force)	should	be
formed.	Three	vital	members	of	this	task	force,	as	shown	in	Figure	26.1,	are	(i)	domain	expert(s),	(ii)	knowledge	engineer(s),	and	(iii)	user(s).	To	build	an	ES	successfully,	the	full	participation	of	all	three	con	tributors	is	essential.	Let’s	elaborate	on	this	by	explaining	its	contributors	and	components	and	briefly.	26.2.1	WHO	IS	A	DOMAIN	EXPERT?	A
domain	expert	possesses	the	knowledge	and	skill	to	solve	a	specific	problem	in	a	manner	superior	to	the	others.	There	may	be	a	need	for	more	than	one	domain	expert	depending	on	the	768	Pharmaceutical	Granulation	Technology	FIGURE	26.1	ment	team.	Three	essential	members	of	an	ES	develop	specific	problem	to	be	addressed	in	the	ES.	The
domain	experts	are	expected	to	have	expert	knowledge	and	efficient	problem-solving	skills,	and	they	should	be	able	to	communicate	the	re	levant	knowledge	consistently	and	completely	to	the	knowledge	engineer.	Also,	the	domain	ex	perts	should	be	able	to	devote	time	and	should	not	be	hostile	to	the	ES.	An	ES	with	irrelevant,	incomplete,	or
inconsistent	knowledge	is	bound	to	prove	the	junk-in	junk-out	principle.	26.2.2	WHO	IS	A	KNOWLEDGE	ENGINEER?	The	knowledge	engineer	transforms	the	expert’s	highly	specialized	knowledge	to	the	knowledgebased	component	of	an	AI-based	program.	This	person	has	a	dual	task;	therefore,	in	addition	to	having	the	knowledge	engineering	and	ES
programming	skills	to	match	the	problem	to	the	ap	propriate	software,	the	knowledge	engineer	should	have	good	communication	skills	to	be	able	to	elicit	knowledge	from	the	expert,	gradually	gaining	an	understanding	of	an	area	of	expertise.	Intelligence,	tact,	empathy,	and	proficiency	in	specific	techniques	of	knowledge	acquisition	are	all	required	of
a	knowledge	engineer.	Knowledge-acquisition	techniques	include	conducting	inter	views	with	varying	degrees	of	structure,	protocol	analysis,	observation	of	experts	at	work,	and	analysis	of	cases.	On	the	other	hand,	the	knowledge	engineer	must	also	select	a	tool	appropriate	for	the	project	and	use	it	to	represent	the	knowledge	with	the	application	of
the	knowledge	acquisition	facility.	26.2.3	WHO	IS	THE	END-USER?	As	the	name	suggests,	the	end-users	are	the	people	who	will	run	the	ES	to	perform	the	tasks.	They	can	also	help	define	the	interface	specifications	and	can	aid	in	knowledge	acquisition.	26.2.3.1	Why	Build	an	Expert	System?	In	general,	the	reasons	for	the	development	of	an	ES	can
be	listed	as	follows,	although	every	company	may	have	different	motivations:	Improved	Productivity:	The	system	is	expected	to	be	capable	of	improving	the	quality	of	decisions,	to	reduce	the	time	to	reach	a	decision,	and/or	to	provide	expertise	to	locations	within	the	organization	where	this	capability	is	lacking.	Reduced	Costs	of	Product	Development:
The	system	is	expected	to	improve	the	use	of	materials	during	manufacturing	and/or	to	reduce	labor	costs	by	allowing	a	time-consuming	task	to	be	completed	quickly	or	act	in	place	of	a	highly	paid	expert.	Improved	Quality:	The	system	is	expected	to	improve	the	quality	of	the	final	product	or	the	services	supplied	by	the	organization	and/or	to	provide
training	to	personnel	that	improves	their	work	activities.	Improved	Image:	The	system	is	expected	to	improve	the	organization’s	image	as	a	leader	and	innovator.	Artificial	Intelligence	and	Expert	Systems	769	Justification	of	Decision:	The	system	is	expected	to	provide	a	step-by-step	explanation	and/or	justi	fication	for	all	advises	it	gives.	Training	of
Newcomers:	The	system	is	expected	to	be	used	in	the	training	of	the	newcomers	without	compromising	their	productivity.	ESs	result	in	a	faster	learning	curve	for	novices.	Assisting	an	Expert:	The	system	is	expected	to	assist	an	expert	to	improve	productivity	in	some	routine	tasks,	to	manage	the	complex	projects	effectively,	to	access	information	that
is	difficult	to	recall,	and	to	free	the	expert’s	time	to	be	used	in	other	tasks.	Replacement	of	an	Expert:	The	system	is	expected	to	make	the	expertise	available	anywhere/anytime,	even	in	a	hostile	environment,	or	in	the	absence	of	the	expert	due	to	illness,	resignation,	or	retirement.	Corporate	Memory:	ESs	can	become	a	vehicle	for	building	up
organizational	knowledge,	as	opposed	to	the	knowledge	of	individuals	in	the	organization.	The	above-given	list	also	explains	the	advantages	of	the	ESs	over	human	experts.	The	advantages	of	the	ESs	are	related	to	knowledge,	decisions,	safety,	and	cost.	The	knowledge	of	an	ES	is	permanent	and	easy	to	transfer,	while	the	human	expert’s	knowledge	is
perishable	and	difficult	to	transfer	from	one	worker	to	another.	The	decisions	made	by	human	experts	can	be	unpredictable	and	difficult	to	document.	In	contrast,	the	ES	decision	process	is	consistent	and	easy	to	document.	In	an	unsafe	or	hostile	environment,	an	ES	is	replaceable,	while	the	human	expert	is	definitely	irreplaceable.	When	cost	is	an
issue,	the	ES	services	are	often	more	affordable	than	those	of	the	human	expert.	When	compared	with	human	experts,	ESs	have	the	following	advantages:	An	ES’s	knowledge	is	permanent	and	can	be	easily	transferrable.	The	decision	process	is	fast	and	consistent,	therefore	predictable,	and	it	is	easily	documented.	Despite	these	advantages,	ESs	are
not	intended	to	take	the	place	of	formulation	scientists.	They	must	be	considered	as	vital	tools	to	be	used	by	formulators	for	the	rapid,	cost-effective,	and	scientifically	sound	development	of	a	dosage	form	as	well	as	useful	for	training	inexperienced	scientists.	However,	there	are	some	factors	that	favor	the	human	expert	as	opposed	to	an	ES.	These
factors	are	much	more	difficult	to	quantify	but	can	often	be	important	to	a	project.	A	human	expert	is	creative	and	adaptive	and	uses	sensory	experiences.	The	computer	ES	is	uninspired,	needs	to	be	directed,	and	uses	only	symbolic	input.	A	human	expert	has	a	broad	focus	and	may	be	able	to	use	knowledge	from	another	field	or	experience	to	aid	in
problem-solving,	whereas	an	ES	has	a	narrow	focus	constrained	to	the	domain	knowledge.	Lastly,	the	human	expert	can	use	common	sense	knowledge,	while	the	ES	can	only	use	technical	knowledge.	26.2.3.2	Phases	of	an	Expert	System	Development	Process	Many	articles	and	textbooks	are	addressing	the	strategies	and/or	tools	employed	in	building
ESs	indepth	[5,8–11].	A	typical	ES	development	process	is	schematically	shown	in	Figure	26.2,	and	the	following	should	be	considered	only	as	a	general	overview	of	the	phases	involved	in	the	devel	opment	of	an	ES.	FIGURE	26.2	A	typical	ES	development	process.	770	Pharmaceutical	Granulation	Technology	26.2.4	FEASIBILITY	STUDY	A	project	team
assesses	whether	an	ES	can	or	should	be	developed	for	a	specific	problem	or	project.	The	team	evaluates	the	motivation	for	the	development	of	the	ES	in	terms	of	improving	productivity,	quality,	and	image	as	well	as	cost	reduction.	The	team	must	also	consider	the	problem	and	the	people-related	feasibility	issues	very	carefully.	Some	of	the	important
questions	that	must	be	answered	positively	are	as	follows:	Is	the	problem	solvable?	Are	the	problem-solving	steps	definable?	Is	the	problem	stable	and	well-focused	and	its	complexity	reasonable?	Does	the	task	not	require	common	sense?	Does	the	task	require	only	cognitive	skills?	Can	experts	articulate	their	methods?	Do	genuine	experts	exist?	Do
the	experts	agree	on	solutions?	Is	the	task	reasonably	manageable?	Is	the	task	clearly	understood?	Is	the	management	supportive	of	the	project,	receptive	to	change,	and	not	skeptical,	and	does	it	have	reasonable	expectations?	If	all	the	answers	to	these	questions	are	in	the	affirmative,	then	the	next	step	is	to	justify	the	ES	development	by	considering
the	following:	Task	solution	has	a	high	payoff	Human	expertise	being	lost	Human	expertise	scarce	Expertise	needed	in	many	locations	Expertise	needed	in	a	hostile	environment	After	the	ES	development	is	justified,	ES	Task	Force	should	continue	to	evaluate	the	other	problem	–	the	deployment-related	issues	concerning	the	development	of	the	ES	for
that	particular	problem	or	project.	If	and	when	a	decision	is	made	in	favor	of	the	development	of	the	ES,	the	project	team	defines	the	features	and	specifications	of	each	component	of	the	ES	and	develops	flow	charts	for	each	specific	problem.	26.2.5	CONCEPTUALIZATION	AND	ACQUISITION	OF	THE	KNOWLEDGE	The	next	phase	of	ES
development,	conceptualization,	involves	designing	the	proposed	program	to	ensure	that	specific	interactions	and	relationships	in	the	problem	domain	are	understood	and	de	fined.	The	key	concepts,	relationships	between	objects	and	processes,	and	control	mechanisms	are	determined.	This	is	the	initial	stage	of	knowledge	acquisition.	It	involves	the
specific	character	ization	of	the	situation	and	determines	the	expertise	needed	for	the	solution	of	the	problem.	The	following	questions	may	be	used	by	the	knowledge	engineer	to	help	understand	what	the	expert	does	and	what	the	expectations	from	the	ES	would	be	[9,12]:	Who	are	the	experts	to	work	with?	Exactly	what	decisions	does	the	expert
make?	Who	are	the	prospective	users	of	the	expert	system?	What	are	the	decision	outcomes?	Which	outcomes	require	greater	reflection,	exploration,	or	interaction?	What	resources	or	inputs	are	required	to	reach	a	decision?	Artificial	Intelligence	and	Expert	Systems	771	Are	there	any	relevant	textbooks?	What	conditions	are	present	when	a
particular	outcome	is	decided?	How	consistently	do	these	conditions	predict	a	given	outcome?	At	what	point	after	exposure	to	influential	inputs	is	a	decision	made?	Given	the	particulars	of	a	specific	case,	will	the	outcome	predictions	of	the	knowledge	engineering	team	be	consistent	with	those	of	the	expert?	If	it	is	possible,	is	it	justified	in	the
particular	circumstances?	Does	the	problem	show	characteristics	that	make	expert	system	development	appropriate?	What	are	the	boundaries	of	the	domain?	What	is	the	language	of	the	domain?	What	hardware	and	software	are	available	for	use?	Is	expert	system	development	possible?	Has	any	similar	research	been	reported	in	the	literature?	The
objective	of	knowledge	acquisition	is	to	compile	a	body	of	knowledge	on	the	problem	of	interest	that	can	then	be	encoded	into	the	ES.	The	major	difficulties	with	the	knowledge	gathering	from	the	human	experts	lie	in	the	fact	that	some	domain	experts	may	be	unaware	of	or	unable	to	verbalize	the	knowledge	or	may	provide	irrelevant,	incomplete,	or
inconsistent	knowledge.	One	of	several,	or	combinations	of	several,	knowledge	acquisition	methods	is	used.	Additional	details	are	provided	in	the	Knowledge	Acquisition	module.	There	are	different	types	of	knowledge	and	different	methods	of	obtaining	them.	Some	of	these	types	of	knowledge	are	as	follows:	1.	2.	3.	4.	Declarative	(e.g.,	facts,	objects)
Procedural	(e.g.,	rules,	strategies)	Heuristic	(rule	of	thumb)	Structural	(e.g.,	rule	sets	concept	relationship)	Declarative	Knowledge,	also	known	as	Descriptive	knowledge,	is	thought	of	as	“knowledge	about”	or	the	answers	to	the	what,	where,	when,	or	who	types	of	questions,	rather	than	the	“how.”	Facts	or	rules	for	mathematical	equations	are	all
examples	of	declarative	knowledge.	Declarative	knowl	edge	is	also	usually	explicit	knowledge,	meaning	that	you	are	consciously	aware	that	you	un	derstand	the	information.	Procedural	Knowledge,	also	known	as	Interpretive	knowledge,	is	the	type	of	knowledge	in	which	it	clarifies	how	a	particular	thing	can	be	accomplished.	It’s	basically	“how”	you
know	to	do	something.	The	difference	between	procedural	and	declarative	knowledge	is	presented	in	Table	26.1.	Heuristic	knowledge	is	representing	knowledge	of	some	experts	in	a	field	or	subject.	It	is	basic	rule	of	thumb	based	on	previous	experiences,	awareness	of	approaches,	and	which	are	good	to	work	but	not	guaranteed.	Structural	knowledge
is	basic	knowledge	to	problem-solving.	It	describes	relationships	between	various	concepts	such	as	kind	of,	part	of,	and	grouping	of	something.	It	also	describes	the	re	lationship	that	exists	between	concepts	and	objects.	26.2.6	DESIGN	OF	THE	EXPERT	SYSTEM	The	knowledge	engineer	determines	which	software	to	use	to	transform	the	acquired
knowledge	into	a	coded	program	for	the	development	of	the	ES.	Some	of	the	AI	tools	(knowledge	re	presentation	techniques)	used	alone	or	in	combinations	in	the	development	of	an	ES	include	de	cision	trees,	object–attribute–value	(OAV)	triplets,	rules	(if–then–because	statements)	with	forward	and/or	backward	chaining,	fuzzy	logic,	GA,	case-based
reasoning	(CBR),	and	ANNs.	A	successful	ES	is	usually	developed	by	combining	more	than	one	AI	technique.	772	Pharmaceutical	Granulation	Technology	TABLE	26.1	Difference	Between	the	Procedural	and	Declarative	Knowledge	Procedural	knowledge	Declarative	knowledge	It	is	also	known	as	Interpretive	knowledge.	Procedural	Knowledge	means
how	a	particular	thing	can	be	It	is	also	known	as	Descriptive	knowledge.	While	Declarative	Knowledge	means	basic	knowledge	accomplished.	about	something.	Procedural	Knowledge	is	generally	not	used,	that	is,	it	is	not	more	popular.	Declarative	Knowledge	is	more	popular.	Procedural	Knowledge	can’t	be	easily	communicated.	Declarative
Knowledge	can	be	easily	communicated.	Procedural	Knowledge	is	generally	process-oriented	in	nature.	Declarative	Knowledge	is	data-oriented	in	nature.	In	Procedural	Knowledge,	debugging	and	validation	are	In	Declarative	Knowledge,	debugging	and	validation	not	easy.	Procedural	Knowledge	is	less	effective	in	competitive	are	easy.	Declarative
Knowledge	is	more	effective	in	competitive	programming.	programming.	26.2.7	IMPLEMENTATION,	TESTING	THE	MODULES	AND	DEVELOPMENT	OF	THE	PROTOTYPE,	AND	TROUBLESHOOTING	OF	THE	FINAL	PROGRAM	Case	studies	with	known	results	are	used	to	test	the	ability	of	the	rules,	databases,	and	pro	gramming	to	perform	properly.
In	addition	to	the	case	studies,	untested	materials	and	parameters	are	also	used	to	verify	the	proper	operation	of	the	program	and	to	troubleshoot	any	additional	problems	identified.	During	the	implementation	stage,	the	formalized	knowledge	is	mapped	or	coded	into	the	fra	mework	of	the	development	tool	to	build	a	working	prototype.	The	contents
of	knowledge	structures,	inference	rules,	and	control	strategies	established	in	the	previous	stages	are	organized	into	a	suitable	format.	The	testing	phase	involves	considerably	more	than	finding	and	fixing	syntax	errors.	It	covers	the	verification	of	individual	relationships,	validation	of	program	performance,	and	evaluation	of	the	utility	of	the	software
package.	How	the	sequence	of	questions	and	output	is	presented	to	the	enduser	may	have	as	much	to	do	with	acceptance	and	use	as	does	the	accuracy	of	the	re	commendations.	The	lessons	learned	from	human	engineering	cannot	be	ignored	if	the	program	is	to	be	successful.	26.2.8	VERIFICATION	AND	VALIDATION	(V&V)	OF	AN	EXPERT	SYSTEM
Verification	of	an	ES	determines	whether	the	system	is	developed	according	to	its	specifications.	Validation	of	an	ES	determines	whether	the	system	meets	the	purpose	for	which	it	was	intended.	Verification	and	validation	must	occur	during	the	entire	development	process.	Verification	proves	that	the	models	within	the	program	are	true	relationships.
It	ensures	that	the	knowledge	is	accu	rately	mimicked	by	having	the	domain	expert	operate	the	program	for	all	possible	contingencies.	Perhaps	the	most	difficult	aspect	of	testing	is	accurately	handling	the	uncertainty	that	is	in	corporated	in	most	ES	in	one	way	or	another.	Certainty	factors	are	one	of	the	most	common	methods	for	handling
uncertainty.	Verification	of	the	certainty	factors	assigned	to	the	knowledge	base	is	largely	a	process	of	trial	and	error,	refining	the	initial	estimates	by	the	domain	expert	until	the	program	consistently	provides	recommendations	at	a	level	of	certainty	that	satisfies	the	expert.	To	ensure	program	accuracy,	all	possible	solution	paths	must	be
painstakingly	evaluated.	Artificial	Intelligence	and	Expert	Systems	773	An	effective	validation	procedure	is	critical	to	the	success	and	acceptance	of	the	program.	During	validation,	the	following	areas	are	of	concern:	(i)	correctness,	consistency,	and	com 	pleteness	of	the	rules;	(ii)	ability	of	the	control	strategy	to	consider	the	information	in	the	order
that	corresponds	to	the	problem-solving	process;	(iii)	appropriateness	of	the	information	about	how	conclusions	are	reached	and	why	certain	information	is	required;	and	most	critical	(iv)	agreement	of	the	computer	program	output	with	the	domain	expert's	corresponding	solutions.	Validation	is	an	ongoing	process	requiring	the	output
recommendations	to	be	accurate	for	a	specific	user’s	case.	Validation	is	enhanced	by	allowing	others	to	review	critically	and	recommend	improvements.	A	formal	project	evaluation	is	helpful	to	establish	whether	the	system	meets	the	intended	original	goal.	The	evaluation	process	focuses	on	uncovering	problems	with	credibility,	acceptability,	and
utility.	This	can	be	determined	from	the	program	accuracy	that	is	determined	from	comparisons	with	the	real-world	environment.	Included	are	the	understanding	and	flexibility	of	the	program,	ease	of	use,	adaptability	of	the	design,	and	the	correctness	of	solutions.	Very	critical	differences	exist	between	an	ES	and	conventional	systems	in	terms	of
V&V.	An	ES	is	both	a	piece	of	software	and	a	domain	model,	and	there	may	not	be	a	unique,	correct	answer	to	a	problem	given	to	an	ES.	An	ES	can	adapt	itself	by	modifying	its	behavior	in	relation	to	changes	in	its	internal	representation	of	the	environment.	An	ES	should	be	considered	correct	when	it	is	complete,	consistent,	and	satisfies	the	require-
ments	that	express	expert	knowledge	about	how	the	system	should	behave.	If	a	system	has	hun	dreds	of	rules,	however,	it	may	require	thousands	of	distinct	decision	paths,	and	this	makes	the	aspect	of	correctness	hard	to	establish.	This	is	not,	of	course,	a	problem	in	a	conventional	pro	gramming	technique.	These	differences	between	the	AI	and
conventional	programming	tools	provide	flexibility	and	special	capabilities	to	an	ES,	but	these	differences	also	make	the	use	of	traditional	V&V	of	an	ES	difficult.	This	is	one	of	the	problems	slowing	the	development	and	acceptance	of	ESs	in	a	regulated	industry	like	pharmaceuticals.	Experts	do	not	agree	on	how	to	accomplish	the	V&V	of	ESs.	One	of
the	impediments	to	a	successful	V&V	effort	for	ESs	is	the	nature	of	ESs	themselves.	They	are	often	used	for	working	with	incomplete	and	uncertain	information	or	ill-structured	situations.	Because	the	ES	specifications	often	do	not	provide	precise	criteria	against	which	to	test,	there	is	a	problem	in	verifying	and	validating	them	according	to	the
definitions.	This	is	unavoidable.	If	there	are	precise	enough	specifications	for	a	system,	there	would	not	be	any	need	to	use	an	AI	tool	to	develop	the	system,	and	a	conventional	programming	language	would	be	sufficient	for	the	de	velopment	of	a	piece	of	software	for	that	system.	In	reality,	the	first	part	of	V&V,	that	is,	verification	of	an	ES,	is	not	so
difficult	to	establish	because	it	is	possible,	and	also	highly	recommended,	to	build	small	modules	(sub-ESs)	for	each	problem	within	a	system.	This	is	a	significant	help	to	the	verification	process	of	the	whole	system.	This	is	true	even	if	the	ES	is	developed	by	combining	more	than	one	system.	The	main	problem	is	the	second	part	of	V&V,	that	is,
validation.	ESs	will	make	a	re	commendation	on	the	basis	of	the	domain	knowledge.	If	the	domain	knowledge	is	inaccurate,	then	the	recommendation	of	the	ES	will	naturally	be	inaccurate.	How	can	someone	validate	the	cor	rectness	of	knowledge	provided	by	a	domain	expert,	or	if	two	domain	experts	have	conflicting	views	over	a	problem-solving
process,	who	will	decide	which	is	correct?	FDA’s	requirements	for	the	submission	of	the	software	code	can	also	add	an	additional	burden	to	the	software	validation	of	an	ES.	This	is	a	serious	obstacle	because	only	a	few	AI	tool	providers	and	ES	developers	will	be	willing	to	share	the	code.	As	some	of	the	AI	tools	may	cost	more	than	tens	of	thousands	of
dollars,	no	one	could	blame	the	software	providers	for	not	wishing	to	share	the	code.	26.2.9	TRAINING	OF	USERS	A	user	acceptance	questionnaire	is	used	during	the	implementation	of	the	program.	774	Pharmaceutical	Granulation	Technology	26.2.10	MAINTENANCE	AND	UPGRADE	OF	THE	PROGRAM	Depending	on	the	availability	of	the	new
knowledge	and/or	the	data	in	the	field	of	a	particular	ES,	an	upgrade	may	be	needed	to	ensure	that	the	ES	will	evolve	continuously	to	overcome	new	challenges	concerning	that	specific	project	or	problem.	Therefore,	the	knowledge	base	should	be	extensively	documented	as	it	is	coded.	The	potential	for	later	misunderstanding	and	confusion	should	be
minimized	wherever	possible.	Furthermore,	extensive	justifications	and	explanations	should	be	included	to	assist	the	end-user	in	fully	understanding	questions	posed	to	them	by	the	program,	so	that	the	user	can	effectively	use	the	program	output,	and	to	show	the	user,	on-demand,	how	the	recommendation	was	logically	derived.	26.2.11	MANAGE
EXPECTATIONS	As	exciting	and	promising	as	ESs	are,	overenthusiasm	can	sometimes	lead	to	unfounded	as	sumptions	and	unrealistic	expectations.	A	typical	claim	is	that	expert	systems	help	companies	“clone	experts.”	That	claim	is	overblown.	Problem-solving	is	only	a	small	part	of	what	an	expert	does	in	a	company.	The	best	ESs	to	date	capture
only	a	portion	of	the	expert’s	knowledge.	Moreover,	even	the	most	advanced	expert	systems	do	not	replace	experts	but	rather	augment	their	capabilities	or	allow	less-experienced	individuals	to	perform	better.	Generally	speaking,	humans	are	supported	by	–	not	replaced	by	–	expert	systems.	Moreover,	as	mentioned	above,	expert	systems	are
regularly,	if	not	continually,	monitored	and	updated	by	humans.	ESs	are	not	100%	correct	100%	of	the	time.	People	tend	to	expect	much	higher	and	more	consistent	performance	from	a	computer	program	than	they	would	ever	expect	from	a	human	expert,	but	such	lofty	expectations	court	disaster.	One	can	expect	consistency	from	an	ES,	but	ESs
mimic	the	strengths	of	human	judgment.	Besides,	assessing	whether	an	answer	is	“correct”	is	often	a	matter	of	opinion.	This	is	true	in	credit	authorization	as	well	as	in	computer	configuration.	Many	configurations	will	work,	but	choosing	the	best	one	is	a	matter	of	judgment	[13].	26.2.11.1	Expert	System	Components	An	ES	has	typically	five	basic
components:	knowledge	base,	working	memory,	inference	engine,	and	user	interface.	These	components	can	be	found	in	many	types	of	AI	programs	including	decision	trees,	ANNs,	GAs,	and	fuzzy	logic.	In	addition,	many	of	the	AI	tools	have	a	fifth	component,	an	explanation	facility,	providing	the	reason	for	the	decision	or	recommendation	of	the	ES.
How	the	essential	components	of	an	ES	are	integrated	and	how	does	an	ES	work	to	mimic	the	way	a	human	expert	thinks	is	illustrated	in	Figure	26.3.	FIGURE	26.3	General	description	for	human	expert	versus	the	expert	system.	Artificial	Intelligence	and	Expert	Systems	775	26.2.12	KNOWLEDGE	BASE	The	knowledgebase	contains	the	factual	and
empirical	domain	knowledge	in	a	particular	subject	area	and	all	the	facts,	rules,	and	procedures,	which	are	important	for	problem-solving.	The	domain	knowl	edge	can	be	acquired	from	literature	and/or	experts	in	the	field	and	is	in	an	electronic	form	that	can	be	searched	and	updated	easily.	The	knowledge	base	is	similar	to	human	long-term	memory
or	experience.	One	typical	way	of	representing	the	knowledge	in	an	ES	is	the	rules.	In	its	very	basic	form,	a	rule	is	an	if/then	structure	that	logically	relates	information	contained	in	the	if	part	to	the	other	information	contained	in	the	then	part.	Some	derivations	of	such	a	structure	could	also	include	else	and/or	because	parts	as	well.	For	example,	the
following	rule	represents	the	knowledge	for	the	selection	of	a	plasticizer	to	be	used	with	a	film-forming	polymer:	if	The	selected	polymer	is	HPMC	only.	and	There	is	no	regulatory	restriction	for	the	use	of	PEG	400	in	that	country.	then	Recommend	PEG	400.	because	PEG	400	is	compatible	with	HPMC,	and	it	is	efficient	in	its	functionality.	26.2.13
WORKING	MEMORY	The	working	memory	contains	facts	about	the	problem	discovered	during	the	problem-solving	session.	This	component	is	similar	to	human	short-term	memory	or	current	experience.	Knowledge	in	the	working	memory	can	be	inferred	by	the	system,	or	it	can	be	obtained	by	user	input.	Knowledge	inferred	by	the	system	is	obtained
by	matching	user	input	with	knowledge	in	the	knowledge	base	to	produce	new	facts.	26.2.14	INFERENCE	ENGINE	The	inference	engine	is	the	component	that	models	the	human	reasoning	process.	It	matches	facts	in	the	working	memory	with	domain	knowledge	in	the	knowledge	base	and	conclusion.	It	works	by	searching	the	database	for	a	match
between	its	contents	and	the	information	in	the	working	memory.	If	a	match	is	found,	the	conclusion	from	the	match	is	added	to	the	working	memory	and	the	inference	engine	continues	to	scan	the	database	for	additional	matches.	The	inference	engine	simulates	the	problem-solving	strategy	of	a	human	expert,	represents	the	logical	unit	by	means	of
which	conclusions	are	drawn	from	the	knowledge	base	according	to	a	defined	problem-solving	method,	controls	the	execution,	which	questions	to	ask	and	in	what	order,	and	simulates	the	problem-solving	process	of	human	experts.	Functions	of	the	inference	engine	are	to	determine	which	actions	are	to	be	executed	between	individual	parts	of	the
expert	system,	how	they	are	executed,	and	in	what	sequence,	to	determine	how	and	when	the	rules	will	be	processed	and	to	control	the	dialogue	with	the	user.	26.2.15	EXPLANATION	FACILITY	A	unique	feature	of	an	ES	is	its	ability	to	explain	the	reasoning	used	to	conclude.	The	following	part	of	the	example	rule	given	above	represents	the
explanation	facility	of	the	ES.	because	PEG	400	is	compatible	with	HPMC,	and	it	is	efficient	in	its	functionality.	776	Pharmaceutical	Granulation	Technology	Because	an	ES	can	explain	why	user	input	was	requested	or	how	a	conclusion	was	reached,	the	system	developer	can	use	this	component	to	uncover	errors	in	the	system’s	knowledge	and	the	user
can	benefit	from	the	transparency	provided	into	the	system’s	reasoning.	26.2.16	USER	INTERFACE	The	user	interface	employs	natural	language	for	dialogues	with	the	user	whenever	possible.	Questions	posed	such	as	“how	should	questions	be	answered	by	the	user?”,	“how	will	system	responses	to	these	questions	will	be	formulated?”,	and	“what	info
is	to	be	graphical?”	must	be	easy	to	use,	erroneous	errors	kept	to	a	minimum,	and	questions	and	answers	must	be	understandable.	Figure	26.3	provides	a	graphical	description	for	human	expert	versus	the	expert	system.	26.2.16.1	Knowledge	Representation	Several	techniques	represent	the	knowledge	[5,14–18]	including,	but	not	limited	to,	OAV
triplets,	semantic	networks	(SN),	frames,	rule-based	systems,	fuzzy	logic,	ANNS,	GA,	and	others:	decision	trees,	hybrid	systems	(e.g.,	neurofuzzy	systems),	case-based	reasoning,	etc.	These	techniques	will	be	briefly	described	in	the	following	sections.	The	most	successful	ES	applications	integrate	more	than	one	technique.	For	example,	the	rule-based
systems	are	very	good	in	providing	the	reasoning	for	how	and	why	they	reach	a	decision,	but	they	are	not	best	in	au	tomated	learning	(without	updating	their	knowledge	base)	or	recognizing	patterns	in	a	large	amount	of	data.	This	gap	can	be	filled	by	integrating	ANNs,	which	are	very	powerful	in	automated	learning,	although	they	lack	in	justifying
their	predictions.	Therefore,	combining	these	two	tech	niques	can	bring	the	strength	of	both	approaches	while	eliminating	their	weaknesses.	26.2.17	OBJECT–ATTRIBUTE–VALUE	TRIPLETS	OAV	triplets	provide	a	particularly	convenient	way	to	represent	certain	facts	within	a	knowledge	base.	Each	OAV	triplet	is	concerned	with	some	specific
(conceptual)	entity	or	(physical)	object.	For	example,	our	object	of	interest	may	be	a	granule	(particle).	Associated	with	every	object	is	a	set	of	attributes.	Using	the	granule	as	an	example	(i.e.,	object),	some	of	the	attributes	include	the	following:	particle	size,	particle	shape,	particle	density,	particle	porosity,	surface	roughness,	moisture	content,	etc.
For	each	attribute,	there	is	an	associate	value	or	set	of	values.	For	example,	in	the	granule	example,	the	particle	size	attribute	can	have	the	values	of	large,	small,	fine,	etc.	Please	note	that	values	could	be	numerical	as	well.	Most	OAV	triplet	systems	also	have	a	confidence	factor	associated	with	each	specific	triplet.	Confidence	factors,	or	certainty
factors,	refer	to	a	numerical	weight	given	to	a	fact	or	a	relationship	to	indicate	the	confidence	one	has	in	that	fact	or	relationship	(Figure	26.4).	There	are	two	kinds	of	confidence:	“expert	confidence”	(the	confidence	that	an	expert	feels	when	suggesting	a	rule)	and	“user	confidence”	(the	confidence	that	a	user	feels	when	answering	a	question).	In	a
typical	ES	programming	language,	there	are	several	ways	of	handling	the	uncertain	data	such	as	confirmatory	(yes/no)	system,	numerical	range	(−1	to	1,	0	to	10,	−100	to	100,	etc.),	Artificial	Intelligence	and	Expert	Systems	777	FIGURE	26.4	An	example	of	an	object–attribute–value	triplet	fuzzy	variables,	shape,	size,	and	surface.	systems,
increment/decrement	system,	custom	formula	systems,	and	fuzzy	logic.	In	many	in	stances,	the	user	may	have	to	answer	a	question	to	determine	the	confidence	factor.	In	the	nu	merical	approach,	this	is	achieved	by	asking	the	trueness	(definitely	false,	almost	false,	probably	false,	unknown,	probably	true,	almost	definitely	true,	and	true)	or	sureness
of	a	fact	or	value	(Figure	26.5).	The	ES	inference	engine	then	converts	the	answer	to	a	numerical	value	that	com 	puters	understand.	26.2.18	SEMANTIC	NETWORKS	A	semantic	network	(SN)	may	be	thought	of	as	a	network	that	is	composed	of	multiple	OAV	triplets	in	a	network	and	characterizes	their	interrelationships.	An	advantage	of	this	method
is	its	flexibility	to	add	new	objects	whenever	needed.	SNs	are	an	alternative	of	predicate	logic	for	knowledge	representation.	In	SNs,	we	can	represent	our	knowledge	in	the	form	of	graphical	networks.	This	network	consists	of	nodes	representing	objects	and	arcs	which	describe	the	relationship	between	those	objects.	Such	networks	can	categorize	the
object	in	different	forms	and	can	also	link	those	objects.	Semantic	networks	are	easy	to	un	derstand	and	can	be	easily	extended.	This	representation	consists	of	mainly	two	types	of	relations:	IS-A	relation	(Inheritance)	Kind	of	relation	FIGURE	26.5	An	example	of	an	object–attribute–value	triplet	with	confidence	factors.	778	FIGURE	26.6
Pharmaceutical	Granulation	Technology	An	example	for	Semantic	Networks.	The	following	example	is	a	set	of	some	statements	which	are	represented	in	the	form	of	nodes	and	arcs	in	Figure	26.6	in	which	each	object	is	connected	with	another	object	by	some	relation.	Statements:	1.	Dicalcium	phosphate	anhydrous	is	an	excipient.	2.	Dicalcium
phosphate	anhydrous	is	a	filler.	3.	Dicalcium	phosphate	anhydrous	is	insoluble	in	water.	4.	Dicalcium	phosphate	anhydrous	is	used	in	tablets.	5.	Dicalcium	phosphate	anhydrous	is	used	in	capsules.	6.	Dicalcium	phosphate	anhydrous	is	incompatible	with	tetracycline	antibiotics.	7.	Emcompress	is	a	brand	name	for	dicalcium	phosphate	anhydrous.	8.
Emcompress	is	manufactured	by	JRS	Pharma.	Drawbacks	in	Semantic	representation	are	as	follows	[19]:	1.	Semantic	networks	take	more	computational	time	at	runtime	as	we	need	to	traverse	the	complete	network	tree	to	answer	some	questions.	It	might	be	possible	in	the	worst-case	scenario	that	after	traversing	the	entire	tree,	we	find	that	the
solution	does	not	exist	in	this	network.	2.	Semantic	networks	try	to	model	human-like	memory	(which	has	1015	neurons	and	links)	to	store	the	information,	but	in	practice,	it	is	not	possible	to	build	such	a	vast	semantic	network.	3.	These	types	of	representations	are	inadequate	as	they	do	not	have	any	equivalent	quantifier,	e.g.,	for	all,	for	some,	none,
etc.	4.	Semantic	networks	do	not	have	any	standard	definition	for	the	link	names.	5.	These	networks	are	not	intelligent	and	depend	on	the	creator	of	the	system.	Advantages	of	semantic	network	are	as	follows:	1.	Semantic	networks	are	a	natural	representation	of	knowledge.	Artificial	Intelligence	and	Expert	Systems	779	2.	Semantic	networks
transparently	convey	meaning.	3.	These	networks	are	simple	and	easily	understandable.	26.2.19	FRAMES	A	frame	contains	an	object	plus	slots	for	any	and	all	information	related	to	the	object.	The	contents	of	slots	are	typically	the	attributes,	and	the	attribute	values,	of	a	particular	object.	Therefore,	a	frame	is	a	natural	extension	of	the	semantic
networks.	Facets:	The	various	aspects	of	a	slot	is	known	as	Facets.	Facets	are	features	of	frames	that	enable	us	to	put	constraints	on	the	frames.	Example:	IF-NEEDED	facts	are	called	when	data	of	any	particular	slot	are	needed.	A	frame	may	consist	of	any	number	of	slots,	and	a	slot	may	include	any	number	of	facets	and	facets	that	may	have	any
number	of	values.	A	frame	is	also	known	as	slotfilter	knowledge	representation	in	artificial	intelligence.	Frames	are	derived	from	semantic	networks	and	later	evolved	into	our	modern-day	classes	and	objects.	A	single	frame	is	not	much	useful.	Frames	system	consist	of	a	collection	of	frames	that	are	connected.	In	the	frame,	knowledge	about	an	object
or	event	can	be	stored	together	in	the	knowledge	base.	The	frame	is	a	type	of	technology	that	is	widely	used	in	various	applications	including	material	processing	and	machine	visions.	Table	26.2	is	an	example	of	a	frame	for	an	excipient	that	can	be	recommended	by	an	ES	as	a	directly	compressible	formulation.	Advantages	of	frame	representation:
The	frame	knowledge	representation	makes	the	programming	easier	by	grouping	the	related	data.	The	frame	representation	is	comparably	flexible	and	used	by	many	applications	in	AI.	It	is	very	easy	to	add	slots	for	new	attributes	and	relations.	It	is	easy	to	include	default	data	and	to	search	for	missing	values.	Frame	representation	is	easy	to
understand	and	visualize.	Disadvantages	of	frame	representation:	In	the	frame	system,	inference	mechanism	is	not	be	easily	processed.	The	inference	mechanism	cannot	be	smoothly	proceeded	by	frame	representation.	Frame	representation	has	a	much-generalized	approach.	TABLE	26.2	An	Example	of	a	Frame	for	an	Excipient	Slots	Filter	Generic
name	Dibasic	calcium	phosphate	Grade	Brand	name	Anhydrous	Emcompress	Manufacturer	JRS	Pharma	Category	Function	Excipient	Filler	Solubility	in	water	Insoluble	Bulk	density,	g/mL	Tapped	density,	g/mL	0.709	0.768	Absolute	density,	g/mL	2.808	Angle	of	repose	Mass	flow,	g/sec	29.4	5.2	Surface	area,	m2/g	1.5	780	Pharmaceutical	Granulation
Technology	TABLE	26.3	Examples	of	Fuzzy	Variables	with	Typical	Values	Fuzzy	variables	Typical	values	Size	Shape	Fine,	small,	large,	coarse	Oval,	spherical,	needle	Temperature	Hot,	warm,	cold	Tablet	strength	Pressure	Hard,	soft	High,	low	26.2.20	FUZZY	LOGIC	Fuzzy	logic	is	mainly	concerned	with	quantifying	and	reasoning	about	vague	or	fuzzy
terms	that	appear	in	our	daily	lives.	In	fuzzy	logic,	these	terms	are	referred	to	as	linguistic	variables	or	fuzzy	variables.	Some	examples	of	fuzzy	variables	that	are	encountered	in	pharmaceutical	applications	are	given	in	Table	26.3.	Fuzzy	sets.	The	classical	set	theory	establishes	systematic	relation	among	objects	within	a	set	as	well	as	between
elements	of	various	sets.	A	set	is	a	collection	of	any	number	of	definite,	welldistinguished	objects,	called	the	elements	of	the	set	that	share	common	properties.	Thus,	an	object	may	either	belong	to	the	set	or	be	completely	excluded.	In	other	words,	if	A	is	a	set	and	x	is	an	element	to	the	set,	then	x	belongs	to	A,	if	and	only	if	x	satisfies	all	the
membership	requirements	if	A;	otherwise,	x	does	not	belong	to	A.	The	fuzzy	set	theory	differs	from	classical	set	theory	in	one	critical	aspect.	An	element	can	belong	to	the	fuzzy	set,	be	completely	excluded	from	the	fuzzy	set,	or	can	belong	to	the	fuzzy	set	to	any	intermediate	degree	between	these	two	extremes.	The	extent	to	which	an	element	belongs
to	a	given	fuzzy	set	is	called	the	grade	of	membership	or	degree	of	membership.	It	can	be	said,	therefore,	that	classical	set	theory	is	a	special	case	of	fuzzy	sets.	Fuzzy	sets	can	be	obtained	to	reflect	the	general	opinion	of	the	scientists	or	experts	in	the	files,	for	example,	in	Figure	26.7,	where	fuzzy	sets	are	shown	in	a	piecewise	linear	form	for	the
issues	of	three	different	categories	(small,	medium,	and	large)	of	the	size	of	granule(s).	In	this	fuzzy	subset,	a	granule	particle	with	a	size	of	0.25	mm	is	a	member	of	medium	size	with	a	membership	value	of	about	1,	and	at	the	same	time	a	member	of	small	and	large	sizes	with	a	value	of	about	0.15	and	0.25,	respectively.	26.2.21	RULE-BASED
SYSTEMS	The	most	common	way	of	representing	knowledge	is	found	in	rule-based	systems	(RBS),	which	employ	rules	to	represent	the	experts’	knowledge.	Such	rules	are	typical	of	if–then	variety.	However,	in	some	instances,	this	is	extended	to	include	if–then–else	or	if–then–else–because	type	or	rules.	In	a	rule-based	system,	the	uncertainty	of	the
knowledge	is	handled	using	the	method	of	confidence	factors,	as	described	above	in	the	OAV	triplets.	In	the	RBSs,	two	main	inference	techniques	are	used:	forward	chaining	and	backward	chaining	(Figure	26.8).	Forward	chaining	is	a	“data-driven”	way	to	run	the	rules	and	is	about	the	knowledge	base	searched	for	rules	that	match	the	known	facts,
and	the	action	part	of	these	rules	is	performed.	The	rules	are	simply	tested	in	the	order	they	occur	based	on	available	data.	If	information	is	needed,	other	rules	are	not	invoked.	Instead,	the	user	is	asked	for	information.	Consequently,	forward	chaining	systems	are	dependent	on	the	order	of	the	rules,	and	the	process	continues	until	a	goal	is	reached
and	puts	the	symptoms	together	to	conclude.	Artificial	Intelligence	and	Expert	Systems	781	FIGURE	26.7	An	example	of	a	fuzzy	set	with	confidence	factors.	Fuzzy	variables,	particle	size;	fuzzy	values,	small,	medium,	and	large.	Backward	chaining	is	a	term	used	to	describe	running	the	rules	in	a	“goal-driven”	way,	that	is,	in	this	technique,	there	is
always	a	“goal”	or	“conclusion”	to	be	satisfied	and	a	specific	reason	why	rules	are	tested	and	it	is	by	far	the	most	common	strategy	used	in	the	simple	RBSs,	and	A	“goal”	is	an	attribute	for	which	the	ES	tries	to	establish	a	value.	In	backward	chaining,	if	a	piece	of	in	formation	is	needed,	the	program	will	automatically	check	all	the	rules	to	see	if	there
is	a	rule	that	could	provide	the	needed	information.	The	program	(inference	engine)	will	then	“chain”	to	this	rule	before	completing	the	first	rule.	This	new	rule	may	require	information	that	can	be	found	in	yet	another	rule.	The	program	will	then	again	automatically	test	this	new	rule.	The	logic	of	why	the	information	is	needed	goes	backward	through
the	chain	of	rules.	Backward	chaining	is	much	slower	than	forward	chaining	since	in	the	latter	technique,	all	of	the	rules	do	not	have	to	be	fired	every	time	to	determine	whether	the	information	can	be	derived.	In	control	by	hybrid	backward	and	forward	chaining,	the	basic	approach	is	data-driven,	but	the	information	needed	by	rules	is	derived
through	backward	chaining.	Another	technique	is	to	divide	an	ES	to	subsets	of	rules	and	run	some	in	the	forward	chaining	and	some	in	backward	chaining.	FIGURE	26.8	Forward	chaining	and	backward	chaining	techniques	in	rule-based	systems.	Source:	From	Ref.	10.	782	Pharmaceutical	Granulation	Technology	The	construction	of	rule-based
systems	can	be	based	on	both	expert	knowledge	and	data.	Knowledge-based	construction	follows	a	traditional	engineering	approach,	which	is	in	general	domain-dependent.	It	is	necessary	to	have	knowledge	or	requirements	acquired	from	experts	at	first	and	then	to	identify	the	relationships	between	attributes	(features).	Modeling,	which	is	the	most
important	step,	is	further	to	be	executed	in	order	to	build	a	set	of	rules.	Once	the	modeling	is	complete,	then	the	simulation	is	started	to	check	the	model	toward	the	fulfillment	of	systematic	complexity	such	as	model	accuracy	and	efficiency.	Finally,	statistical	analysis	is	undertaken	to	validate	whether	the	model	is	reliable	and	efficient	in	an
application.	On	the	other	hand,	data-based	construction	follows	a	machine	learning	approach,	which	is	in	general	domain-independent	[20].	Backward	chaining	starts	from	a	goal,	the	conclusion.	All	the	rules	that	contain	this	conclusion	are	then	checked	to	determine	whether	the	conditions	of	these	rules	have	been	satisfied.	For	ex	ample,	the	doctor
has	an	end	idea	of	what	is	wrong	with	the	patient,	though	they	must	prove	it	by	going	from	the	diagnosis	and	finding	the	symptoms.	26.2.22	ARTIFICIAL	NEURAL	NETWORKS	ANNs	can	be	defined	as	machine-based	computational	techniques	that	attempt	to	simulate	some	of	the	neurological	processing	abilities	of	the	human	brain.	In	the	human
brain,	neurons	are	the	information	carriers.	In	the	same	way,	ANNs	are	composed	of	interconnected	simulated	neurons	capable	of	pattern	recognition	or	data	analysis.	The	human	brain,	on	the	other	hand,	has	a	unique	characteristic	of	creating	transient	states	through	neurons	in	between	the	sensory	organs	and	the	brain	(decision-taking	unit).
Hence,	the	probabilistic	interim	state	brings	out	a	factor	of	random 	ness,	which	brings	out	what	we	call	“Creativity.”	In	ANN	or	rather	all	machine	learning	algo	rithms,	we	build	some	kind	of	transient	states,	which	allows	the	machine	to	learn	in	a	more	sophisticated	manner.	Processing	of	the	data	using	pattern	recognition	produces	classification	of
the	data,	while	data	analysis	produces	numerical	output.	One	of	the	most	powerful	characteristics	of	ANNs	is	the	ability	to	find	complex	and	latent	patterns	in	the	information	being	processed.	Unlike	a	most	statistical	experimental	design,	analysis	of	data	using	ANN	does	not	require	a	specific	number	of	experiments.	Also,	neural	networks	can
generate	hypotheses	that	can	be	tested	by	other	scientific	methods,	and	the	outputs	of	one	network	can	become	the	inputs	to	a	subsequent	network.	Artificial	neural	network	elements.	ANNs	can	be	represented	by	a	neuron	model	like	the	one	found	in	Figure	26.9.	As	seen	in	this	model,	an	ANN	is	composed	of	interconnected	pro	cessing	elements	(PE)
or	neurons.	The	interconnections	represent	weights	or	weighing	factors	applied	to	the	input	values	of	the	neuron	as	the	information	is	passed	forward	through	the	network.	These	weights	are	sometimes	referred	to	as	synaptic	weights	since	the	interconnections	are	similar	to	the	synapses	of	the	human	brain.	Output	values	from	each	neuron	are
passed	forward	to	the	next	layer	through	its	interconnections	or	used	as	part	of	the	final	output	of	the	network.	The	architecture	of	a	network	is	defined	by	the	number	of	layers	in	the	network,	the	number	of	neurons	in	each	layer,	the	configuration	of	their	interconnections,	and	how	the	weights	of	the	interconnections	are	calculated.	Network	types.
Generally,	there	are	three	basic	types	of	neural	networks,	feed-forward,	feedback,	and	self-organizing.	The	network	type	to	be	utilized	depends	on	the	task	to	be	ac	complished.	The	following	paragraphs	will	describe	the	network	architectures	and	types	of	input	data	suitable	for	each	network	type.	Feed-forward	networks.	Feed-forward	networks,	also
called	error	backpropagation	or	backprop	networks,	contain	the	basic	network	components	described	in	the	neuron	model.	A	feed-forward	net	work	is	designed	by	defining	its	number	of	layers	and	the	number	of	neurons	in	each	layer.	The	number	of	neurons	in	the	input	and	output	layers	is	equal	to	the	number	of	independent	and	dependent
variables,	respectively.	The	input	layer	serves	as	a	distribution	point	for	the	data	to	the	first	hidden	layer	and	can	only	scale	the	data,	not	calculate	weighting	factors.	The	purpose	of	scaling	the	data	is	to	normalize	it	to	a	Artificial	Intelligence	and	Expert	Systems	FIGURE	26.9	783	An	example	of	a	neuron	model	with	feed-forward	and	feed-backward



networks.	constant	numerical	range,	such	as	0	to	1	or	−1	to	+1.	Scaling	can	be	performed	using	linear	or	non-linear	scaling	functions.	The	number	of	hidden	layers	is	based	on	personal	preference	and	rules	of	thumb.	The	purpose	of	the	hidden	layers	is	to	provide	a	balance	between	network	accuracy	and	network	general	ization.	A	higher	number	of
hidden	layers	leads	to	a	narrow,	accurate	network	with	a	decreased	ability	to	predict	outside	the	boundaries	of	its	original	data.	Fewer	hidden	layers	will	produce	a	more	generalized	robust	network	but	may	smooth	the	curve	between	the	data	points	too	much.	The	balance	required	between	network	accuracy	and	generalization	depends	on	the
purpose	of	the	network.	Once	the	network	is	designed,	it	is	ready	to	be	trained.	Training	is	the	process	of	tuning	the	synaptic	weights	to	minimize	the	difference	between	the	actual	output	and	the	network	output	values.	The	next	step	is	the	error	backpropagation	step	or	learning	step.	Learning	in	this	context	does	not	imply	the	human	qualities	of
understanding,	consciousness,	or	intelligence.	Instead,	it	simply	implies	the	use	of	data	for	tuning	a	set	of	parameters	or,	in	this	case,	the	tuning	of	the	synaptic	weights.	Once	the	network	training	is	complete,	the	network	does	not	store	or	refer	to	the	training	data.	Instead,	the	trained	network	is	an	independent	summary	of	the	data.	With	the	weights
established	by	training,	the	network	is	capable	of	producing	outputs	for	input	data	not	originally	contained	in	the	training	data	set.	The	use	of	a	data	set	to	train	a	network	is	called	supervised	learning	and	requires	that	the	output	data	corresponding	to	the	input	data	be	available	during	training.	For	example,	if	the	effect	of	binder	amount,	particle,
and	compaction	pressure	on	the	hardness	and	friability	will	be	modeled	using	an	ANN,	there	should	be	enough	“input”	data	for	the	binder	amount,	particle	size,	and	compaction	pressure	as	well	as	enough	corresponding	“output”	measurements	(Figure	26.9).	As	a	rule	of	thumb,	for	each	input	parameter,	10	input–output	data	set	is	recommended.	In
this	example,	10	×	3	=	30	sets	of	data	with	binder	amount,	particle	size	and	compaction	pressure	inputs,	and	hardness	and	friability	measurements	would	be	recommended.	Then,	a	portion	(usually	80–90%)	of	that	data	set	would	be	used	for	training,	and	the	remaining	data	sets	would	be	used	for	validation.	Feedback	networks.	Feedback	networks
(also	called	recurrent	networks)	are	similar	in	structure	to	the	feed-forward	networks.	The	difference	between	the	two	types	is	an	additional	layer.	This	layer	contains	one	layer’s	information	from	the	previous	training	pass.	This	extra	layer,	or	context	layer,	allows	the	network	to	see	knowledge	about	previous	inputs	and	is	sometimes	called	the
network’s	long-term	memory.	The	result	of	this	additional	layer	is	that	the	network	responds	to	the	same	input	differently	at	different	times	depending	on	the	previous	patterns.	The	result	is	that	the	sequence	of	the	784	Pharmaceutical	Granulation	Technology	data	is	as	important	as	the	data	itself.	This	use	of	previous	data	allows	the	network	to	learn
timedependent	data	such	as	time-series	data	and	financial	market	data.	Recurrent	networks	are	trained	the	same	way	as	standard	feed-forward	backpropagation	networks	except	that	the	patterns	must	always	be	presented	in	the	same	order.	Classification	networks.	The	third	kind	of	network	is	the	classification	network	or	self-organizing	network.
This	network	type	can	separate	the	data	into	a	specified	number	of	categories.	It	is	always	unsupervised,	which	means	that	the	network	can	learn	without	being	shown	correct	outputs	in	sample	patterns.	The	network	architecture	contains	only	two	layers,	input	and	output.	The	number	of	neurons	in	the	input	layer	is	defined	by	the	data,	and	the	output
layer	has	one	neuron	for	each	possible	output	category.	During	training,	the	data	are	presented	to	the	input	layer,	propagated	to	the	output	layer	resulting	in	one	neuron	providing	an	active	response	or	being	a	“winner.”	The	network	adjusts	the	weights	for	the	neurons	in	a	“neighborhood”	around	the	winning	neuron	on	the	basis	of	a	twodimensional
feature	map	whose	cells	form	a	rectangular	grid.	During	training,	the	locations	of	the	responses	become	ordered	as	if	some	meaningful	coordinate	systems	for	different	input	features	were	being	created	over	the	network.	The	neighborhood	size	is	variable.	It	starts	large	and	decreases	with	learning	until	the	neighborhood	approaches	zero	and	only	the
winning	neuron’s	weights	are	changed.	The	training	process	is	repeated	for	all	patterns	for	several	predetermined	epochs.	At	the	end	of	the	training,	each	neighborhood	becomes	an	output	classification.	26.2.23	GENETIC	ALGORITHMS	(GA)	GAs	are	mathematical	tools	that	solve	optimization	problems.	This	type	of	problem	is	usually	composed	of
several	variables	that	control	a	process	or	outcome,	and	formula	or	algorithm,	which	combines	these	variables	to	fully	model	the	process.	The	goal	of	the	problem	is	then	to	find	the	values	of	the	variables,	which	optimize	the	model	in	some	way,	usually	by	minimizing	or	max	imizing	one	of	the	dependent	variables.	While	many	mathematical	methods
can	solve	optimization	problems,	these	traditional	methods	tend	to	break	down	when	the	problem	is	more	complex.	Examples	of	complex	problems	include	combinatorial	problems	or	problems	where	the	fitness	function	is	not	a	smooth,	continuous	mathematical	formula,	such	as	a	neural	network	function.	GAs	optimize	these	complex	problems	using
the	methods	of	evolution,	specifically,	the	survival	of	the	fittest.	Much	of	the	terminology	used	to	describe	GAs	is	partially	based	on	concepts	from	biology;	however,	some	terms	may	have	different	names	depending	on	the	author.	In	this	case,	“survival	of	the	fittest”	means	that	the	GA	solves	the	problem	by	allowing	the	less	fit	individuals	in	the
population	to	die	and	selectively	breeding	the	most	fit	individuals,	that	is,	those	who	solve	the	problem	best.	The	use	of	GA	in	combination	with	neural	networks	for	the	optimization	of	process	parameters	has	been	investigated	by	Cook	et	al.1	In	this	example,	a	neural	network	model	was	developed	to	predict	the	effect	of	several	processes’	operating
parameters	and	conditions	on	the	internal	bond	strength	of	particleboard.	A	GA	was	applied	to	this	neural	network	model	to	determine	the	process	parameters	that	would	result	in	the	optimal	strength	for	a	given	set	of	operating	conditions.	This	ANN	GA	system	was	successful	in	predicting	the	process	parameters,	which	allowed	the	manu	facturer	to
achieve	optimal	levels	of	board	strength	based	on	the	current,	variable	operating	conditions.	The	ANN	portion	was	used	to	model	the	process	parameters,	while	the	GA	utilized	this	model	to	obtain	the	optimal	processing	parameters	under	actual	manufacturing	conditions.	26.2.24	OTHER	METHODS	OF	KNOWLEDGE	REPRESENTATION	Decision
trees.	A	decision	tree	takes	as	input	an	object	or	situation	described	by	a	set	of	properties	and	outputs	a	yes/no	decision.	Decision	trees,	therefore,	represent	Boolean	functions.	Functions	with	a	larger	range	of	outputs	can	also	be	represented.	Decision	trees	are	considered	to	be	auxiliary	Artificial	Intelligence	and	Expert	Systems	785	tools	in	ES
development	and	are	usually	incorporated	with	other	systems	as	the	case	in	the	spraydrying	ES	example	that	is	described	later	in	this	chapter.	Case-based	reasoning.	Case-based	reasoning	(CBR)	is	the	technique	which	involves	the	process	of	solving	new	problems	based	on	the	solutions	of	similar	past	problems,	that	is,	it	works	based	on	previously
experienced	and	stored	problem–solution	case	set.	Retrieve,	Reuse,	Revise,	and	Retain	are	the	four	key	steps	involved	in	the	CBR	process	to	solve	or	predict	an	optimal	solution	for	new	problems	or	cases	[21].	CBR	does	not	require	an	explicit	domain	model	and	so	elicitation	becomes	a	task	of	gathering	case	histories;	implementation	is	reduced	to
identifying	significant	features	that	describe	a	case,	an	easier	task	than	creating	an	explicit	model;	by	applying	database	techniques,	large	volumes	of	information	can	be	managed;	and	CBR	systems	can	learn	by	acquiring	new	knowledge	as	cases,	thus	making	maintenance	easier.	Neurofuzzy	logic.	In	the	field	of	AI,	neurofuzzy	refers	to	combinations
of	ANNs	and	fuzzy	logic.	Neurofuzzy	hybridization	results	in	a	hybrid	intelligent	system	that	synergizes	these	two	techniques	by	combining	the	human-like	reasoning	style	of	fuzzy	systems	with	the	learning	and	connectionist	structure	of	neural	networks	[22,23].	Because	fuzzy	logic	allows	objectives	to	be	expressed	in	simple	terms,	it	complements
neural	network	modeling.	In	the	case	of	neurofuzzy	logic	(NFL),	as	the	name	suggests,	the	fuzzy	logic	is	tightly	coupled	with	a	neural	network.	Neurofuzzy	logic	combines	the	ability	of	neural	networks	to	learn	from	data	with	fuzzy	logic’s	ability	to	express	complex	concepts	intuitively.	This	creates	a	degree	of	transparency	for	the	otherwise	“black
box”	neural	network	models,	leading	to	the	term	“grey	box	modeling”	being	applied	for	these	methods.	Neurofuzzy	logic	has	proved	to	be	ex	ceptionally	suited	to	data	mining	since	it	not	only	can	develop	good	models	from	data,	but	it	also	has	the	capability	of	expressing	these	as	linguistic	IF	…	THEN	rules.	The	neurofuzzy	architecture	is	in	essence	a
neural	network	with	two	additional	layers	for	fuzzification	of	inputs	and	defuzzi	fication	of	outputs.	The	modeling	capabilities	of	neurofuzzy	systems	depend	on	the	number,	shape,	and	distribution	of	the	fuzzy	membership	input	functions.	In	the	simplest	case,	only	two,	LOW	and	HIGH,	would	suffice.	In	some	cases,	it	is	appropriate	to	add	more;	for
example,	a	problem	showing	a	quadratic	dependency	would	require	at	least	LOW,	MEDIUM,	and	HIGH	so	that	it	be	properly	represented.	Where	data	are	scarce,	relatively	few	membership	functions	should	be	used.	As	the	number	and	complexity	of	the	inputs	increase,	the	rules	become	more	complicated,	and	this	can	make	them	difficult	to
understand.	26.2.25	HYBRID	SYSTEMS	Hybrid	systems	combining	two	or	more	AI	techniques	such	as	fuzzy	logic,	neural	networks,	ge	netic	algorithms,	and	expert	systems	are	proving	their	effectiveness	in	a	wide	variety	of	real-world	problems.	Every	intelligent	technique	has	particular	computational	properties	(e.g.,	ability	to	learn,	explanation	of
decisions)	that	make	them	suited	for	particular	problems	and	not	for	others.	For	example,	while	neural	networks	are	good	at	recognizing	patterns,	they	are	not	good	at	explaining	how	they	reach	their	decisions.	Fuzzy	logic	systems,	which	can	reason	with	imprecise	information,	are	good	at	explaining	their	decisions,	but	they	cannot	automatically
acquire	the	rules	they	use	to	make	those	decisions.	These	limitations	have	been	a	central	driving	force	behind	the	creation	of	intelligent	hybrid	systems	where	two	or	more	techniques	are	combined	in	a	manner	that	overcomes	the	limitations	of	individual	techniques.	Hybrid	systems	are	also	important	when	considering	the	varied	nature	of	application
domains.	Many	complex	domains	have	many	different	component	problems,	each	of	which	may	require	different	types	of	processing.	If	there	is	a	complex	appli	cation	that	has	two	distinct	subproblems,	say	a	signal	processing	task	and	a	serial	reasoning	task,	then	a	neural	network	and	an	expert	system	respectively	can	be	used	for	solving	these
separate	tasks.	The	use	of	intelligent	hybrid	systems	is	growing	rapidly	with	successful	applications	in	786	Pharmaceutical	Granulation	Technology	many	areas	including	medical	diagnosis,	cognitive	simulation,	process	control,	engineering	design,	product	development,	and	troubleshooting	[23].	26.3	AN	EXAMPLE	TO	EXPERT	SYSTEMS:	SPRAYEX,	A
SPRAY-DRYING	EXPERT	SYSTEM	The	example	of	ES,	SPRAYex,	was	developed	by	PTI,	Inc.	[24].	Briefly,	the	current	version	of	the	system	evaluates	the	spray	ability	of	a	given	substance	alone	with	no	additives	involved.	This	function	is	implemented	using	decision	trees,	rules,	and	fuzzy	logic.	Another	function	of	the	system	is	to	predict	the	process
conditions	to	obtain	a	product	with	the	desired	properties	in	terms	of	particle	size,	moisture	content,	and	bulk	density	by	utilizing	several	trained	ANNs	simultaneously.	The	system	also	has	mathematical	modeling	predicting	the	interactions	between	numerous	process	variables.	Finally,	the	system	has	a	comprehensive	database	containing	material
characteristics	of	six	model	materials	and	process	conditions	for	over	150	spray-drying	experiments.	The	following	sections	describe	the	de	velopment	strategies	or	functions	of	the	system	in	more	detail.	26.3.1	SPRAY-DRYING	FEASIBILITY	DECISION	TREES	The	user	interface	of	this	system	helps	the	user	to	input	material	characteristics	and	makes
a	decision	by	incorporating	several	decision	trees	to	determine	the	feasibility	of	a	material	to	be	spray-dried	[25].	The	sequence	of	the	execution	of	the	decision	trees	(Figure	26.10)	was	chosen	based	on	the	order	required	to	prepare	the	feed.	First,	the	material	is	evaluated	based	on	its	melting	point.	Next,	the	feed	type	feasibility	is	determined	based
on	the	DSC	scans	obtained.	Once	the	feed	is	de	termined,	it	is	screened	for	particle	size,	viscosity,	and	sedimentation	potential.	The	analysis	of	the	physical	characterization	data	for	the	selected	model	materials	using	these	decision	trees	resulted	in	the	generation	of	a	confidence	factor	that	represented	the	ability	of	the	proposed	material	to	be	spray-
dried	as	a	percentage	value.	These	confidence	factors	were	then	integrated	into	a	decisionmaking	process.	In	addition,	the	generated	confidence	factors	were	also	stored	as	part	of	the	database	for	future	reference.	An	example	of	such	sequences	was	based	on	the	melting	points	(Figures	26.11	and	26.12).	Melting	point	data	provide	information	about
the	ability	of	the	material	to	withstand	the	inlet	air	temperature	of	the	spray-drying	process.	If	the	melting	point	is	low,	the	material	may	only	be	able	to	be	processed	in	a	countercurrent	configuration,	or	it	may	not	be	able	to	be	spray-dried.	It	is	well	known	that	the	minimally	acceptable	melting	point	for	a	material	to	be	processed	in	a	spray	dryer	is
dependent	on	the	spray	configuration	of	the	dryer.	The	melting	point	decision	tree	in	Figure	26.11	incorporates	a	critical	melting	point	to	represent	this	concept.	In	this	tree,	materials	having	a	melting	point	higher	than	the	critical	temperature	have	a	confidence	level	of	100%	for	this	variable,	which	means	that	the	material	is	100%	feasible	for	the
spray-drying	process	in	terms	of	melting	point.	The	confidence	level	for	a	material	with	a	melting	point	lower	than	the	critical	temperature	is	determined	using	an	equation	representing	the	probability	of	success.	This	equation	and	a	graphical	representation	of	the	function	are	shown	in	Figure	26.12.	This	probability,	which	increases	using	a	second-
order	function	with	increasing	melting	point,	is	employed	because	there	is	no	single	melting	point	above	which	the	material	is	100%	feasible	and	below	which	the	material	is	100%	unfeasible.	If	the	melting	point	is	less	than	the	critical	temperature,	a	confidence	factor	is	de	termined	using	this	equation.	The	critical	temperature	is	designed	to	be
flexible	based	on	dryer	configuration.	Since	the	only	configuration	used	during	this	experimentation	was	cocurrent	product	airflow,	a	single	critical	temperature	was	employed.	In	the	cocurrent	configuration,	the	inlet	air	comes	into	direct	contact	with	the	feed	at	the	point	of	atomization	and	flows	in	the	same	direction	as	the	feed.	If	a	material	that	is
atomized	in	the	feed	melts	at	a	temperature	lower	than	the	vaporization	temperature	of	the	Artificial	Intelligence	and	Expert	Systems	FIGURE	26.10	Decision	tree	sequence.	FIGURE	26.11	Melting	point	decision	tree.	787	788	FIGURE	26.12	Pharmaceutical	Granulation	Technology	Melting	point	success	function.	solvent,	then	melting	may	begin	to
occur	in	the	droplet	during	evaporation.	While	this	may	not	always	be	the	case,	the	general	feasibility	potential	for	a	material	with	a	melting	point	under	the	vaporization	temperature	is	less	than	100%	for	the	cocurrent	configuration.	Since	the	water	was	the	only	solvent	employed	during	the	experimentation,	a	critical	temperature	of	100	oC	was
chosen.	Another	example	of	the	decision	tree	sequence	was	based	on	the	DSC	results	(Figures	26.13	and	26.14).	Figure	26.13	outlines	the	steps	for	determining	this	recrystallization	classification,	which	is	based	on	a	comparison	of	the	number	of	melt	peaks	and	glass	transitions	between	DSCs	of	the	solid	and	the	solution	or	suspension.	a.	The	“Yes”
classification	was	assigned	to	any	material	with	a	solubility	greater	than	1%	that	has	the	same	number	of	melt	peaks	or	glass	transitions	in	both	the	raw	material	DSC	and	the	saturated	solution	DSC.	This	equal	number	of	thermal	events	indicates	that	the	material	recrystallized	from	the	solution	during	the	evaporation	process.	However,	since	the
tem 	peratures	of	these	thermal	events	were	not	considered	by	the	decision	tree,	polymorphs	could	be	present.	b.	The	“No”	classification	was	assigned	to	any	material	with	a	solubility	greater	than	1%	that	does	not	have	any	melt	peaks	or	glass	transitions	in	the	DSC	produced	by	the	saturated	solution	but	does	have	at	least	one	of	these	thermal	events
in	the	DSC	produced	by	a	sus	pension	of	this	material.	This	absence	of	thermal	events	in	the	saturated	solution	DSC	in	dicated	that	the	material	did	not	recrystallize	from	the	solution	during	the	evaporation	process.	This	classification	was	also	assigned	to	two	other	types	of	materials.	The	first	are	materials	that	have	a	solubility	of	less	than	1%	since	a
suspension	will	be	required	to	produce	any	significant	spray-dried	yield.	The	second	are	materials	producing	no	melt	peaks	in	the	raw	material	DSC	since	these	materials	are	most	likely	polymers	without	any	crystalline	structure	or	capability	to	recrystallize.	c.	The	“Modification”	classification	was	assigned	to	any	material	with	a	solubility	greater	than
1%	that	produces	a	saturated	solution	DSC	with	an	unequal	number	of	melt	peaks	or	glass	transitions	compared	to	the	raw	material	DSC.	In	this	case,	recrystallization	had	occurred,	and	it	was	also	evident	from	the	unequal	number	of	thermal	events	that	a	crystalline	mod	ification	had	occurred.	Figure	26.14	uses	the	material	classifications	to
determine	the	feasible	feed	types.	If	the	material	is	classified	as	“Yes,”	then	it	will	recrystallize	from	a	saturated	solution.	In	addition,	a	suspension	is	also	feasible	since	it	is	composed	of	a	saturated	solution	with	additional	undissolved	solids.	If	the	classification	is	“No,”	then	the	saturated	solution	does	not	recrystallize,	and	the	only	feasible	feed	type	is
a	suspension.	Lastly,	materials	classified	as	“Modification”	also	recrystallize	from	a	Artificial	Intelligence	and	Expert	Systems	FIGURE	26.13	DSC	decision	tree.	FIGURE	26.14	Decision	tree	for	feed	type.	789	790	Pharmaceutical	Granulation	Technology	saturated	solution,	making	a	solution	or	a	suspension	feasible	feed	type.	However,	if	a	material
undergoes	a	modification	from	100%	crystalline	to	100%	amorphous,	it	may	be	too	sticky	to	spray	dry	successfully.	In	summary,	several	critical	physical	characterization	factors	of	each	model	raw	material	were	selected	for	inclusion	in	the	feasibility	prediction	process.	These	factors	included	melting	point,	solubility,	maximum	particle	size,
sedimentation	potential,	and	viscosity.	Each	of	these	factors	had	a	direct	effect	on	the	ability	of	the	material	to	be	spray-dried	that	could	be	expressed	in	a	decision	tree	format.	26.3.2	PREDICTION	OF	OPTIMUM	SPRAY-DRYING	CONDITIONS	Using	the	formulation	and	process	data	compiled	in	this	spreadsheet,	several	ANN	architectures	were
evaluated	for	prediction	capability.	Evaluation	criteria	included	the	ability	to	fit	the	data,	the	ability	to	weigh	contributing	factors,	the	ability	to	predict	outside	the	model,	and	the	tendency	toward	memorization.	Three	final	networks	were	constructed	for	each	nozzle	configuration.	Each	network	was	trained	to	predict	one	of	the	physical	characteristics
of	the	spray-dried	powder,	moisture	content,	bulk	density,	and	mean	particle	size.	These	networks	were	validated	using	data	previously	unseen	by	the	network.	These	final	networks	were	then	converted	into	predictive	functions	using	GAs	and	were	optimized	to	values	input	by	the	user.	This	optimization	process	allowed	the	prediction	of	the	process
parameters	required	to	produce	a	spray-dried	product	having	user-specified	values	for	moisture	content,	bulk	density,	and	mean	particle	size.	This	optimization	also	utilizes	additional	constant	parameters	such	as	material	characteristics	and	spray-dryer	capabilities.	The	culmination	of	this	work	is	a	predictive	system	that	is	illustrated	in	Figure	26.15.
This	system	simultaneously	optimizes	three	neural	networks	permitting	the	prediction	of	formulation	and	process	variables	for	the	spray-drying	process	(Figure	26.16).	An	example	of	the	trained	networks	used	in	the	backbone	of	this	system	(for	the	mean	particle	size	prediction	of	the	spraydried	product)	is	given	in	Table	26.4	and	Figure	26.17.	26.3.3
MATHEMATICAL	MODELING	AND	DATABASE	The	example	of	spray-drying	ES	also	has	mathematical	modeling	predicting	the	interactions	among	several	processing	variables	according	to	classical	thermodynamics.	This	model	contains	equations	based	on	drying	principles	that	link	key	attributes	from	psychrometric	charts	to	spraydrying	process
variables.	While	this	same	task	can	be	achieved	without	the	aid	of	mathematical	modeling,	these	models	provide	process	settings	in	a	user-friendly	format	without	the	tedious	calculations	required	for	converting	psychrometric	terms	such	as	adiabatic	saturation	temperature,	FIGURE	26.15	Predictive	system	diagram.	Artificial	Intelligence	and	Expert
Systems	791	FIGURE	26.16	An	example	of	the	ANNs-aided	prediction	of	moisture	content	and	optimization	of	process	conditions.	Process	conditions	changing	the	moisture	content	of	the	spray-dried	product	from	(a)	5.5%	to	(b)	1.8%.	792	Pharmaceutical	Granulation	Technology	TABLE	26.4	Final	Network	Statistics	for	Mean	Particle	Size	Using	a
Rotary	Nozzle	Training	Set	R2	Corr.	Coeff.	R	---	Units	---	Final	Two	Fluid	0.9437	0.9715	Validation	Set	Avg.	Abs.	Max	Abs.	Error	Error	(mm)	(mm)	R2	2.044	0.1996	0.9645	19.565	---	Corr.	Coeff.	R	---	Avg.	Abs.	Err.	(mm)	Max	Abs.	Err.	(mm)	5.632	11.501	Moisture	Content	Network	FIGURE	26.17	configuration.	Actual	and	predicted	mean	particle	size
values	for	validation	data	set	using	rotary	nozzle	wet	bulb	temperature,	dry-bulb	temperature,	and	humidity	ratio	into	practical	terms	like	inlet	temperature	and	feed	spray	rate.	An	example	display	in	Figure	26.18	shows	which	parameters	are	being	affected	if	the	inlet	temperature	changes.	Finally,	another	component	of	this	system	is	a	database,
which	contained	information	on	raw	materials	(melting	points,	glass	transition	temperatures,	DSC	data,	viscosity,	solubility,	etc.),	equipment	(brand	name,	dimensions,	nozzle	types,	airflow,	etc.),	and	processing	conditions	(ato	mization	parameters,	inlet/outlet	air	temperatures,	feed	parameters,	pump	parameters,	nozzle	parameters,	etc.).	Figure
26.17	is	an	example	of	a	display	for	a	spray-drying	experiment	(for	lactose	in	this	example)	(Figure	26.19).	26.4	PHARMACEUTICAL	APPLICATIONS	OF	EXPERT	SYSTEMS	The	applicability	of	ESs	to	the	pharmaceutical	industry	has	been	reviewed	by	Klinger	[26].	The	review	contains	definitions	and	explanations	of	AI	and	ESs	as	well	as	information
about	the	components	and	available	programming	languages.	Possible	applications	for	the	pharmaceutical	industry	outlined	include	pathological	evaluation,	molecular	modeling,	biological	activity	Artificial	Intelligence	and	Expert	Systems	793	FIGURE	26.18	Mathematical	modeling	showing	the	processing	variables	(dark	gray	background)	affected	by
the	changes	in	outlet	temperature.	FIGURE	26.19	Database	component	showing	the	processing	conditions	for	spray-drying	lactose.	794	Pharmaceutical	Granulation	Technology	screening,	statistical	design/analysis/interpretation,	manufacturing	process/control,	automated	QA	monitoring,	drug	interaction	predictions,	production	scheduling,	and
marketing/sales	plans.	The	specific	application	of	ESs	to	manufacturing	process	and	control	was	addressed	in	more	detail	by	Murray	[27].	The	article	begins	with	an	outline	for	choosing	processes	that	manufacturing	processes	would	benefit	most	from	in	an	ES	application.	The	application	described	in	additional	detail	is	a	rule-based	ES	for	the
troubleshooting	and	diagnostics	of	a	high-speed	tablet	press	that	was	in	the	process	of	being	developed	and	some	of	the	experiences	resulting	from	this	development.	Another	formulation	ES	was	described	in	the	literature	by	Rowe	et.	al.	[28].	This	ES	was	based	on	a	decision	tree	and	was	used	for	the	development	of	parenteral	formulations.	The
decision	trees	utilized	by	the	system	were	described	in	detail.	Additional	detail	about	the	software	used	and	the	advantages	of	this	formulation	tool	was	also	included.	Bateman	et.	al.	[29]	described	an	ES	for	the	development	of	powder	formulations	for	hard	gelatin	capsules.	A	team	process	incorporating	formulators	and	software	engineers	was
utilized	for	the	acquisition	of	the	information	for	the	knowledge	base.	From	this	process,	the	rules	for	the	knowledge	base	were	discovered	and	evolved	using	a	process	of	“iterative	refinement.”	The	system	also	required	an	excipient	database	containing	excipient	physical	properties.	A	comprehensive	review	of	the	commercially	available	software	for
use	in	developing	in	telligent	systems	was	provided	by	Rowe	[30].	Rowe	divided	the	software	into	five	types	describing	the	applications,	advantages,	and	disadvantages	of	each	type	as	well	as	diagramming	the	operation	processes.	Software	tool	names	and	supplier	information	are	also	provided.	Within	the	pharmaceutical	literature,	ANNs	have	been
applied	to	several	areas.	These	include	clinical	pharmacy,	drug	design	(QSAR),	product	development	and	optimization,	protein	drug	delivery,	biopharmaceutics,	and	pharmacokinetics.	Hussain	et	al.	describe	an	ES	for	the	prediction	of	the	in	vitro	drug	release	profile	from	hy	drophilic	matrix	tablets	[31].	The	ES	is	based	on	ANN	software	that	is
defined	as	the	main	component	of	computer-aided	formulation	design	(CAFD).	The	purposes	outlined	for	CAFD	in	clude	the	prediction	of	formulation/process	conditions,	the	simulation	of	studies,	the	storage	of	information	for	training	purposes,	and	the	reduction	of	time	and	cost	in	the	product	development	process.	The	specific	ES	described	in	this
work	was	built	using	data	from	the	release	profiles	of	11	active	ingredients	and	three	polymer	grades	of	hydroxypropyl	cellulose	combined	at	several	drugto-polymer	ratios.	The	developed	system	was	able	to	differentiate	between	the	active	ingredient	salt	types,	the	polymer	grades,	and	the	drug-to-polymer	ratios	and	successfully	predicted	the	re	lease
profiles	of	most	drugs	within	the	ranges	of	the	training	sets.	Additional	components	such	as	additional	formulation	variables,	process	conditions,	and	performance	tests	were	recommended	to	make	CAFD	a	useful	system.	Neural	networks	have	also	been	applied	to	the	process	of	fluidized-bed	granulation.	Watano	et	al.	[32]	have	specifically	applied
neural	networks	to	fluid-bed	granulation	scale-up.	A	threelayer,	backpropagation	network	was	used	with	the	input	variables	being	vessel	diameter,	moisture	content,	fluidization	air,	and	agitator	rotational	speed.	The	number	of	neurons	in	the	output	layer	was	also	four,	and	the	following	outputs	were	generated:	granule	mass	median	diameter,
geometric	standard	deviation,	apparent	density,	and	shape	factor.	Various	numbers	of	middle	layer	units	were	tested	to	determine	the	optimal	number	based	on	the	behavior	of	the	error	convergence	during	learning.	Evaluation	of	the	final	error	after	1000	epochs	showed	the	optimal	number	of	middle	layer	units	to	be	four.	The	data	used	to	train	the
network	were	obtained	from	three	sizes	of	laboratory-scale	granulators.	The	trained	network	was	used	to	predict	the	granule	characteristics	of	material	produced	using	commercial-scale	equipment.	These	granulations	were	produced,	the	actual	granule	data	were	compared	with	the	predicted	values,	and	an	excellent	correlation	was	observed.
Additional	networks	using	the	same	architecture	were	also	trained	by	the	authors	using	fewer	data	points	in	the	training	set.	From	this	investigation,	it	was	shown	that	the	training	data	Artificial	Intelligence	and	Expert	Systems	795	could	be	decreased	while	retaining	good	accuracy.	However,	the	authors	noted	that	when	the	number	of	training	sets
was	less	than	13,	the	accuracy	of	the	predictions	decreased.	Murtoniemi	et	al.	have	also	used	ANN	to	model	the	fluid-bed	granulation	process	[33].	In	their	work,	three	input	variables,	inlet	air	temperature,	atomizing	air	pressure,	and	binder	solution	amount,	were	varied	at	three	levels.	The	output	variables,	mean	granule	size,	and	granule	friability,
were	measured.	This	training	data	were	processed	using	a	modified	backpropagation	algorithm	in	a	basic	feed-forward	architecture	containing	one	or	two	hidden	layers.	The	number	of	neurons	in	each	hidden	layer	was	varied	from	3	to	15.	In	all,	36	networks	were	trained.	Evaluation	of	the	training	data	revealed	that	the	number	of	hidden	neurons	did
not	greatly	affect	the	average	error	except	when	the	networks	were	small	and	contained	only	three	or	four	hidden	neurons.	The	data	produced	by	the	optimal	network	were	also	compared	with	the	data	calculated	using	a	regression	model.	For	both	outputs,	the	ANN	data	were	closer	to	the	experimental	values	than	the	regression	data.	In	a	second
article	by	the	same	authors,	the	topology	and	the	training	endpoint	of	this	network	were	investigated	further	[34].	The	purpose	of	this	study	was	to	optimize	the	ability	of	the	ANN	to	generalize	by	varying	the	number	of	hidden	layer	neurons	and	the	training	endpoint.	The	results	again	showed	that	the	number	of	hidden	neurons	did	not	affect	the
ability	of	the	network	to	generalize.	However,	the	training	endpoint	had	a	significant	effect	on	generalization	and	the	number	of	iteration	epochs	required.	In	a	review	of	neural	network	computing	in	the	pharmaceutical	literature	published	in	1993,	Erb	comprehensively	described	the	backpropagation	architecture	by	citing	much	of	the	original	neural
network	literature	as	well	as	additional	helpful	books	[35].	The	prediction	of	in	vitro	dissolution	as	a	function	of	formulation	variables	was	also	the	goal	of	the	work	performed	by	Ebube	et	al.	[36].	This	study	demonstrated	the	importance	of	optimizing	the	number	of	hidden	layers	and	the	number	of	iterations	or	epochs.	The	developed	network	had	two
inputs,	the	level	of	polymers	1	and	2,	and	one	output,	the	percentage	dissolved	in	one	hour.	Optimization	of	the	network	resulted	in	three	neurons	for	the	hidden	layer	and	an	optimal	number	of	iterations,	which	varied	from	81	to	671	depending	on	the	number	of	formulations	in	the	training	set.	The	authors	also	found	that	the	network	predicted	data
outside	the	training	set	less	accurately	than	data	bounded	by	the	training	set.	However,	the	predictive	capability	of	the	network	was	improved	using	replicate	input	and	output	data.	As	indicated	earlier	in	this	chapter,	the	application	of	AI	in	the	pharmaceutical	industry	in	creased	during	the	last	few	decades.	When	it	comes	to	granulation	and	tablet
production,	AI	methods	such	as	ANN,	cubist	model,	random	forest	method,	k-NN,	and	the	combination	of	neurofuzzy	logic	(NFL)	and	gene	expression	programming	(GEP)	were	found	to	be	capable	of	not	only	predicting	the	potential	problem	but	also	finding	a	suitable	solution	for	it	[37].	Continuous	pharmaceutical	processing	is	designed	to	overcome
this	drawback	and	therefore	offers	more	advantages	compared	to	batch	processing.	In	order	to	develop	continuous	pharma	ceutical	manufacturing,	each	unit	operation	in	the	manufacturing	line	should	be	interconnected	appropriately.	Continuous	processing	has	a	great	deal	of	potential	to	address	issues	of	agility,	flexibility,	cost,	and	robustness	in	the
development	of	pharmaceutical	manufacturing	processes.	Over	the	past	decade,	there	have	been	significant	advancements	in	science	and	engineering	to	support	the	implementation	of	continuous	pharmaceutical	manufacturing.	These	investments	along	with	the	adoption	of	the	QbD	paradigm	for	pharmaceutical	development	and	the	advancement	of
PAT	for	designing,	analyzing,	and	controlling	manufacturing	have	progressed	the	scientific	and	regulatory	readiness	for	continuous	manufacturing.	The	FDA	supports	the	implementation	of	continuous	manufacturing	using	science-	and	risk-based	approaches	[38].	A	powerful	tool	for	the	development	of	continuous	pharmaceutical	manufacturing	is
model	predictive	control	(MPC),	which	is	considered	as	an	advanced	control	strategy.	MPC	considers	each	unit	operation	and	takes	a	holistic	view	of	the	manufacturing	line.	Therefore,	each	unit	operation	should	be	specified,	and	its	model	needs	to	be	developed	to	implement	MPC	for	the	manufacturing	line.	There	are	different	processes	in	the
manufacturing	of	solid-dosage	drugs	such	796	Pharmaceutical	Granulation	Technology	as	milling,	mixing,	granulation,	drying,	and	coating.	Granulation	is	the	key	step	in	manufacturing	pharmaceutical	formulations,	in	which	granules	are	produced	from	a	fine	powder	including	an	active	pharmaceutical	ingredient	(API)	and	an	excipient.	Moreover,	wet
granulation	is	the	most	complex	unit	operation	in	pharmaceutical	manufacturing	since	many	mechanisms	are	involved	in	the	formation	of	granules	from	fine	powder	[39].	Recently,	twin-screw	granulation	has	gained	a	lot	of	attention	over	other	granulation	methods	due	to	its	unique	characteristics.	The	main	advantage	of	twin-screw	granulation	is	that
it	is	an	intrinsic	continuous	process	that	can	promote	the	de	velopment	of	continuous	pharmaceutical	manufacturing	[40].	Some	theoretical	and	experimental	work	using	twin-screw	extruder	has	been	carried	out	to	simulate	continuous	wet	granulation.	Several	researchers	have	investigated	predictive	modeling	of	wet	granulation	by	using	Population
Balance	Model	(PBM)	and	Discrete	Element	Model	(DEM)	[41–43].	They	developed	a	multi	dimensional	population	balance	model	for	the	prediction	of	granule	properties	in	a	twin-screw	granulation.	The	lumped	parameter	and	compartment	approach	were	used	for	the	numerical	so	lution	of	population	balance	equations.	This	model	was	found	to	be
able	to	predict	the	granule	size,	liquid	content,	and	porosity	as	a	function	of	process	parameters.	The	results	of	mechanistic	models	developed	for	twin-screw	granulation	revealed	that	these	mechanistic	models	are	quite	slow	for	the	use	of	MPC	in	the	development	of	continuous	pharmaceutical	manufacturing.	However,	these	mechanistic	models	can
be	used	for	process	design	and	optimization.	The	main	disadvantage	of	the	aforementioned	mechanistic	models	is	that	it	is	not	fast	enough	to	be	used	as	a	model	for	the	development	of	the	MPC	approach	in	continuous	manufacturing.	In	MPC,	the	model	of	the	process	should	be	able	to	run	within	a	few	seconds	in	order	to	predict	the	future	behavior	of
the	process.	Therefore,	these	mechanistic	models	fail	to	be	applied	for	MPC,	and	in	fact,	faster	models	are	required	for	industrial	applications.	Recently,	some	researchers	have	tried	to	reduce	the	solution	time	for	the	mechanistic	model	by	coupling	PBM	and	ANN	for	describing	wet	granulation.	The	main	aim	of	a	hybrid	model	is	to	make	the	solution
time	faster.	The	results	showed	that	ANN	is	capable	of	simulation	for	the	wet	granulation	process,	although	it	does	not	look	at	the	mechanisms	associated	with	the	granulation.	A	list	of	different	mechanistic	and	hybrids	models	applicable	to	wet	granulation	is	also	reported	[39,44].	In	a	recent	study	[45],	computational	modeling	of	twinscrew
granulation	was	conducted	by	using	an	ANN	approach.	The	experimental	work	consists	of	wet	granulation	of	microcrystalline	cellulose	using	a	twin-screw	extruder.	Process	parameters	including	liquid	to	solid	ratio,	screw	speed,	and	powder	flow	rate	were	considered	as	inputs.	On	the	other	hand,	particle	size	distribution	parameters	of	d10,	d50,	and
d90	were	selected	as	outputs.	Linear	and	non-linear	activation	functions	were	taken	into	account	in	the	simulations,	and	more	accurate	results	were	obtained	for	non-linear	function	in	terms	of	prediction.	The	most	accurate	prediction	was	obtained	by	the	two	hidden	layers	with	two	nodes	per	layer	and	three-fold	crossvalidation	method.	The	developed
modeling	methodology	was	found	to	be	fast	and	reliable	and	could	be	used	for	the	implementation	of	model	predictive	control	in	developing	continuous	pharmaceutical	manufacturing.	Landin	[46]	demonstrated	the	potential	of	AI	tools	for	predicting	the	endpoint	of	the	granulation	process	in	high-speed	mixer	granulators	of	different	scales	from	25	L
to	600	L.	In	this	work,	the	combination	of	neurofuzzy	logic	and	gene	expression	programming	technologies	was	used	for	the	modeling	of	the	impeller	power	as	a	function	of	operating	conditions	and	wet	granule	properties,	establishing	the	critical	variables	that	affect	the	response	and	obtaining	a	unique	experimental	polynomial	equation	(transparent
model)	of	high	predictability	(R2	>	86.78%)	for	all	size	equip	ment.	Gene	expression	programming	allowed	the	modeling	of	the	granulation	process	for	gran	ulators	of	similar	and	dissimilar	geometries	and	can	be	improved	by	implementing	additional	characteristics	of	the	process,	as	composition	variables	or	operation	parameters	(e.g.,	batch	size,
chopper	speed).	The	principles	and	the	methodology	proposed	were	claimed	to	be	applied	to	understand	and	control	the	manufacturing	process,	using	any	other	granulation	equipment,	in	cluding	continuous	granulation	processes.	Artificial	Intelligence	and	Expert	Systems	797	Studies	utilizing	the	QbD	approach	and	machine	learning	modeling	for
scale-up	of	wet	gran	ulation	processes	often	use	either	process	parameters	or	formulation	factors	[47].	Furthermore,	responses	being	observed	are	usually	related	to	granule	properties	(particle	size	distribution	[48],	porosity	[49],	size,	and	bulk	density	[50]).	In	studies	conducted	by	Aikawa	et	al.	[51]	and	Badawy	et	al.	[52],	the	analyzed	responses
were	tablet	properties.	Those	studies,	however,	did	not	utilize	machine	learning	techniques.	Previous	studies	with	machine	learning	modeling	involved	testing	of	the	prediction	capability	of	developed	methods	on	either	laboratory	[53]	or	pilot	scale	runs	[54].	In	this	study,	for	the	first	time,	the	developed	models	were	tested	using	a	large	data	set
obtained	from	both	pilot	and	commercial-scale	runs.	We	also	utilized	and	compared	multiple	machine	learning	techniques	(regression,	regularization,	decision	tree,	and	ensemble	algorithms).	Both	formulation	and	process	parameters	were	used	as	input	variables.	Analyzed	responses	are	quality	attributes	of	granules	and	tablets	relevant	in	the	context
of	the	complex	system	of	the	wet	granulation	process	scale-up	–	compatibility	[55],	compressibility,	and	manufacturability.	Millen	et	al.	[56]	provided	an	extensive	example	of	how	different	machine	learning	techniques	could	be	utilized	to	determine	significant	variables	(both	categorical	and	numerical)	and	the	magnitude	of	their	influence	on	tablet
critical	quality	attributes	(CQAs).	As	industries	across	the	world	reaping	the	benefits	of	Industry	4.0	and	its	technologies,	the	pharma	industry	has	taken	a	nimble	step	toward	embracing	and	adopting	the	change	commonly	referred	to	as	Pharma	4.0.	The	move	is	aimed	at	the	digital	transformation	of	the	two	most	im 	portant	areas	of	pharma,	namely,
product	development	and	regulatory	operations.	A	recent	article	addressed	how	Pharma	4.0	would	have	an	impact	on	product	development,	regulatory	operations,	and	how	Pharma	4.0	functionalities	will	focus	on	the	areas	of	drug	research	and	development,	clinical	research,	manufacturing,	and	quality	management	[57].	Needless	to	say,	AI	and	ES
ap	plications	will	be	an	indispensable	part	of	Pharma	4.0.	26.5	CONCLUSION	The	future	success	in	all	areas	of	pharmaceutical	science	will	depend	entirely	on	how	fast	phar	maceutical	scientists	will	adapt	to	the	rapidly	changing	technologies	(such	as	shifting	toward	continuous	manufacturing	and	implementation	of	new	industry	4.0-based
manufacturing	concepts	in	Pharma	4.0™)	and	more	strict	regulatory	requirements	[such	as	FDA’s	Quality	by	Design	(QbD)/Process	Analytical	Technology	(PAT)	initiative].	AI	applications	and	ESs	will	inevitably	be	the	vital	tool	for	the	pharmaceutical	scientist	to	develop	scientifically	sound	dosage	forms	and	to	overcome	the	challenges	of	new
technologies,	regulatory	requirements,	and	new	era	such	as	Pharma	4.0.	In	any	case,	sooner	or	later,	all	of	us	will	be	happily	using	AI	and	ESs.	Those	who	use	them	sooner	will	enjoy	being	the	pioneers	in	their	fields.	They	will	also	have	the	personal	sa	tisfaction	of	contributing	to	pharmaceutical	science	by	catching	up	with	the	rest	of	the	world	in	the
application	of	such	useful	tools,	even	though	it	is	a	highly	complicated	process	to	develop	an	ES	to	the	full	satisfaction	of	the	users,	domain	experts,	company,	FDA,	etc.	ACKNOWLEDGMENT	I	would	also	like	to	thank	Dr.	Susan	C.	Wendel	for	her	contribution	to	the	last	edition	of	this	chapter.	The	Spray	Drying	Expert	System,	which	was	presented	in
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regulations	that	govern	the	manufacturing	and	distribution	of	finished	pharmaceuticals	for	human	con	sumption.	Like	the	industry,	the	regulations	are	also	evolving	to	meet	current	business	needs	and	emerging	technological	developments.	Current	Good	Manufacturing	Practices	(cGMPs)	801	802	Pharmaceutical	Granulation	Technology	are	now
widely	used	across	the	world.	Globalization	of	the	pharmaceutical	industry	has	taken	place	rapidly	in	recent	times,	fueled	by	mergers	and	acquisitions	within	the	industry	and	also	by	economic,	political,	and	regulatory	drivers.	The	industry	today	is	supported	by	a	complex	global	supply	chain	that	feeds	raw	materials	and	packaging	components	to
manufacturers	and	delivers	finished	drug	products	to	patients	around	the	world.	The	rapid	rise	of	Asian	economies	such	as	China	and	India	contributed	significantly	to	the	flow	of	goods	and	services	between	East	and	West.	These	economies	are	not	only	major	manufacturers	of	Active	Pharmaceutical	Ingredients	(APIs)	but	also	major	consumers	of
finished	pharmaceuticals.	Consequently,	they	are	attracting	increasing	attention	from	health	authorities	checking	for	compliance	with	cGMPs.	Regulatory	harmonization	initiatives	at	the	global	and	regional	levels	are	making	some	progress.	Harmonization	has	become	challenging	with	more	health	authorities	from	emerging	economies	coming	on
board.	In	recent	years,	regulatory	agencies	in	the	United	States	and	European	Union	have	encouraged	the	use	of	new	modalities	and	technologies	for	manu	facturing.	This	is	leading	to	a	paradigm	shift	in	how	pharmaceutical	processes	are	controlled	and	how	product	quality	is	defined	and	managed.	27.2	PHARMACEUTICAL	QUALITY	MANAGEMENT
Quality	management	is	that	aspect	of	management	function	that	establishes	and	implements	the	quality	policy	formally	authorized	by	senior	management.	The	fundamental	elements	of	quality	management	are	an	appropriate	infrastructure	or	quality	system	and	systematic	actions	known	as	quality	assurance	taken	to	ensure	adequate	confidence	that
the	product	or	service	will	satisfy	established	requirements	for	quality.	Thus,	quality	assurance	is	a	management	tool	covering	all	matters	that	individually	or	collectively	influence	the	quality	of	a	product.	It	incorporates	cGMP	as	well	as	other	factors	such	as	product	design	and	development.	Quality	control	is	a	subset	of	cGMP	and	concerns	mainly
with	sampling,	specifications,	and	testing	of	raw	materials	and	finished	pharmaceutical	products.	The	concepts	of	quality	assurance,	cGMP,	and	quality	control	are	thus	interrelated	aspects	of	quality	management.	27.2.1	CURRENT	GOOD	MANUFACTURING	PRACTICES	cGMP	is	that	part	of	the	quality	assurance	system	that	ensures	that	medicinal
products	are	con	sistently	produced	and	controlled	to	the	quality	standards	appropriate	to	their	intended	use	and	as	required	by	the	marketing	authorization	provided	by	the	regulatory	agencies.	The	production	of	pharmaceutical	products	involves	some	risks,	for	example,	cross-contamination,	label	mix-ups,	etc.,	that	cannot	be	prevented	entirely
through	end	product	testing,	and	cGMPs	diminish	such	risks.	This	quality	assurance	element	is	mandated	by	law	around	the	world	for	the	manufacturing,	sto	rage,	and	distribution	of	pharmaceuticals.	Although	the	standards	set	by	the	U.S.	Food	and	Drug	Administration	(FDA)	[1,2]	are	well	recognized	as	an	industry	benchmark,	standards	from	other
countries	and	regions	are	also	well	accepted	[3–6].	One	of	the	cGMP	standards	that	has	gained	worldwide	recognition	is	the	one	setup	by	the	Pharmaceutical	Inspection	Cooperation	Scheme	(PIC/S).	It	is	a	non-binding,	informal	co-operative	arrangement	between	regulatory	authorities	in	the	field	of	Good	Manufacturing	Practice	(GMP)	of	medicinal
products	for	human	or	veterinary	use	and	is	open	to	any	authority	having	a	comparable	GMP	inspection	system	[3].	PIC/S	aims	at	harmonizing	inspection	procedures	worldwide	by	developing	common	standards	in	the	field	of	cGMP	and	by	providing	training	opportunities	for	Inspectors.	It	also	aims	at	facilitating	co-operation	and	networking	between
competent	authorities,	regional	and	inter	national	organizations,	thus	increasing	mutual	confidence.	PIC/S	became	operational	in	November	1995,	and	as	of	December	2020,	PIC/S	had	53	participating	authorities	spread	across	five	continents.	In	the	United	States,	cGMP	requirements	were	established	to	be	flexible	to	allow	each	man	ufacturer	to
decide	individually	how	best	to	implement	the	necessary	controls	by	using	Regulatory	Issues	in	Granulation	803	scientifically	sound	design,	processing	methods,	and	testing	procedures.	Regulations	were	made	flexible	to	encourage	companies	to	use	modern	technologies	and	innovative	approaches	to	achieve	higher	quality	through	continual
improvement.	FDA	issued	guidance	on	a	significant	new	in	itiative,	Pharmaceutical	cGMPs	for	the	21st	Century	[7].	This	initiative	was	aimed	at	modernizing	FDA	regulations	to	support	the	early	adoption	of	new	technological	advances	and	state-of-the-art	manufacturing	science	by	the	pharmaceutical	industry.	In	addition,	the	industry	was	encouraged
to	implement	an	integrated	quality	system	and	a	risk-based	approach	for	managing	production	processes	and	quality	assurance	[8].	27.2.2	INTERNATIONAL	COUNCIL	FOR	HARMONIZATION	The	International	Council	for	Harmonization	(ICH),	formerly	the	International	Conference	on	Harmonization	(ICH),	held	the	inaugural	assembly	meetings	on
23	October	2015	establishing	ICH	as	an	international	non-profit	association	under	Swiss	law.	This	step	built	upon	a	25-year	track	record	of	successful	delivery	of	harmonized	guidelines	for	global	pharmaceutical	development	as	well	as	their	regulation,	and	a	long-standing	recognition	of	the	need	to	harmonize	[9].	ICH	was	initially	set	up	as	a	project
that	brought	together	the	regulatory	authorities	of	Europe,	Japan,	and	the	United	States	and	experts	from	the	pharmaceutical	industry	in	these	regions	to	discuss	scientific	and	technical	aspects	of	drug	registration.	Since	its	inception	in	1990,	ICH	has	gradually	evolved	to	address	the	needs	of	globalization	of	drug	development	activity.	Its	mission
now	is	to	achieve	greater	harmonization	worldwide	to	ensure	that	safe,	effective,	and	high-quality	medicines	are	developed	and	registered	in	the	most	resource-efficient	manner.	Harmonization	is	achieved	through	the	development	of	ICH	Guidelines	via	a	process	of	scientific	consensus	with	regulatory	and	industry	experts	working	together.	Guidelines
issued	by	ICH	are	very	useful	reference	documents	for	both	the	industry	and	reg	ulatory	bodies.	The	topics	for	these	guidelines	are	divided	into	four	major	categories,	each	with	a	specific	topic	code.	•	•	•	•	Quality	Topics	(Q),	for	example,	Stability	Testing	(Q1),	Impurity	Testing	(Q3)	Safety	Topics	(S),	for	example,	Carcinogenicity	Testing	(S1),
Genotoxicity	Testing	(S2)	Efficacy	Topics	(E),	for	example,	Dose-Response	Studies	(E4),	Good	Clinical	Practices	(E6)	Multidisciplinary	Topics	(M),	for	example,	Medical	Terminology	(M1),	The	Common	Technical	Document	(CTD)	(M4)	There	is	no	specific	ICH	guideline	covering	the	topic	of	pharmaceutical	granulations;	however,	guidelines	such	as	the
CTD	highlight	the	requirements	for	specifications,	testing,	impurities,	sta	bility,	and	validation	in	drug	product	regulatory	submissions.	Because	of	the	wide	international	acceptance	of	these	guidelines,	it	would	be	prudent	to	check	compliance	with	requirements	spe	cified	in	them	while	putting	together	documentation	dossiers	to	support	regulatory
filings	or	product/technology	transfers.	27.2.3	ISO	9000	STANDARDS	The	International	Organization	for	Standardization	(ISO)	is	the	world’s	largest	developer	of	standards	and	is	an	independent,	non-governmental	international	organization.	ISO’s	principal	activity	is	the	development	of	technical	standards.	These	are	very	useful	to	the	industry,
regulatory	bodies,	trade	officials,	suppliers,	and	customers	of	products	and	services.	With	its	Central	Secretariat	in	Geneva,	Switzerland,	ISO	coordinates	a	network	of	the	national	standard	institutes	of	164	countries	[10].	Each	country	is	represented	by	one	member	that,	unlike	in	the	case	of	the	United	Nations,	need	not	be	a	delegation	of	the	national
government.	Through	its	members,	it	brings	together	experts	to	share	knowledge	and	develop	voluntary,	consensus-based,	marketrelevant	International	Standards	that	support	innovation	and	provide	solutions	to	global	challenges.	804	Pharmaceutical	Granulation	Technology	ISO	has	gained	wide	acceptance	internationally	as	a	commonly	understood
baseline	for	quality,	safety,	and	environmental	standards.	It	ensures	fair	play	and	facilitates	cross-border	trade.	ISO	standards	are	voluntary,	and	being	a	non-governmental	organization,	it	has	no	legal	authority	to	enforce	its	implementation.	This	is	an	essential	difference	with	cGMPs	that	have	been	legislated	into	law	in	several	countries.	One	of	the
most	popular	standards	is	the	ISO	9000	family,	which	is	a	generic	management	system	standard	that	has	become	an	international	reference	for	quality	requirements	in	business-tobusiness	dealings.	The	latest	standard	in	this	series	is	ISO	9001–2015	which	sets	out	the	criteria	for	a	quality	management	system	and	is	the	only	standard	in	the	family	that
can	be	certified	to.	The	requirements	are	generic	and	are	intended	to	apply	to	any	organization,	regardless	of	its	type	or	size,	or	the	products	and	services	it	provides.	Today,	there	are	over	one	million	companies	and	organizations	in	over	170	countries	certified	to	ISO	9001.	The	quality	management	principles	embedded	in	this	standard	represent	a
strong	customer	focus,	the	motivation	and	implication	of	top	management,	the	process	approach,	and	continual	improvement.	Several	excipients	used	in	pharmaceutical	granulations	may	be	common	substances	that	are	also	used	in	the	food	and	cosmetic	industries.	For	manufacturers	of	such	substances,	if	cGMP	is	not	mandated	by	law,	compliance
with	ISO	9000	is	generally	expected	as	a	minimum	by	pharma	ceutical	manufacturers	as	part	of	their	supplier	management	program.	27.3	MANUFACTURING	SCIENCE	The	pharmaceutical	industry	today	is	facing	many	challenges.	The	cost	of	drug	research	has	increased	steeply,	and	at	the	same	time,	R&D	productivity	is	waning.	Patent	expiry	and
loss	of	exclusivity	are	resulting	in	decreasing	revenues.	Manufacturers	are	thus	being	forced	to	improve	efficiencies	and	reduce	costs.	This	is	affecting	the	way	manufacturing	is	carried	out,	with	greater	emphasis	on	the	use	of	science-based	tools	and	quality	risk	management	to	improve	operational	performance	and	to	focus	on	elements	that	are
critical	to	product	quality.	Manufacturing	science	encompasses	knowledge	about	products	and	processes,	the	technology	used	to	manufacture	and	control	these	processes,	and	the	underlying	foundation	of	a	robust	quality	system	at	the	manufacturing	site.	This	results	in	the	manufacture	of	medicinal	products	in	a	reproducible	manner	and	mitigates
risk	to	the	patient.	27.3.1	REGULATORY	OUTLOOK	Dr.	Janet	Woodcock,	who	is	currently	the	U.S.	FDA	Director	of	Center	for	Drug	Evaluation	and	Research	(CDER),	once	stated,	“Industry	must	reinvent	itself	and	its	relationship	with	FDA	to	deal	with	a	future	that	promises	to	be	very	different	from	today.	Archaic	regulatory	practices	that	have	stifled
innovation	and	made	the	industry	inefficient	cannot	continue.	Part	of	the	problem	was	that	we	didn’t	know	what	influenced	product	quality.	We	treated	everything	the	same,	every	deviation	was	a	threat	to	product	quality	but	if	your	processes	are	under	control	and	well	understood,	we	can	do	things	very	differently.”	This	is	a	clear	indication	tothe
industry	to	strive	for	process	understanding	based	on	science	and	to	unburden	pharmaceutical	manufacturing	based	on	this	understanding.	Another	senior	FDA	official,	Dr.	Mark	McClellan,	who	was	a	former	FDA	Commissioner,	once	remarked,	“Pharmaceutical	companies	must	catch	up	with	potato	chip	and	soap	flake	manu	facturers	by	modernizing
operations	and	applying	technology	effectively.”	This	remark	has	often	been	quoted	in	the	media	and	at	various	conferences	as	a	wake-up	call	to	the	industry	to	adopt	new	technologies	and	eliminate	waste.	In	2002,	the	Food	and	Drug	Administration	(FDA)	announced	a	significant	new	initiative,	Pharmaceutical	Current	Good	Manufacturing	Practices
(cGMPs)	for	the	21st	Century,	to	enhance	and	modernize	the	regulation	of	pharmaceutical	manufacturing	and	product	quality.	This	resulted	in	the	release	in	September	2004	of	FDA	guidance	on	Pharmaceutical	cGMPs	for	the	21st	Century	Regulatory	Issues	in	Granulation	805	[7]	that	encourages	the	use	of	manufacturing	science	as	a	basis	for
innovation	and	continuous	improvement.	Following	this	guidance,	there	commenced	a	period	of	sharing	of	knowledge	be	tween	manufacturers	and	regulators	and	the	application	of	regulatory	processes	proportional	to	the	level	of	risk	and	applied	manufacturing	science	demonstrated	by	a	manufacturer.	27.4	PROCESS	ANALYTICAL	TECHNOLOGY	In
September	2004,	alongside	the	guidance	on	Pharmaceutical	cGMPs	for	the	21st	Century,	the	FDA	issued	another	significant	guidance	on	process	analytical	technology	(PAT).	This	guidance	[11]	considers	PAT	to	be	a	system	for	designing,	analyzing,	and	controlling	manufacturing	through	real-time	measurement	of	critical	quality	and	performance
attributes	of	raw/in-process	materials	and	processes,	to	ensure	final	product	quality.	The	goal	of	PAT	is	to	enhance	the	understanding	and	control	of	the	manufacturing	process.	Most	pharmaceutical	processes	have	traditionally	been	controlled	based	on	time-defined	end	points,	for	example,	blending	for	ten	minutes.	Such	an	approach	does	not	always
address	variation	in	physical	attributes	such	as	particle	size	and	shape	for	raw	materials	and	differences	arising	during	the	process.	The	PAT	toolkit	consists	of	process	analyzers,	multivariate	tools,	process	control	tools,	and	continuous	improvement	and	knowledge	management	tools.	These	tools	can	be	used	in	combination	for	a	single-unit	operation
or	an	entire	manufacturing	process	and	its	quality	assurance	to	gain	a	thorough	understanding	of	the	process.	Process	analyzers	provide	voluminous	non-destructive	test	data	gathered	at-line,	on-line,	or	in-line.	Within	the	PAT	framework,	the	completion	of	a	process	step,	for	example,	granulation	endpoint,	is	not	a	fixed	time	period	but	the
achievement	of	the	desired	material	attribute.	Process	analyzers	are	well	suited	for	granulation	process	equipment	and	can	provide	real-time	data	on	critical	process	parameters	(CPPs)	and	critical	quality	attributes	(CQAs).	Granulation	endpoint	measurements	using	transducers,	motor	current,	torque,	etc.	have	been	standard	fixtures	on	equipment
used	for	pharmaceutical	manufacturing	for	a	long	time.	What	has	changed	now	is	the	data	gathering	and	data	processing	capability	and	the	availability	of	statistical	data	analysis	tools	such	as	multivariate	analysis	that	provide	a	process	signature	in	real-time.	Over	a	period	of	time,	manufacturers	are	able	to	leverage	on	assimilated	knowledge	to
develop	a	set	of	process	attributes	defining	an	ideal	batch	known	sometimes	as	the	“golden	batch.”	The	FDA’s	PAT	team	worked	with	the	American	Society	for	Testing	and	Materials	(ASTM)	[12]	to	establish	the	Technical	Committee	E55	on	the	pharmaceutical	application	of	PAT.	This	committee	developed	several	guidelines	covering	PAT	terminology,
system	management,	and	system	implementation/practice.	A	more	detailed	discussion	on	PAT	and	process	control	instrumentation	can	be	found	in	chapter	25	of	this	book.	27.5	QUALITY	RISK	MANAGEMENT	The	new	paradigm	shift	in	pharmaceutical	manufacturing	includes	the	use	of	risk	management	and	risk	tools.	What	is	risk?	It	is	a	combination
of	exposure	and	hazard.	This	is	also	sometimes	referred	to	as	probability	and	severity.	What	is	the	probability	of	a	certain	event	such	as	a	product	failure	due	to	equipment	malfunction	occurring,	and	when	does	it	occur?	What	is	the	severity	or	impact	on	product	quality	and	patient	risk?	The	ICH	trio	consists	of	pharmaceutical	development	(Q8)	[13],
quality	risk	management	(QRM)	(Q9)	[14],	and	pharmaceutical	quality	systems	(Q10)	[15].	Combined	together,	these	three	guidance	documents	provide	a	structured	way	to	define	critical	quality	attributes	and	design	space	supporting	the	development	of	a	robust	manufacturing	process	with	appropriate	control	strategies.	Q8	provides	guidance	on	the
content	of	the	pharmaceutical	development	section	for	the	CTD	filed	for	drug	products.	The	manufacturing	process	development	program	is	expected	to	identify	806	FIGURE	27.1	Pharmaceutical	Granulation	Technology	Design	space.	CPPs	that	should	be	monitored	or	controlled	to	ensure	that	the	product	is	of	the	desired	quality.	Granulation
endpoint	monitoring	is	provided	as	an	example.	The	collection	of	process	monitoring	data	during	the	development	phase	enhances	process	understanding.	The	design	space	is	a	mul	tidimensional	combination	and	interaction	of	input	variables,	for	example,	material	attributes	and	process	parameters	that	have	been	demonstrated	to	provide	assurance
of	quality.	Figure	27.1	shows	a	schematic	representation	of	the	design	space	and	compares	it	with	the	conventional	approach	to	controlling	processes.	Working	within	the	design	space	is	not	considered	as	a	change,	while	movement	out	of	the	design	space	is	considered	to	be	a	change	requiring	postapproval	regulatory	filing.	Q9	offers	a	systematic
approach	to	quality	risk	management.	It	is	an	independent	document	that	complements	other	ICH	quality	documents	and	enables	effective	and	consistent	risk-based	deci	sions	by	both	regulators	and	industry.	It	states	the	following	primary	principles:	1.	The	evaluation	of	the	risk	to	quality	should	be	based	on	scientific	knowledge	and	ultimately	linked
to	the	protection	of	the	patient.	2.	The	level	of	effort,	formality,	and	documentation	of	QRM	should	be	commensurate	with	the	level	of	risk.	Thus,	the	element	of	risk	is	assessed	based	on	a	scientific	understanding	of	the	process	and	quantified	where	possible.	It	is	important	to	link	the	risk	to	the	protection	of	the	patient.	Risk	assessment	documentation
is	essential;	however,	this	is	not	just	a	paper	exercise.	The	effort	put	in	must	be	in	line	with	the	level	of	risk.	Annex	I	of	Q9	provides	a	list	of	risk	assessment	tools.	Q10	describes	a	comprehensive	model	for	an	effective	pharmaceutical	quality	system	that	is	based	on	ISO	quality	concepts	and	cGMPs	and	complements	Q8	and	Q9.	It	can	be	implemented
throughout	the	different	stages	of	a	product	life	cycle.	Figure	27.2	shows	how	the	ICH	trio	con	tributes	to	risk	reduction.	Regulatory	Issues	in	Granulation	FIGURE	27.2	807	How	Q8,	Q9,	and	Q10	contribute	to	risk	reduction.	The	risk	tools	described	in	Q9	can	be	used	to	reduce	product	and	process	risk	during	pharmaceutical	development,	as
described	in	Q8.	Similarly,	the	risk	toolkit	can	be	used	to	reduce	the	risk	to	the	quality	system,	as	described	in	Q10.	This	ultimately	benefits	the	or	ganization	as	a	whole.	In	November	2009,	FDA	issued	a	revised	guidance	on	ICH	Q8,	adding	an	annex	that	clarifies	the	original	document	and	adds	the	principle	of	quality	by	design	(QbD)	[16].	Guidance
for	in	dustry	critical	quality	attributes,	defined	in	the	document	as	elements	that	could	affect	strength,	purity,	release,	and	stability,	and	their	impact	on	development	are	covered	in	more	detail	in	the	revised	guidance.	The	revised	guidance	also	covers	how	risk	assessment	tools	can	be	used	to	identify	and	rank	parameters,	such	as	process,	equipment,
and	ingredients	based	on	their	potential	to	impact	product	quality.	Other	topics	covered	in	the	guidance	include	design	space,	life	cycle	management,	and	quality	target	product	profiles	(QTTP).	The	product	life	cycle	starts	from	development	through	commercial	manufacturing	and	ulti	mately,	product	discontinuation	(Figure	27.3).	During	the



development	phase,	QRM	is	used	to	identify	what	to	monitor	and	measure.	Risk	assessments	supported	by	laboratory-scale	data	generated	from	the	design	of	experiments	(DOE)	are	used	to	establish	what	material	attributes	and	granulation	process	parameters	are	critical	to	product	quality.	The	methodology	used	for	monitoring	the	critical	attributes,
for	example,	off-line	testing	of	moisture	content	of	granulations	or	use	of	on-line/in-line	NIR	devices	for	content	uni	formity,	is	established	at	the	pilot	phase.	At	the	manufacturing	phase,	on-line	data	generated	is	analyzed	in	real-time	using	statistical	tools.	This	facilitates	timely	corrective	actions	to	be	taken	for	any	adverse	trends	observed.	ICH	also
issued	a	new	guideline	on	technical	and	regulatory	considerations	for	pharmaceutical	product	life	cycle	management	(Q12)	[17].	This	guideline	addresses	the	commercial	phase	of	the	product	life	cycle,	and	it	complements	and	adds	to	the	flexible	regulatory	approaches	to	post	approval	changes	described	in	Q8	and	Q10.	The	focus	is	on	increased
product	and	process	knowledge	to	support	change	management	through	a	better	understanding	of	risk	to	product	quality.	808	FIGURE	27.3	Pharmaceutical	Granulation	Technology	Product/process	monitoring.	27.6	CONTINUOUS	MANUFACTURING	Continuous	manufacturing	(CM)	is	an	innovation	that	can	reduce	manufacturing	and	scale-up	costs
and	make	unit	operations	easy	to	transfer	between	plants	and	sites.	Manufacturing	start-up	up	costs	are	also	lower	as	a	continuous	process	skid	occupies	a	smaller	footprint	than	a	typical	batch	processing	plant.	These	skids	are	also	portable	and	can	be	moved	around	easily	and	made	op	erational	after	hooking	up	to	required	utilities	and	services.	The
concept	of	CM	has	been	in	practice	in	the	specialty	chemical	and	food	industries	for	quite	a	while.	However,	embedding	the	concept	of	CM	into	commercial	operations	for	pharmaceuticals	has	been	a	challenge	due	to	the	lack	of	harmonized	regulatory	guidance.	Some	companies	started	experimenting	with	CM	approaches	over	ten	years	back	as	the
current	regulatory	framework	allows	for	the	commercialization	of	products	using	CM	technology.	However,	this	concept	was	still	new	for	both	manufacturers	and	regulators	who	initially	looked	at	continuous	processes	through	a	batch	process	lens.	This	resulted	in	a	lot	of	expectations	with	an	additional	burden	for	process	monitoring	and	control.	The
reg	ulatory	filing	complexity	also	discouraged	manufacturers	to	develop	continuous	processes	for	new	products.	The	advantages	of	CM	are	now	getting	recognized	as	leading	to	next-generation	man	ufacturing,	and	industry	forums	have	started	working	with	regulatory	bodies	to	develop	new	guidance.	In	February	2019,	FDA	issued	draft	guidance	on
quality	considerations	for	CM	in	the	phar	maceutical	industry	[18].	This	guidance	reflects	the	FDA’s	current	thinking	on	the	quality	con	siderations	for	CM	of	small	molecule,	solid	oral	drug	products.	It	describes	several	key	quality	considerations	and	provides	recommendations	for	how	manufacturers	should	address	these	con	siderations	in	new	drug
applications	(NDAs),	abbreviated	new	drug	applications	(ANDAs),	and	supplemental	NDAs	and	ANDAs,	for	small	molecule,	solid	oral	drug	products	that	are	produced	via	a	CM	process.	Regulatory	Issues	in	Granulation	809	The	FDA	considers	CM	to	be	a	process	in	which	the	input	material(s)	are	continuously	fed	into	and	transformed	within	the
process,	and	the	processed	output	materials	are	continuously	removed	from	the	system.	This	guidance	applies	to	manufacturing	operations	wherein	a	continuous	process	is	applied	to	two	or	more	unit	operations	linked	together.	It	addresses	scientific	and	regulatory	considerations	unique	to	CM,	for	example,	process	dynamics,	batch	definition,	control
strategy,	scale-up,	stability,	and	bridging	of	existing	batch	manufacturing	to	CM.	Granulation	process	steps	are	quite	suitable	for	integration	with	continuous	plant	operations.	Continuous	fluid-bed	granulations	whereby	input	materials	are	added	and	granulated	material	is	harvested	simultaneously	is	a	good	example.	Another	example	is	dry
granulations	using	roller	compactors.	Even	in	the	case	of	batch	process	wet	granulations,	it	is	possible	to	integrate	such	batch	steps	into	a	continuous	process	that	starts	with	the	feed	of	input	material	for	mixing	at	one	end	and	the	collection	of	compressed	tablets	at	another	end.	ICH	also	got	interested	in	the	harmonization	of	CM	concepts	and
published	in	November	2018	a	final	concept	paper	on	the	continuous	manufacturing	of	drug	Substances	and	drug	Products	(Q13)	[19].	The	plan	is	to	develop	a	new	guideline	on	CM	within	three	years.	This	was	a	recognition	by	ICH	that	their	current	guidelines	do	not	sufficiently	address	technical	and	regulatory	requirements	that	are	unique	to	CM.	A
harmonized	regulatory	guideline	issued	by	ICH	is	expected	to	benefit	industry	and	regulators	and	improve	access	to	medicines	for	patients.	It	is	also	expected	to	fa	cilitate	uniform	implementation,	regulatory	approval,	and	life	cycle	management,	particularly	for	products	intended	for	commercialization	internationally.	27.7	DATA	INTEGRITY	In	recent
years,	data	integrity	within	pharmaceutical	manufacturing	has	become	a	key	quality	and	regulatory	compliance	concern.	We	are	now	seeing	increasing	use	of	electronic	records	with	electronic	signatures	to	capture	cGMP	data	in	plants	and	QC	laboratories.	The	storage,	retrieval,	and	integrity	of	vast	amounts	of	electronic	data	have	become	a
challenging	task.	This	data	control	has	not	been	of	the	same	rigor	as	that	for	paper	records	used	erstwhile.	During	manufacturing	site	inspections,	the	FDA	has	increasingly	observed	cGMP	violations	involving	data	integrity.	This	resulted	in	regulatory	actions,	including	warning	letters,	import	alerts,	and	consent	decrees.	The	FDA	issued	new	guidance
in	December	2018	on	data	integrity	and	compliance	with	drug	cGMP	that	defines	terminology	and	answers	several	questions	regarding	paper	and	electronic	data	[20].	FDA	emphasizes	that	all	cGMP	data	should	be	reliable	and	accurate,	and	the	guidance	clarifies	the	role	of	data	integrity	to	achieve	this.	Complete,	consistent,	and	accurate	data	should
be	attributable,	legible,	contemporaneously	recorded,	original	or	a	true	copy,	and	accurate	(ALCOA).	Metadata	is	the	contextual	information	required	to	understand	data.	A	data	value	is	by	itself	meaningless	without	additional	information	about	the	data,	and	hence,	metadata	is	often	described	as	data	about	data.	As	an	example,	if	CPPs	such	as	mixing
and	granulation	time	for	wet	granulation	or	inlet/outlet	air	temperature	for	fluid-bed	granulation	are	data,	the	date/time	stamp	of	when	such	data	was	generated	and	the	name/identity	of	operator	collecting	such	data	are	considered	as	me	tadata.	Another	key	focus	area	is	audit	trail	which	means	a	secure,	computer-generated,	timestamped	electronic
record	that	allows	for	the	reconstruction	of	the	course	of	events	relating	to	the	creation,	modification,	or	deletion	of	an	electronic	record.	As	an	example,	a	record	for	a	granu	lation	process	step	should	include	details	of	the	recipe	used,	operator	identity,	equipment	used,	the	identity	of	material	inputs,	measures	for	CPPs,	timestamp	and	duration	for
individual	process	steps,	process	interruptions,	a	second	person	check	for	critical	process	steps,	etc.	Data	once	generated	needs	to	stay	in	its	original	form,	and	the	audit	trail	keeps	track	of	amendments	made	if	permitted	by	the	procedure.	Regular	and	independent	review	of	audit	trails	is	a	requirement.	810	Pharmaceutical	Granulation	Technology
27.8	POSTAPPROVAL	CHANGE	CONSIDERATIONS	Scale-up	of	manufacturing	is	required	during	the	transfer	of	production	processes	from	drug	product	development	laboratories	to	commercial	manufacturing	centers	or	between	manufacturing	centers.	During	the	manufacture	of	clinical	batches,	the	amount	of	active	ingredient	available	is	limited,
and	the	process	equipments	available	are	often	scaled-down	versions	of	those	used	for	the	production	of	commercial	batches.	Batch	sizes	are	thus	smaller	than	those	used	during	the	man	ufacture	of	routine	commercial	batches.	Process	scale-up	and	commercial	manufacturing	are	ex	pedited	as	the	industry	attempts	to	maximize	the	commercial
benefits	afforded	by	patent	protection	for	new	drug	molecules.	Most	companies	formally	record	the	scientific	data	that	is	generated	into	product	development	reports.	These	form	the	basis	for	establishing	the	manufacturing	process,	specifications,	in-process	controls,	and	validation	acceptance	criteria	used	during	the	commercial	production	of	the
drug	product.	Product	development	reports	also	provide	a	link	between	the	bio	batch/clinical	batch	and	commercial	process	through	development	and	scale-up.	Information	from	the	development	phase	is	used	to	prepare	the	chemistry,	manufacturing,	and	controls	(CMC)	section	of	an	application	such	as	a	new	drug	application	(NDA)	filed	with	the
FDA	[21].	Where	applicable,	reference	is	also	provided	to	other	documents	such	as	drug	master	files	(DMFs)	sub	mitted	earlier	to	the	FDA	by	the	manufacturer	or	their	suppliers	of	excipients	and	product	contact	equipment	components	such	as	gasket/seal	elastomers	[22].	The	FDA,	with	input	from	the	industry,	developed	guidance	for	scale-up
postapproval	changes	(SUPAC)	for	oral	dosage	forms.	SUPAC	covers	components	or	composition,	site	of	manufacture,	the	scale	of	manufacture,	and	manufacturing	process/equipment.	These	guidelines	represent	the	agency’s	current	thinking	on	the	topic	and	are	not	binding	on	the	industry	or	agency	with	alter	native	approaches	being	acceptable.
These	guidance	documents	have	been	well	received	by	the	pharmaceutical	industry	as	they	enhance	their	ability	to	plan	and	implement	change	and	manage	resources	efficiently.	The	scale-up	postapproval	changes	immediate-release	(SUPAC-IR)	guidance	for	immediaterelease	solid	oral	dosage	forms	[23]	provides	recommendations	to	sponsors	of
NDAs,	abbreviated	new	drug	applications	(ANDAs),	and	abbreviated	antibiotic	applications	(AADAs)	who	intend,	during	the	postapproval	period,	to	make	changes.	This	guidance	was	the	result	of	a	workshop	on	the	scale-up	of	immediate-release	products	conducted	by	the	American	Association	of	Pharmaceutical	Scientists	(AAPS)	in	conjunction	with
the	U.S.	Pharmacopeia	Convention	(USP)	and	the	FDA	[24].	It	defines	the	levels	of	change,	recommended	CMC	tests	for	each	level	of	change,	in	vitro	dissolution	tests,	and/or	in	vivo	bioequivalence	tests	for	each	level	of	change	and	filing	documentation	that	should	support	the	change	(Figures	27.4	and	27.5).	Notification	to	FDA	of	postapproval
changes	to	NDAs	is	made	using	change	documentation	known	as	supplements	[25].	The	regulations	describe	the	type	of	changes	that	require	prior	ap	proval	from	the	FDA	before	the	change	can	be	implemented	(preapprovable	changes).	Under	some	circumstances,	changes	can	be	made	before	approval	from	FDA	(changes	being	affected	or	CBEs)	or
described	in	the	annual	report	to	the	FDA.	In	the	case	of	CBE	supplements,	the	FDA	may,	after	a	review	of	the	information	submitted,	decide	that	the	changes	are	not	approvable.	The	SUPAC	guidance	documents	list	information	that	should	be	provided	to	the	FDA	to	assure	that	product	quality	and	the	performance	characteristics	of	the	drug	products
are	not	adversely	affected	by	the	changes	proposed	to	be	carried	out.	27.8.1	COMPONENT	AND	COMPOSITION	CHANGES	The	SUPAC	guidance	focuses	on	changes	in	excipients	in	the	drug	product.	Changes	in	the	amount	of	drug	substance	are	not	addressed	by	this	guidance.	The	changes	are	categorized	into	three	levels	according	to	the
increasing	impact	on	product	quality	and	performance	expected.	Regulatory	Issues	in	Granulation	FIGURE	27.4	Developments	of	scale-up	postapproval	change	guidance	documents.	FIGURE	27.5	Formats	of	scale-up	postapproval	change	guidance	documents.	811	27.8.1.1	Level	1	Changes	Level	1	changes	are	those	that	are	unlikely	to	have	any
detectable	impact	on	formulation	quality	and	performance.	Examples	of	such	changes	are	deletion	or	partial	deletion	of	an	ingredient	in	tended	to	affect	the	color	or	flavor	of	the	drug	product,	changes	in	the	composition	of	the	printing	ink	to	another	approved	ingredient,	etc.	Changes	in	excipients	expressed	as	percentages	(w/w)	of	the	total
formulation,	less	than	or	equal	to	the	percent	range	shown	in	Table	27.1,	are	also	level	1	changes.	The	total	additive	effect	of	all	excipient	changes	should	not	be	more	than	5%.	The	documentation	necessary	to	support	this	type	of	change	is	application/compendial	release	requirements	and	stability	data	for	one	batch	on	long-term	stability.	No	in	vivo
bioequivalence	data	or	812	Pharmaceutical	Granulation	Technology	TABLE	27.1	Scale-Up	Postapproval	Changes	Immediate	Release:	Component	or	Composition	Change	Levels	Excipient	Percent	Excipient	(w/w	of	Total	Dosage	Unit)	Level	1	Level	2	Level	3	±5	±10	>10	Starch	Other	±3	±1	±6	±2	>6	>2	Binder	±0.5	±1	>1	Lubricant	Ca	or	Mg	stearate
±0.25	±0.5	>0.5	±1	±2	>2	Filler	Disintegrant	Other	Glidant	Talc	Other	Film	coat	Total	drug	excipient	change	(%)	±1	±2	>2	±0.1	±0.2	>0.2	±1	5	±2	10	>2	n/a	Source:	From	Ref.	23.	additional	dissolution	data	other	than	that	required	by	the	application/compendia	is	necessary	for	this	submission.	The	entire	documentation	package	including	long-
term	stability	data	for	the	level	1	change	is	filed	with	the	FDA	through	the	annual	report	mechanism.	27.8.1.2	Level	2	Changes	Level	2	changes	are	those	that	could	have	a	significant	impact	on	formulation	quality	and	performance.	The	testing	and	filing	requirements	for	level	2	changes	vary	depending	on	three	factors	–	therapeutic	range,	solubility,
and	permeability.	Therapeutic	ranges	are	defined	as	narrow	or	non-narrow,	and	drug	solubility	and	drug	permeability	are	defined	as	either	low	or	high.	A	list	of	narrow	therapeutic	range	drugs	is	provided	in	the	guidance	document.	Solubility	is	calculated	on	the	basis	of	the	minimum	concentration	of	the	drug,	milligram/milliliter	(mg/mL),	in	the
largest	dosage	strength,	determined	in	the	physiological	pH	range	(pH	1	to	8)	and	temperature	(37	°C	±	0.5	°C).	Permeability	[Pe,	centimeter	per	second	(cm/sec)]	is	defined	as	the	effective	human	jejunal	wall	permeability	of	a	drug	and	includes	an	apparent	resistance	to	mass	transport	to	the	intestinal	membrane.	An	example	of	a	level	2	change	is
the	change	in	the	technical	grade	of	an	excipient,	for	ex	ample,	Avicel	PH102	versus	Avicel	PH200.	Changes	in	excipients	expressed	as	a	percentage	(w/w)	of	the	total	formulation,	greater	than	those	listed	earlier	for	level	1	change	but	less	than	or	equal	to	a	percent	range	representing	a	twofold	increase	over	level	1	changes	(Table	27.1),	are	also
deemed	as	level	2	changes.	The	total	additive	effect	of	all	excipient	changes	should	not	be	more	than	10%.	The	documentation	necessary	to	support	this	type	of	change	is	application/	compendial	release	requirements,	batch	records,	and	stability	data	for	one	batch	with	three	months’	accelerated	sta	bility	data	in	supplement	and	one	batch	on	long-
term	stability.	Dissolution	data	requirements	depend	on	three	scenarios	known	as	cases	that	cover	a	high/low	permeability	and	a	high/low	drug	solubility,	as	shown	in	Table	27.2.	No	in	vivo	bioequivalence	data	is	necessary	for	this	submission	if	the	situation	falls	within	one	of	the	cases	shown	in	Table	27.2.	A	prior	approval	supplement	that	Regulatory
Issues	in	Granulation	813	TABLE	27.2	Scale-Up	Postapproval	Changes	Immediate	Release:	Dissolution	Testing	Categories	Category	Nature	of	Drug	Dissolution	Medium	Time	Points	(min)	Specification	Case	A	High	permeability	High	solubility	0.1	N	HCl	15	≥85%	Case	B	Low	permeability	As	stated	in	application/	15,	30,	45,	60,	120,	or	Dissolution
profile	similar	High	solubility	compendia	until	an	asymptote	is	reached	to	the	current	formulation	High	permeability	Water,	0.1	N	HCl,	USP	buffer	15,	30,	45,	60,	120	Low	solubility	media	at	pH	4.5,	6.5,	and	7.5	(plus	surfactant	if	justified)	Case	C	90%	or	an	asymptote	is	reached.	Profile	similar	to	the	current	product	Source:	From	Ref.	23.	contains	all
information	including	accelerated	stability	data	is	to	be	filed.	The	long-term	stability	data	is	filed	through	the	annual	report	mechanism.	27.8.1.3	Level	3	Changes	Level	3	changes	are	those	that	are	likely	to	have	a	significant	impact	on	formulation	quality	and	performance.	Similar	to	level	2	changes,	the	testing	and	filing	documentation	requirements
vary	depending	on	therapeutic	range,	solubility,	and	permeability.	Examples	of	level	3	changes	are	any	qualitative	and	quantitative	excipient	changes	to	a	narrow	therapeutic	drug	beyond	the	ranges	stated	for	level	1	changes	(Table	27.1)	and	all	drugs	not	meeting	the	dissolution	criteria	listed	for	level	2	changes	(Table	27.2).	A	change	in	granulating
solution	volume	is	not	covered	under	SUPAC-IR	as	it	is	a	minor	change	to	a	normal	operating	procedure	and	should	be	included	in	the	batch	record	after	under	going	validation	and	manufacturer’s	site	change	control	procedure.	A	change	in	the	granulating	solvent,	for	example,	from	alcohol	to	water,	can	be	expected	to	alter	the	composition	of	the
drug	product	even	though	it	may	be	removed	during	manufacturing,	and	hence,	it	is	a	level	3	change	that	requires	a	prior	approval	supplement.	The	documentations	required	to	support	level	3	changes	are	application/compendial	release	requirements	and	batch	records.	If	a	significant	body	of	information	is	available,	one	batch	with	three	months’
accelerated	stability	data	is	to	be	included	in	the	supplement	and	one	batch	on	longterm	stability	data	is	to	be	reported	in	the	annual	report.	Where	a	significant	body	of	information	is	not	available,	up	to	three	batches	with	three	months’	accelerated	stability	data	are	to	be	included	in	the	supplement	and	one	batch	on	long-term	stability	data	is	to	be
reported	in	the	annual	report.	Dissolution	data	requirements	for	level	3	changes	are	as	specified	for	case	B	in	Table	27.2.	In	addition,	a	complete	in	vivo	bioequivalence	study	is	required.	This	study	may	be	waived	if	an	acceptable	in	vivo/in	vitro	correlation	has	been	verified.	A	prior	approval	supplement	that	contains	all	information	including
accelerated	stability	data	is	to	be	filed.	27.8.2	SITE	CHANGES	Site	changes	consist	of	changes	in	the	location	of	the	site	of	manufacture	for	both	company-owned	and	contract	manufacturing	facilities.	These	do	not	include	any	scale-up	changes,	changes	in	the	manufacturing	process	and/or	equipment,	or	changes	in	components	or	composition.	The
new	manufacturing	locations	are	expected	to	have	a	satisfactory	cGMP	inspection.	Similar	to	those	for	component	and	composition	changes,	site	changes	are	also	categorized	into	three	different	levels	814	Pharmaceutical	Granulation	Technology	that	require	a	differing	depth	of	test	and	filing	documentation.	Level	1	changes	are	site	changes	within	a
single	facility,	while	level	2	changes	are	site	changes	within	the	same	campus.	Level	3	changes	consist	of	a	change	in	manufacturing	site	to	a	different	campus,	that	is,	the	facilities	are	not	on	the	same	original	contiguous	site	or	in	adjacent	city	blocks.	These	requirements	are	sum 	marized	in	Table	27.3.	27.8.3	CHANGES	IN	BATCH	SIZE	Postapproval
changes	in	the	size	of	a	batch	(scale-up/scale-down)	from	the	pivotal/pilot	scale	biobatch	material	to	a	larger	or	smaller	production	batch	require	additional	information	to	be	submitted	with	the	change	application.	Scale-down	below	100,000	dosage	units	is	not	covered	by	the	SUPAC	guidance.	All	scale-up	changes	are	required	to	undergo	suitable
process	validation	and	are	to	undergo	regulatory	inspection.	There	are	two	levels	of	batch	size	changes	that	cover	batch	size	increases	up	to	and	including	a	factor	of	10	times	the	size	of	the	pilot/	biobatch	and	increases	beyond	a	factor	of	10	times,	respectively	(Table	27.3).	27.8.4	MANUFACTURING	EQUIPMENT/PROCESS	CHANGES	Equipment
changes	consist	of	changes	from	non-automated	or	non-mechanical	equipment	to	au	tomated	or	mechanical	equipment	or	changes	to	alternative	equipment	of	either	the	same	or	dif 	ferent	design	and	operating	principle	or	of	a	different	capacity.	Process	changes	include	changes	such	as	mixing	time	and	operating	speeds	either	within	or	outside
application/validation	ranges.	A	change	in	the	type	of	process	used	in	the	manufacture	of	the	drug	product,	that	is,	change	from	wet	granulation	to	direct	compression	of	dry	powder,	is	also	included.	Table	27.3	provides	a	summary	of	the	documentation	requirements	to	file	changes	to	manufacturing	equipment	and	process.	27.8.5	MODIFIED-
RELEASE	SOLID	DOSAGE	FORMS	Modified-release	solid	dosage	forms	include	both	delayed-	and	extended-release	drug	products.	The	delayed-release	is	the	release	of	a	drug	(or	drugs)	at	a	time	other	than	immediately	following	oral	administration.	Extended-release	products,	on	the	other	hand,	are	formulated	to	make	the	drug	available	over	an
extended	period	after	ingestion	so	that	a	reduction	in	the	dosing	frequency	compared	with	an	immediate-release	dosage	form	is	achieved.	Following	the	successful	release	of	the	guidance	document	for	immediate-release	solid	oral	dosage	forms	(SUPAC-IR),	the	FDA	issued	specific	guidance,	the	scale-up	postapproval	changes	modified	release
(SUPAC-MR)	for	scale-up	and	postapproval	changes	affecting	modifiedrelease	solid	dosage	forms	[26,27]	in	1997.	This	guidance	covers	postapproval	changes	for	modified-release	solid	oral	dosage	forms	that	affect	components	and	composition,	scale-up/scaledown,	manufacturing	site	change,	and	manufacturing	process	or	equipment	changes.	It
permits	less	burdensome	notice	of	certain	postapproval	changes	within	the	meaning	of	Changes	Being	Effected	(CBE)	supplement	(21CFR	314.70).	In	the	case	of	components	and	composition,	SUPAC-MR	covers	changes	in	non-release	con	trolling	excipients	and	release	controlling	excipients	separately.	The	criticality	of	an	excipient	to	drug	release	is
to	be	established	and	appropriate	justifications	are	to	be	provided	if	an	excipient	is	claimed	as	a	non-release	controlling	excipient	in	the	formulation	of	the	modified-release	solid	dosage	form.	The	change	level	classification,	therapeutic	range,	test	and	filing	documentation	for	components	and	composition	changes,	site	changes,	changes	in	batch	size
(scale-up/scale-down),	and	manufacturing	equipment	changes	and	manufacturing	process	changes	for	extended-release	solid	dosage	forms	and	delayed-release	solid	dosage	forms	are	summarized	in	this	guidance	document.	Contiguous	campus	Different	campus	Level	2	Level	3	Scale-up/scale-down	Level	1	≤10-fold	increase	in	batch	size	Single	facility
Table	27.1	Level	1	Site	change	Level	3	change	≤10%	Table	27.1	total	only	equipment	Application/	Case	B,	see	Table	27.2	only	Application/	compendial	only	Application/	compendial	Table	27.2	Case	B,	see	Table	27.2	Varies,	see	compendial	LTSS	commitment	commitment	Accelerated	stability	data	and	LTSS	None	None	data	plus	LTSS	commitment
Accelerated	stability	data	plus	LTSS	commitment	Accelerated	stability	controls,	or	No	change	in	site,	No	scale	or	process	changes	No	scale	or	process	changes	No	scale	or	process	changes	None	therapeutic	range	drugs	No	narrow	only	approved	target	ranges	Level	2	compendial	Application/	beyond	change	≤	5%	LTSS	commitment	No	change	Table
27.1	total	Documentation	Dissolution	Component/composition	Level	1	Chemistry	Change	Permitted	Type/Level	Exclusions	None	None	None	None	Full	None	None	Bioequivalence	TABLE	27.3	Scale-Up	Postapproval	Changes	Immediate	Release:	Site	Equipment	and	Process	Change	Requirements	by	Category	(continued)	Annual	report	supplement
Change	being	effected	supplement	Changes	being	effected	Annual	report	supplement	Prior	approval	supplement	Prior	approval	Annual	report	Filing	Regulatory	Issues	in	Granulation	815	New	design	or	operating	principle	Operating	outside	validation	ranges	The	new	process	(e.g.,	wet-to-dry	Level	2	Level	3	None	None	None	Abbreviation:	LTSS,	long-
term	stability	study.	Source:	From	Ref.	23.	granulation)	Operating	within	validation	ranges	Level	1	None	operating	principle	mechanical	to	mechanical;	new	equipment	design	w/w	same	capacity	No	change	in	Non-automated	to	automated/non-	Manufacturing	process	Level	2	Level	1	equipment	controls,	or	size	Exclusions	No	change	in	site,	Change
Permitted	>10-fold	increase	in	batch	Manufacturing	equipment	Level	2	Type/Level	TABLE	27.3	(Continued)	data	and	LTSS	commitment	Accelerated	stability	LTSS	commitment	None	commitment	Accelerated	stability	data	and	LTSS	LTSS	commitment	commitment	and	LTSS	Accelerated	stability	data	Chemistry	Table	27.2	Case	B,	see	Case	B,	see
Table	27.2	only	Application/	compendial	Case	C,	see	Table	27.2	compendial	only	Application/	Case	B,	see	Table	27.2	Documentation	Dissolution	Full	None	None	None	None	None	Bioequivalence	justification	change	supplement	with	Prior	approval	Changes	being	affected	Annual	report	change	justification	with	Prior	approval	supplement	Annual	report
supplement	Change	being	effected	Filing	816	Pharmaceutical	Granulation	Technology	Regulatory	Issues	in	Granulation	27.8.6	CHANGES	TO	817	GRANULATION	EQUIPMENT	The	FDA	released	in	January	1999	another	guidance	document	that	specifically	addressed	doc	umentation	requirements	for	filings	addressing	changes	to	pharmaceutical
manufacturing	equip	ment	[28].	This	is	the	manufacturing	equipment	addendum	developed	with	the	assistance	of	the	International	Society	of	Pharmaceutical	Engineering	(ISPE)	and	is	used	in	conjunction	with	the	SUPAC-IR	and	SUPAC-MR	guidance	documents.	It	includes	a	representative	list	of	equipment	commonly	used	in	the	industry	but	does	not
include	equipment	modified	by	a	manufacturer	to	meet	specific	needs.	Definitions	and	classification	for	broad	categories	of	unit	operations	such	as	blending	and	mixing,	drying,	particle	size	reduction/separation,	granulation,	unit	dosage,	coating,	printing,	and	soft	gelatin	encapsulation	are	provided.	For	each	unit	operation,	a	table	categorizing
process	equipment	by	class	(operating	principle)	and	subclass	(design	characteristics)	along	with	examples	of	commercially	available	equipment	is	presented.	In	December	2014,	the	FDA	issued	new	guidance	for	industry	covering	the	manufacturing	equipment	addendum	[29]	that	superseded	the	earlier	guidance	issued	in	January	1999	[28].	This
guidance	was	recommended	to	be	used	in	conjunction	with	the	SUPAC	guidance	for	industry	covering	immediate-release	solid	oral	dosage	forms	[23]	and	modified-release	solid	oral	dosage	forms	[26],	respectively.	The	list	of	manufacturing	equipment	was	removed	in	this	new	guidance	as	the	tables	referencing	specific	equipment	in	the	earlier
guidance	were	misinterpreted	by	man	ufacturers	as	equipment	required	by	the	FDA.	There	was	a	concern	that	such	a	misunderstanding	could	discourage	the	implementation	of	innovation	and	technology	advancements.	Granulation	is	defined	as	the	process	of	creating	granules	either	by	using	a	liquid	that	causes	particles	to	bind	through	capillary
forces	or	by	dry	compaction	forces.	Granulation	is	stated	to	impact	one	or	more	of	the	powder	properties	such	as	enhanced	flow;	increased	compressibility;	densification;	alteration	of	physical	appearance	to	attain	more	spherical,	uniform,	or	larger	parti	cles;	and/or	enhanced	hydrophilic	surface	properties.	The	operating	principles	listed	in	the	SUPAC
manufacturing	equipment	addendum	[29]	are	as	follows:	1.	Dry	granulation	Dry	powder	densification	and/or	agglomeration	by	direct	physical	compaction.	2.	Wet	high-shear	granulation	Powder	densification	and/or	agglomeration	by	the	incorporation	of	a	granulation	fluid	into	the	powder	with	a	high	power	per	unit	mass	through	rotating	high-shear
forces.	3.	Wet	low-shear	granulation	Powder	densification	and/or	agglomeration	by	the	incorporation	of	a	granulation	fluid	into	the	powder	with	low	power	per	unit	mass	through	rotating	low-shear	forces.	4.	Low-shear	tumble	granulation	Powder	densification	and/or	agglomeration	by	the	incorporation	of	a	granulation	fluid	into	the	powder	with	low
power	per	unit	mass	through	rotation	of	the	container	vessel	and/or	intensifier	bar.	5.	Extrusion	granulation	Plasticization	of	solids	or	wetted	mass	of	solids	and	granulation	fluid	with	linear	shear	through	a	sized	orifice	using	a	pressure	gradient.	6.	Rotary	granulation	Spheronization,	agglomeration,	and/or	densification	of	a	wetted	or	non-wetted
powder	or	extruded	material.	This	is	accomplished	by	centrifugal	or	rotational	forces	from	a	central	rotating	disk,	rotating	walls,	or	both.	The	process	may	include	the	incorporation	and/or	drying	of	a	granulation	fluid.	7.	Fluid-bed	granulation	Powder	densification	and/or	agglomeration	with	little	or	no	shear	by	direct	granulation	fluid	818
Pharmaceutical	Granulation	Technology	atomization	and	impingement	on	solids	while	suspended	by	a	controlled	gas	stream,	with	simultaneous	drying.	8.	Spray-dry	granulation	A	pumpable	granulating	liquid	containing	solids	(in	solution	or	suspension)	is	atomized	in	a	drying	chamber	and	rapidly	dried	by	a	controlled	gas	stream,	producing	a	dry
powder.	9.	Hot-melt	granulation	An	agglomeration	process	that	utilizes	a	molten	liquid	as	a	binder(s)	or	granulation	matrix	in	which	the	active	pharmaceutical	ingredient	(API)	is	mixed	and	then	cooled	down	fol	lowed	by	milling	into	powder.	This	is	usually	accompanied	in	a	temperature-controlled	jacketed	high-shear	granulating	tank	or	using	a
heated	nozzle	that	sprays	the	molten	binder	(s)	onto	the	fluidizing	bed	of	the	API	and	other	inactive	ingredients.	10.	Melt	Extrusion	A	process	that	involves	melting	and	mixing	API	and	an	excipient	(generally	a	polymer)	using	low-	or	high-shear	kneading	screws	followed	by	cooling	and	then	milling	into	granules.	Thermal	energy	for	melting	is	usually
supplied	by	the	electric/water	heater	placed	on	the	barrel.	Materials	are	either	premixed	or	fed	into	an	extruder	separately.	Melt	extruder	subclasses	primarily	are	distinguished	by	the	configuration	of	the	screw	–	Single	screw	extruder	or	Twinscrew	extruder.	The	classification	of	granulation	equipment	in	the	SUPAC	manufacturing	equipment
addendum	[29]	is	as	follows:	1.	Dry	granulator	Dry	granulator	subclasses	are	primarily	distinguished	by	the	densification	force	application	mechanism.	•	Slugging	•	Roller	compaction	2.	Wet	high-shear	granulator	Wet	high-shear	granulator	subclasses	are	primarily	distinguished	by	the	geometric	posi	tioning	of	the	primary	impellers;	impellers	can	be
top,	bottom,	or	side	driven.	•	Vertical	(top	or	bottom	driven)	•	Horizontal	(side	driven)	3.	Wet	low-shear	granulator	Wet	low-shear	granulator	subclasses	are	primarily	distinguished	by	the	geometry	and	design	of	the	shear-inducing	components;	shear	can	be	induced	by	rotating	impeller,	reciprocal	kneading	action,	or	convection	screw	action.	•
Planetary	•	Kneading	•	Screw	4.	Low-shear	tumble	granulator	Low-shear	tumble	granulators	may	differ	from	one	another	in	vessel	geometry	and	type	of	dispersion	or	intensifier	bar.	•	Slant	cone	•	Double	cone	•	V-blender	5.	Extrusion	granulator	Extrusion	granulator	subclasses	are	primarily	distinguished	by	the	orientation	of	extrusion	surfaces	and
driving	pressure	production	mechanism.	•	Radial	or	basket	Regulatory	Issues	in	Granulation	819	•	Axial	•	Ram	•	Roller,	gear,	or	pelletizer	6.	Rotary	granulator	Rotary	granulator	subclasses	are	primarily	distinguished	by	their	structural	architecture.	They	have	either	open-top	architecture,	such	as	a	vertical	centrifugal	spheronizer,	or	closedtop
architecture,	such	as	a	closed-top	fluid-bed	dryer.	•	Open	•	Closed	7.	Fluid-bed	granulator	Although	fluid-bed	granulators	may	differ	from	one	another	in	geometry,	operating	pres	sures,	and	other	conditions,	no	fluid-bed	granulator	subclasses	have	been	identified.	8.	Spray-dry	granulator	Although	spray-dry	granulators	may	differ	from	one	another	in
geometry,	operating	pres	sures,	and	other	conditions,	no	spray-dry	granulator	subclasses	have	been	identified.	9.	Holt-melt	granulator	Although	hot-melt	granulator	may	differ	from	one	another	in	primarily	melting	the	inactive	ingredient	(particularly	the	binder	or	other	polymeric	matrices),	no	subclasses	have	been	identified	at	this	time.	The	SUPAC
manufacturing	equipment	addendum	[29]	contains	general	information	on	SUPAC	equipment	and	no	longer	references	specific	manufacturing	equipment	from	listed	suppliers.	When	assessing	manufacturing	equipment	changes	from	one	class	to	another	or	from	one	subclass	to	another,	manufacturers	are	recommended	to	follow	a	risk-based
approach	that	includes	a	rationale	and	complies	with	cGMP	regulations.	The	impact	on	the	product	quality	attributes	of	equipment	variations	needs	to	be	evaluated	by	reviewing	process	parameters	when	designing	and	developing	a	manufacturing	process.	SUPAC	guidance	is	to	be	referred	to	determine	the	filing	requirements	for	equipment	changes.
In	assessing	the	change	notification,	FDA	considers	the	types	of	equipment	changes	and	the	availability	of	scientific	data	and	risk-based	rationale.	Equipment	within	the	same	class	or	subclass	would	be	considered	to	have	the	same	design	and	operating	principle	under	SUPAC-IR	and	SUPAC-MR.	As	an	example,	a	change	from	one	type	of	wet	high-
shear	granulator	(e.g.,	vertical	type	from	manufacturer	A)	to	another	type	of	wet	high-shear	granulator	(e.g.,	vertical	type	from	manufacturer	B)	generally	would	not	represent	a	change	in	operating	principle	and	would,	therefore,	be	considered	to	be	the	same	under	either	SUAPC-IR	or	SUPAC-MR.	A	change	from	equipment	in	one	class	to	equipment
in	a	different	class	would	usually	be	considered	a	change	in	design	and	operating	principle.	Thus,	a	change	from	a	wet	high-shear	granulator	to	a	fluid-bed	granulator	demonstrates	a	change	in	the	operating	principle	from	powder	densification	by	wet	agglomeration	using	high	shear	to	powder	densification	with	little	or	no	shear.	Such	a	change	would
be	considered	to	be	different	under	either	SUPAC-IR	or	SUPAC-MR.	The	FDA	advises	change	applicants	to	carefully	consider	and	evaluate	on	case-by-case	basis	changes	in	equipment	that	are	in	the	same	class	but	different	subclasses.	For	example,	a	change	from	a	horizontal	(side-driven)	wet	high-shear	granulator	to	a	vertical	(top-	or	bottom-driven)
wet	high-shear	granulator	represents	a	change	within	a	class	and	between	subclasses.	This	change	would	not	require	a	preapproval	supplement	provided	the	manufacturing	process	with	the	new	equipment	is	validated.	The	data	and	rationale	used	to	make	this	determination	can	be	reviewed	by	the	FDA	at	its	discretion.	In	the	event,	a	single	piece	of
equipment	is	capable	of	performing	multiple	discrete	unit	operations,	for	example,	mixing,	granulation,	drying,	etc.,	and	the	unit	was	evaluated	solely	for	its	ability	to	granulate.	820	Pharmaceutical	Granulation	Technology	27.9	INTERNATIONAL	CHANGE	NOTIFICATION	The	manufacturing	process	and	equipment	change	notification	outside	the
United	States	varies	from	region	to	region.	A	brief	description	of	the	manufacturing	process	is	required	as	part	of	the	filing	requirements	for	marketing	a	drug	product.	Some	countries	require	master	batch	records	to	be	filed,	but	most	others	do	not	require	much	detail.	In	addition,	a	site	master	file	that	provides	information	on	the	production	and
control	of	the	manufacturing	operations	including	major	process	equipment	at	the	site	is	sometimes	required	[30].	Regulatory	agencies	in	countries	that	form	the	European	Community	(EC)	have	adopted	a	common	approach	to	the	procedures	for	variations	to	the	terms	of	a	marketing	authorization	as	defined	by	EC	regulations	(EC)	No	1234/2008
[31].	Variations	can	be	by	notifications	that	are	categorized	as	minor	and	major	variations	that	fulfill	the	conditions	outlined	in	the	regulations.	A	minor	variation	of	Type	IA	means	a	variation	which	has	only	a	minimal	impact,	or	no	impact	at	all,	on	the	quality,	safety,	or	efficacy	of	the	medicinal	product	concerned.	Examples	of	Type	IA	variations	are
deletion	of	a	manufacturing	site,	change	of	specification	to	comply	with	updated	pharmacopeia	monograph,	voluntary	tightening	of	specifications,	etc.	Extension	of	a	marketing	authorization	or	“extension”	means	a	variation	which	is	listed	in	Annex	I	of	the	EC	regulation	and	fulfills	the	conditions	laid	down	therein	[31].	An	example	of	extension	is
change	or	addition	of	a	new	pharmaceutical	form,	for	example,	tablets	to	capsules.	A	major	variation	of	Type	II	means	a	variation	which	is	not	an	extension	and	which	may	have	a	significant	impact	on	the	quality,	safety,	or	efficacy	of	the	medicinal	product	concerned.	This	includes	variations	related	to	substantial	changes	to	the	manufacturing	process,
formulation,	specifications,	or	impurity	profile	of	the	active	substance	or	finished	medicinal	product.	A	minor	variation	of	type	IB	means	a	variation	which	is	neither	a	minor	variation	of	type	IA	nor	a	major	variation	of	type	II	nor	an	extension.	In	Japan,	the	Pharmaceutical	and	Food	Safety	Bureau	of	the	Ministry	of	Health,	Labor,	and	Welfare	(MHLW)
issued	a	guideline	[32]	for	describing	the	manufacturing	method	in	the	mar	keting	approval	application	form.	In	the	manufacturing	method	description	section,	it	is	stated	that	for	process	parameters	that	serve	as	target	values/set	values,	ranges	intended	to	be	addressed	as	minor	change	notification	are	enclosed	in	“square	brackets”	([])	and	those
that	are	addressed	in	a	partial	change	approval	application	are	to	be	enclosed	in	“arrow	brackets”	().	Process	de	scriptions	other	than	target	values/set	values	that	are	to	be	addressed	in	a	minor	change	notification	are	to	be	enclosed	in	“inverted	commas”	(“”),	and	everything	else	is	to	be	addressed	in	a	partial	change	approval	application.	Critical
processes	are	defined	to	include	process	conditions,	tests,	and	other	related	parameters	that	need	to	be	controlled	within	predetermined	control	values	to	ensure	that	the	product	meets	specifications.	Examples	of	critical	processes	are	blending,	granulation,	particle	size	reduction,	tableting,	etc.	In	China,	the	National	Medical	Products	Administration
(NMPA)	issued	Article	113	of	SFDA	Order	No.	28	[33]	which	states	that	for	any	supplementary	application	to	amend	the	drug	regis	tration	specifications,	change	excipients	for	pharmaceutical	use	in	the	drug	formulation,	or	modify	the	manufacturing	process	that	affects	the	drug	quality,	etc.,	the	drug	regulatory	department	of	the	province,
autonomous	region,	or	municipality	directly	under	the	Central	Government	shall	provide	a	review	opinion,	report	it	to	the	State	Food	and	Drug	Administration	for	review	and	approval,	and	inform	the	applicant	at	the	same	time.	27.10	LIFE	CYCLE	MANAGEMENT	ICH	issued	in	March	2020	the	final	version	of	guidance	on	technical	and	regulatory
considerations	for	pharmaceutical	product	life	cycle	management	(Q12)	[17].	This	guideline	provides	a	frame	work	for	the	management	of	postapproval	CMC	changes.	The	ICH	trio	of	Q8,	Q9,	and	Q10	discussed	earlier	cover	science	and	risk-based	approaches	for	use	in	drug	development.	This	Regulatory	Issues	in	Granulation	821	information	is
valuable	in	the	development	of	the	CMC	content	of	regulatory	dossiers	and	es	sentially	covers	the	early	stages	of	the	product	life	cycle,	that	is,	product	development,	registration,	and	launch.	Q12,	on	the	other	hand,	addresses	the	commercial	phase	of	the	product	life	cycle	and	complements	the	ICH	trio.	Increased	product	knowledge	and	process
understanding	gained	during	the	commercial	supply	of	a	product	contribute	toward	understanding	which	postapproval	changes	require	a	regulatory	submission	and	the	level	of	reporting	for	such	changes.	The	expectation	is	that	many	CMC	changes	can	be	managed	effectively	under	a	company’s	Pharmaceutical	Quality	System	with	less	need	for
extensive	regulatory	oversight	before	implementation.	Continual	im 	provement	of	processes	will	make	them	robust,	and	the	regulatory	burden	will	also	be	reduced	due	to	fewer	postapproval	submissions	to	the	Market	Authorization	Application	(MAA).	27.11	VALIDATION	OF	GRANULATION	PROCESSES	Validation	is	defined	by	the	FDA	as
establishing	documented	evidence,	which	provides	a	high	degree	of	assurance	that	a	specific	process	will	consistently	produce	a	product	meeting	its	pre	determined	specifications	and	quality	attributes	[34].	Process	validation	is	required	both	in	general	and	specific	terms	by	cGMPs	for	finished	pharmaceuticals	–	21	CFR	Parts	210	and	211.	The	WHO
defines	validation	as	a	collection	and	evaluation	of	data,	from	the	process	design	stage	through	to	commercial	production,	which	establishes	scientific	evidence	that	a	process	is	capable	of	con	tinuously	delivering	the	finished	pharmaceutical	product	meeting	its	predetermined	specifications	and	quality	attributes	[35].	For	a	manufacturing	facility,
process	knowledge	is	provided	through	technology	transfer	dos	siers.	Granulation	is	a	critical	process	step	that	has	a	direct	impact	on	the	quality	of	the	drug	product	manufactured	and	hence	requires	validation.	The	overall	validation	activity	at	a	manu	facturing	facility	is	detailed	in	a	document	known	as	the	validation	master	plan	(VMP).	The
validation	of	the	granulation	process	is	described	in	the	VMP.	CPPs	for	granulation	such	as	the	rate	and	amount	of	granulation	fluid	added,	impeller	and	chopper	speed,	and	mixing	time	are	identified,	and	in-process	controls	such	as	moisture	content	and	granulation	endpoint	measurement	are	established	during	the	product	development	phase.
27.11.1	EQUIPMENT/UTILITIES	QUALIFICATION	The	qualification	of	the	manufacturing	equipment	and	control	instrumentation	is	a	prerequisite	to	the	qualification	of	the	granulation	process.	Critical	utilities	are	product	contact	utilities	such	as	purified	water,	compressed	air,	gaseous	nitrogen,	etc.,	required	for	granulation,	that	are	also	va	lidated
to	ensure	that	they	meet	the	required	quality	specification	at	the	point	of	delivery	to	the	granulation	process.	The	qualification	of	granulation	equipment	is	carried	out	sequentially	beginning	with	design	qualification	(DQ),	followed	by	installation	qualification	(IQ)	and	operational	qualification	(OQ),	respectively	(Figure	27.6).	The	quality	of	process
equipment	depends	on	the	effort	put	into	its	design,	and	DQ	provides	evidence	that	quality	is	built	into	the	design	of	the	equipment.	Quite	often	a	design	rationale	instead	of	a	DQ	is	prepared.	This	document	addresses	why	a	specific	piece	of	equipment	was	chosen,	highlighting	its	quality	and	safety	considerations,	and	provides	evidence	of	the
assessment	carried	out	to	judge	its	suitability	for	the	manufacturing	of	the	drug	product.	IQ	provides	documented	evidence	that	the	equipment	is	installed	as	designed	and	specified	and	correctly	interfaced	with	other	systems	such	as	electrical	supply	and	utilities.	During	this	phase	of	qualification,	equipment	manuals/drawings,	specifications,
manufacturers’	test	records,	etc.,	to	gether	with	installation	documents	and	“as-built”	drawings,	are	compiled	and	verified.	Calibration	of	instrumentation	and	maintenance	checks	are	also	established.	OQ	is	a	documented	demon	stration	of	the	fact	that	the	process	equipment	as	installed	operates	well.	At	this	stage,	generally,	a	manufacturing	process
simulation	is	carried	out	using	a	placebo	formulation	instead	of	the	actual	822	FIGURE	27.6	Pharmaceutical	Granulation	Technology	Documentation	hierarchies	for	pharmaceutical	process	validation.	drug	product	recipe.	For	each	qualification	phase,	a	protocol	detailing	the	activity	and	acceptance	criteria	is	prepared.	After	the	testing	activity,	a
summary	report	that	discusses	the	results	and	the	readiness	to	proceed	to	the	next	phase	of	qualification	is	issued.	27.11.2	PERFORMANCE	QUALIFICATION	Performance	qualification	(PQ)	is	a	documented	program	that	demonstrates	that	the	granulation	process	when	carried	out	within	defined	parameters	will	consistently	perform	its	intended
function	to	meet	its	pre-established	acceptance	criteria.	Thus,	PQ	is	dynamic	testing	that	combines	the	equipment,	utilities,	and	manufacturing	process	to	produce	the	product	under	routine	operational	conditions.	Product	specifications	that	become	the	basis	for	the	acceptance	criteria	at	the	PQ	stage	are	established	during	the	development	of	the
process	with	the	biobatch	or	pivotal	clinical	batch	serving	as	the	reference	batch.	Prospective	validation	of	the	granulation	process	is	generally	carried	out	for	new	products	and	the	data	included	in	regulatory	submissions,	if	necessary.	The	norm	is	to	manufacture	at	least	three	consecutive	PQ	batches;	however,	a	process	capability	study	can	establish
the	actual	number	of	batches	required	based	on	the	natural	variability	of	a	process	[36].	Revalidation	may	be	required	after	process	changes	are	made	that	significantly	impact	product	quality	or	at	scheduled	intervals.	An	FDA	field	inspection	guide	for	validation	of	oral	solid	dosage	forms	lists	granulation/mix	analysis	as	a	major	area	for	investigation
[37].	It	discusses	various	types	of	mixers	and	granulation	equipment	and	highlights	their	design	features	as	well	as	problems	associated	with	their	efficiency	and	validation.	Blending	validation	and	content	uniformity	failures	due	to	poor	mixing	is	of	main	concern	for	most	conventional	mixers	(Table	27.4).	This	guide	also	compares	dryers	and	notes
that	the	fluid-bed	dryer	is	superior	to	the	oven	dryer	as	it	yields	a	more	uniform	granulation	with	spherical	particles.	Regulatory	Issues	in	Granulation	823	TABLE	27.4	Typical	Problems	Associated	with	Mixing	Equipment	Mixer	Type	Design	Feature	Limitations/Problems	Planetary	(pony	pan)	Open	pan/pot	horizontal	blending	•	Dusty	operation.	•
Cross-contamination	problem.	•	Poor	vertical	mixing.	•	Segregation	or	unmixing	of	components.	•	Difficult	to	validate.	Ribbon	blender	Top	loading	•	Moderately	dusty	operation.	Horizontal	and	vertical	blending	•	Cross-contamination	problem.	•	“Dead	spot/zone”	at	the	discharge	valve.	Discharge	valve	•	Poor	mixing	at	ends	of	the	center	horizontal
mixing	bar	and	shell	Blade	clearance	wall.	•	Cleaning	problems	with	seals/packing.	Twin	shell/double	cone	Mild	mixing	action	•	Mild	mixing	action.	•	Powder	lumps	will	not	break	up.	•	Risk	of	overfill	leading	to	poor	mixing.	Tumble	blender	•	Low	humidity	results	in	static	charge	build-up.	High	shear	High-energy	chopper	•	High	humidity	leads	to
lumping.	•	Different	mixing	time	compared	with	conventional	mixers.	•	Drug	substance	may	partially	dissolve	or	recrystallize.	•	Charring	due	to	heat	generation.	•	Cleaning	requires	disassembly	of	a	chopper.	Source:	From	Ref.	37.	27.11.3	COMPUTER	VALIDATION	Granulation	equipment	is	supported	by	computer	control	systems	that	are	getting
increasingly	sophisticated.	Most	commercial	equipments	have	programmable	logic	controllers	(PLCs)	or	em 	bedded	microprocessors.	International	forums	with	representation	from	users	and	the	vendors	of	equipment	and	software	have	been	set	up	to	address	the	software	life	cycle	documentation	re	quirements.	Good	Automated	Manufacturing
Practice	(GAMP)	5	is	a	globally	accepted	guidance	document	developed	by	ISPE	and	the	GAMP	Forum	to	address	computer	validation	[38].	The	PIC/	S	Guide	to	Good	Practices	for	computerized	systems	in	regulated	“GXP”	environments	developed	by	international	regulatory	agencies	is	also	a	useful	reference	document	for	manufacturers	and	other
users	[39].	Electronic	records	and	electronic	signatures	that	have	cGMP	implications	are	generally	ex	pected	by	regulatory	agencies	to	be	equivalent	to	paper	records	and	handwritten	signatures	exe	cuted	on	paper	[40].	The	guidance	that	represents	FDA’s	thinking	on	electronic	records	and	electronic	signatures	was	released	in	August	2003	[41].	The
agency	took	a	narrower	interpretation	of	the	requirements	stated	in	21	CFR	Part	11	following	feedback	from	the	pharmaceutical	industry	and	vendors	that	the	regulations	could	stifle	technological	advances	by	restricting	the	use	of	electronic	technology	and	increasing	the	cost	of	compliance.	PIC/S	also	requires	the	regulated	user	to	validate	the
system	for	storage	of	the	information	electronically	for	the	required	time	and	to	ensure	that	the	data	is	protected	from	damage	or	loss	and	can	be	easily	retrieved	in	a	legible	form	[39].	824	27.11.4	CURRENT	GUIDANCE	Pharmaceutical	Granulation	Technology	FOR	PROCESS	VALIDATION	The	FDA	issued	in	May	1987	guidance	on	general	principles
of	process	validation.	Over	the	years,	this	has	been	a	key	reference	document	for	manufacturers	carrying	out	process	validation	[34].	Subsequently,	a	Compliance	Policy	Guide	was	released	to	explain	the	enforcement	policy	re	garding	the	timing	of	the	completion	of	certain	process	validation	activities	for	drug	products	and	active	pharmaceutical
ingredients	subject	to	premarket	approval	[42].	Recognizing	the	role	of	emerging	technologies	in	the	area	of	process	validation,	the	FDA	commenced	work	on	new	guidance	for	process	validation	to	replace	the	1987	guidance.	This	revised	guidance	[43]	was	issued	in	January	2011	and	replaced	the	May	1987	guidance.	It	conveys	the	FDA’s	current
thinking	on	process	validation	and	is	consistent	with	basic	principles	first	introduced	in	the	1987	guidance.	It	is	aligned	with	Pharmaceutical	cGMPs	for	the	21st	Century,	the	use	of	technological	advances	in	manufacturing,	and	the	implementation	of	risk	management.	The	new	guidance	defines	process	validation	as	the	collection	and	evaluation	of
data,	from	the	process	design	state	throughout	production,	which	establishes	scientific	evidence	that	a	process	is	capable	of	consistently	delivering	quality	products.	Process	validation	activities	take	place	over	the	life	cycle	of	a	product	and	are	carried	out	in	three	stages.	•	Stage	1:	Process	Design:	The	commercial	process	is	defined	during	this	stage
based	on	knowledge	gained	through	development	and	scale-up	activities.	•	Stage	2:	Process	Qualification:	During	this	stage,	the	process	design	is	confirmed	as	being	capable	of	reproducible	commercial	manufacturing.	•	Stage	3:	Continued	process	verification:	Ongoing	assurance	is	gained	during	routine	pro	duction	that	the	process	remains	in	a
state	of	control.	REFERENCES	1.	21	CFR	Part	210.	Current	good	manufacturing	practice	in	manufacturing,	processing,	packing,	or	holding	of	drugs,	general.	Available	at:	.	2.	21	CFR	Part	211.	Current	good	manufacturing	practice	for	finished	pharmaceuticals.	Available	at:	.	3.	Pharmaceutical	Inspection	Cooperation	Scheme	(PIC/S).	Guide	to	good
manufacturing	practice	for	medicinal	products	(PE	009–14),	January	1,	2018.	Available	at:	.	4.	World	Health	Organization.	WHO	expert	committee	on	specifications	for	pharmaceutical	preparations,	48th	report,	Good	manufacturing	practices	for	pharmaceutical	products:	main	principles	(Annex	2),	Geneva,	2014.	Available	at:	.	5.	Brazil	Agência
Nacional	de	Vigilância	Sanitária	(ANVISA).	RDC	17/2010	Drug	Product	GMP.	Available	at:	.	6.	Japan	Pharmaceuticals	and	Medical	Devices	Agency	(PMDA).	Ministerial	ordinance	No.	136,	2004	on	standards	for	quality	assurance	for	drugs,	quasi-drugs,	cosmetics	and	medical	devices.	Available	at:	.	7.	Food	and	Drug	Administration.	Guidance	on
pharmaceutical	cGMPs	for	the	21st	century—a	risk-based	approach,	September	2004.	8.	Food	and	Drug	Administration.	Quality	systems	approach	to	pharmaceutical	current	good	manu	facturing	practice	regulations,	September	2006.	9.	International	Conference	on	Harmonization	(ICH).	Available	at:	.	10.	International	Organization	for	Standardization
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Abbreviations	Used	in	the	Chapter...............................................................................................	865	28.1	INTRODUCTION	Quality	by	design	(QbD)	is	a	systematic	approach	for	pharmaceutical	product	development	first	established	by	the	quality	pioneer	Dr.	Joseph	M.	Juran	[1].	Dr.	Juran	anticipated	that	quality	should	be	designed	into	a	product	and
that	most	quality	crises	and	problems	relate	to	how	a	product	was	designed	in	the	first	place.	Dr.	Woodcock	[2]	defined	a	high-quality	drug	product	as	a	medicinal	product	free	of	contamination	and	reliably	delivering	the	therapeutic	benefit	promised	in	the	label	to	the	consumer,	that	is,	patient.	The	U.S.	Food	and	Drug	Administration	(USFDA)	issued
gui	dance	documents	and	regulations	for	risk-based	approaches	and	the	adoption	of	Quality	by	Design	(QbD)	principles	in	drug	product	formulation	development,	manufacturing	process	optimization,	scale-up	process,	and	post-approval	changes.	FDA’s	emphasis	on	QbD	began	with	the	recognition	that	increased	testing	does	not	necessarily	improve
product	quality.	Quality	cannot	be	tested	into	the	product	but	must	be	built	into	the	product	by	designing	and	planning.	In	the	former	Quality	by	Testing	(QbT)	system,	overall	pharmaceutical	development	is	mainly	empirical	entire	developmental	research	often	conducted	through	one	variable	at	a	time	(OVAT).	In	that	QbT,	manufacturing	processing
parameters	are	fixed,	and	process	validation	is	also	done	primarily	based	on	initial	full-scale	batches,	which	focuses	only	on	reproducibility.	In	that	process,	controls	are	also	finalized	through	in-process	off-line	analytical	tests	primarily	for	go/no	go	decisions.	In	the	QbT	system,	the	control	strategy	for	drug	product	quality	control	is	primarily
implemented	based	on	in-process	materials,	and	end-product	testing	and	product	specifications	are	the	primary	means	of	controls	fixed	827	828	Pharmaceutical	Granulation	Technology	based	on	batch	data	available	at	the	time	of	registration.	In	that	testing-based	developmental	system,	product	lifecycle	management	is	mainly	reactive,	in	which
problems	during	commercial	manufacturing	are	mainly	solved	through	corrective	action	taken	for	a	particular	ingredient	or	processing	unit	operation.	The	International	Council	for	Harmonisation	of	Technical	Requirements	for	Pharmaceuticals	for	Human	Use	(ICH)	has	advanced	pharmaceutical	QbD	with	the	issuance	of	ICH	Q8	(R2)	(Pharmaceutical
Development),	ICH	Q9	(Quality	Risk	Management),	and	ICH	Q10	(Pharmaceutical	Quality	System)	guidance	[3–5].	Additionally,	ICH	Q1WG	on	Q8,	Q9,	and	Q10	Questions	and	Answers;	the	ICH	Q8/Q9/	Q10	Points	to	Consider	document;	and	ICH	Q11	(Development	and	Manufacture	of	Drug	Substance)	have	been	issued,	as	having	the	conclusions	of
FDA-EMA’s	harmonization	and	parallel	assessment	of	QbD	elements	of	marketing	applications	[6–9].	These	documents	provide	high-level	guidelines	con	cerning	the	scope	and	definition	of	QbD	as	it	applies	to	the	pharmaceutical	industry.	But	there	is	con	fusion	among	industry	scientists-technocrats,	academic	professors-students,	and	regulators
despite	recent	publications	for	implementation	of	QbD.	This	chapter	is	projected	to	describe	the	objectives	of	pharmaceutical	QbD	in	detail,	its	concept,	and	elements	along	with	tools	and	tactics	for	implementation.	In	QbD	system,	overall	pharmaceutical	development	is	based	on	the	systematic	multivariate	Design	of	Experiments	(DoE)	to	build	a
mathematical	relationship	between	critical	material	at	tributes	and	process	parameters	to	drug	product	Critical	Quality	Attributes	(CQA)s	for	the	es	tablishment	of	flexible	design	space.	In	QbD,	manufacturing	processing	parameters	are	adjustable	within	flexible	design	space,	and	statistical	process	control	methods	and	Process	Analytical	Technology
(PAT)	tools	are	utilized	for	tracking	and	trending	the	process	to	support	post-approval	continuous	improvement	efforts	as	well	as	for	controlling	the	process	with	appropriate	feedforward	and	feedback	controls.	In	QbD,	drug	product	quality	is	ensured	by	a	risk-based	control	strategy	in	which	quality	controls	are	shifted	upstream,	with	the	possibility	of
real-time	release	testing	or	reduced	end-product	testing	and	product	specifications	are	also	part	of	the	overall	quality	control	strategy.	In	this	design-based	developmental	system,	product	lifecycle	management	is	primarily	based	on	continuous	improvement	of	the	commercial	manufacturing	process.	28.2	DEFINITION	AND	OBJECTIVES	OF	QUALITY
BY	DESIGN	Pharmaceutical	QbD	is	a	systematic	approach	to	product	development	that	begins	with	predefined	objectives	in	the	form	of	Quality	Target	Product	Profile	(QTPP)	and	emphasizes	product	and	process	understanding	in	the	form	of	Critical	Material	Attributes	(CMAs),	Critical	Processing	Parameters	(CPPs),	Critical	Quality	Attributes	(CQAs),
and	their	controls	based	on	sound	science	and	quality	risk	management	(3)	to	ensure	the	following	objectives	[10]:	1.	To	increase	product	development	and	manufacturing	process	efficiencies	with	multivariate	DoE	and	PAT.	2.	To	reduce	product	variability	and	defects	and	to	increase	process	performance	and	capability	by	improving	product	and
process	design,	understanding,	and	control.	3.	To	achieve	significant	product	quality	and	performance	specifications	that	are	based	on	clinical	performance	in	vivo.	4.	To	ease	up	regulatory	submission,	approval,	and	post-approval	change	management	from	both	applicant	and	reviewer	prospective	5.	To	speed	up	root-cause	analysis	for	any	variation(s)
or	defect(s)	observed	during	commercial	manufacturing	batches.	With	QbD,	these	objectives	can	be	repeatedly	achieved	by	linking	product	quality	to	the	desired	clinical	performance	and	by	designing	a	robust	formulation	and	process	at	the	time	of	development	to	consistently	deliver	the	desired	quality	product	during	commercial	manufacturing.	QbD
uses	QbD	and	PAT	in	Granulation	829	a	systematic	multivariate	approach	to	product	development,	so	it	enhances	development	capability	and	speed.	Moreover,	QbD	transfers	resources	from	a	downstream	corrective	mode	to	an	upstream	proactive	mode.	So,	it	increases	product	development	and	manufacturing	efficiencies.	To	increase	process
performance	and	capability,	and	reduce	product	variability	that	frequently	leads	to	product	defects,	rejections,	and	product	recalls,	robustly	designed	product	formulation	and	manufacturing	processes	are	required.	Besides,	an	improved	product	and	process	understanding	achieved	through	QbD	can	facilitate	the	identification	and	control	of	factors,
that	is,	CMAs	and	CPPs	affecting	the	drug	product	quality	and	performance	attributes.	Detailed	idea	through	DoEdeveloped	model	will	help	in	predicting	how	the	product	will	behave	with	changes	in	each	CMAs	or	CPPs	within	design	space	along	with	PAT,	increased	process	capability,	and	reduced	product	variability	during	manufacturing.	After
regulatory	approval,	efforts	should	be	continued	to	im 	prove	the	process	to	reduce	product	variability,	defects,	rejections,	and	product	recalls.	With	the	initiation	of	pharmaceutical	QbD,	the	FDA	has	made	significant	progress	in	achieving	the	third	objective,	that	is,	performance-based	quality	specifications.	Some	examples	of	FDA	policies	include
assayed	potency	limits	for	narrow	therapeutic	index	drugs	and	some	of	the	physical	attributes	of	generic	drug	products,	that	is,	tablet	scoring	[11]	and	bead	sizes	in	capsules	labeled	for	sprinkle	[12].	FDA	is	also	putting	more	development	of	discriminative	and	bio-relevant	dissolution	method	development	based	on	In-Vitro	In-Vivo	Correlationship
(IVIVC)	for	modified	release	formulations	and	BCS	Class	II	or	IV	immediate-release	formulations	[13–14].	Drug	product	application	review	and	approval	process	will	become	easier	and	faster	for	re	viewers,	as	QbD	defines	product	and	process	controls	based	on	stepwise	systematic	quality	risk	management.	Moreover,	design	space	developed	through
DoE/QbD	will	provide	regulatory	flex	ibility	for	post-approval	change	management	for	applicants	[15–17].	Root-cause	analysis	for	process	variability	or	batch	failure	will	become	faster	and	easier	at	the	commercial	stage	as	the	risk	assessment	report	at	the	development	stage	is	available	through	QbD.	28.3	PHASES	AND	ELEMENTS	OF	QUALITY	BY
DESIGN	(QbD)	An	enhanced,	systematic	quality	by	design	approach	to	pharmaceutical	product	development	should	include	the	following	elements	as	represented	by	step-by-step	algorithm	in	Figure	28.1:	1.	Defining	the	Quality	Target	Product	Profile	(QTPP)	as	it	relates	to	quality,	safety,	and	efficacy,	considering	the	route	of	administration,	dosage
form,	bioavailability,	strength,	and	stability.	2.	Identification	of	potential	Critical	Quality	Attributes	(CQAs)	of	the	drug	product,	so	that	those	product	characteristics	having	an	impact	on	product	quality	can	be	studied	and	con	trolled;	then	relevant	prior	knowledge	about	the	drug	substance,	potential	excipients,	and	process	operations	should	be
gathered	to	establish	a	knowledge	space.	3.	Identification	of	all	risk	factors,	that	is,	Critical	Material	Attributes	(CMAs)	and	Critical	Process	Parameters	(CPPs)	that	can	affect	product	CQAs	thorough	risk	assessment	with	systematic	identification,	analysis,	and	evaluation	for	refining	and	prioritizing	of	the	for	mulation	material	attributes	and
manufacturing	process	parameters	based	on	prior	knowl	edge,	scientific	rationale,	and	initial	experimentations.	4.	Design	of	Experiments	for	establishing	the	functional	model	relationships	that	link	CMAs	and	CPPs	to	product	CQAs	through	Multivariate	Data	Analysis	for	development	of	design	space,	that	is,	multidimensional	flexible	ranges	of	CMAs
or	CPPs	within	which	all	the	CQAs	will	be	met	with	their	predefined	specifications.	5.	Implementing	Control	Strategy	for	each	and	every	CMAs,	CPPs	to	ensure	batch-to-batch	consistency	in	in-process	and	finished	product	CQAs	during	commercial	manufacturing,	considering	expected	scale-up	changes.	6.	Continuous	Improvement	of	the	process	with
a	continuous	trend	analysis	of	CMAs,	CPPs,	CQAs,	and	update	in	the	process	to	assure	consistent	quality	throughout	the	product	lifecycle.	830	FIGURE	28.1	Pharmaceutical	Granulation	Technology	Quality	by	Design	(QbD)	algorithm	for	formulation	and	process	development.	28.3.1	DEFINITION	OF	QUALITY	TARGET	PRODUCT	PROFILE	(QTPP)
During	the	implementation	of	the	QbD	system;	“What	we	want?”	should	be	defined	from	the	very	first	as	TPP,	which	records	the	voice	of	the	customers.	Because	quality	does	not	happen	acci	dentally,	it	must	be	designed	by	planning.	By	beginning	with	the	end	in	mind,	the	result	of	de	velopment	is	a	robust	formulation	and	manufacturing	process	with
a	control	strategy	that	ensures	the	performance	of	the	drug	product.	QTPP	is	a	prospective	summary	of	the	quality	characteristics	of	a	drug	product	that	ideally	will	be	achieved	to	ensure	the	desired	quality,	taking	into	account	the	QbD	and	PAT	in	Granulation	831	safety	and	efficacy	of	the	drug	product.	The	quality	target	product	profile	forms	the
basis	of	design	for	the	development	of	the	product.	For	Abbreviated	New	Drug	Applications	(ANDAs)	of	generic	drug	products	[18],	the	QTPP	will	be	defined	early	in	the	development	based	on	the	(i)	properties	of	the	drug	substance	(DS),	(ii)	characterization	of	the	Reference	Listed	Drug	(RLD)	product	or	comparator	product,	and	(iii)	consideration	of
the	RLD	label	or	Patient	Information	Leaflet	(PIL)	of	comparator	product	and	intended	patient	population.	Depending	upon	the	characterization	and	review	of	these	components,	QTPP	will	be	defined	in	the	form	of	the	voice	of	the	customers:	a.	Requirements	of	Pharmacist:	Product	Quality	and	Performance	Attributes	with	Stability	b.	Requirements	of
Physician:	Patient	Safety	and	Efficacy	-	Bioavailability	c.	Requirements	of	Patient:	Acceptance	and	Compliance	Table	28.1	summarizes	all	the	elements	of	QTPP	in	the	form	of	target	customers’	requirements	(Specifications	with	Ranges,	Targets)	with	justifications	of	each	and	every	prerequisite	(Therapeutic	Equivalence	=	Pharmaceutical	Equivalence
+	Bio-Equivalence)	of	the	generic	drug	product	for	innovator	or	comparator	reference	drug	product.	28.3.2	DETERMINATION	OF	CRITICAL	QUALITY	ATTRIBUTES	(CQAS)	Out	of	all	the	QAs	of	QTPP,	CQAs	are	determined,	as	summarized	in	Table	28.2,	based	on	the	following	[19]:	1.	“Impact	Analysis	by	a	change	in	formulation	&/or	process
variables”	(i.e.,	what’s	the	impact	of	change	in	any	formulation	or	process	variable	on	a	quality	attribute?)	and	2.	“Severity	of	harm	to	a	patient”	(i.e.	How	severe	its	consequences	on	patient	health?)	resulting	from	failure	to	meet	that	quality	attribute	of	the	drug	product.	CQAs	are	generally	associated	with	the	drug	substance,	excipients,
intermediates	(in-process	materials),	and	drug	products.	CQAs	are	physical,	chemical,	biological,	or	microbiological	properties	or	characteristics	that	can	be	impacted	by	a	change	in	formulation	or	process	variables	that	should	be	within	an	appropriate	limit,	range,	or	distribution	to	ensure	the	desired	product	quality	considering	the	severity	of	its
harm	on	patient’s	health	(3).	Potential	drug	product	CQAs	derived	from	the	quality	target	product	profile	or	prior	knowledge	is	used	to	guide	the	product	and	process	development.	The	list	of	potential	CQAs	can	be	modified	when	the	formulation	and	manu	facturing	process	is	selected	and	as	product	knowledge	and	process	understanding	increase.
Potential	relevant	CQAs	can	be	identified	and	prioritized	by	an	iterative	process	of	quality	risk	management	and	experimentation	that	assesses	the	extent	to	which	their	variation	can	have	an	impact	on	the	quality	of	the	drug	product.	28.3.3	RISK	ASSESSMENT	OF	MATERIAL	ATTRIBUTES	(MAS)	AND	PROCESS	PARAMETERS	(PPS)	After
determination	of	all	in-process	and	finished	product	CQAs,	risks	related	to	individual	MAs	or	PPs	will	be	identified,	analyzed,	and	evaluated	[4].	Risk	assessment	tools	can	be	used	to	identify	and	rank	parameters	(e.g.,	process,	equipment,	and	input	materials)	with	the	potential	to	have	an	impact	on	product	quality,	based	on	prior	knowledge	and	initial
experimental	data	[19].	During	the	risk	assessment,	first	of	all,	the	input	MAs	and	PPs	involved	in	different	processes	as	listed	out	in	Tables	28.3A–28.3E	are	mapped	out	in	line	with	individual	unit	operations	through	process	mapping	for	output	CQAs.	Process	mapping	maps	a	process	at	a	high	level	and	identifies	feedback	and	feed-forward	loops	gaps
between	customers,	suppliers,	and	the	process’	it	jump-starts	the	team	to	begin	thinking	in	terms	of	cause	and	effect	in	the	same	light.	832	Pharmaceutical	Granulation	Technology	TABLE	28.1	Definition	of	QTPP	with	Customer’s	Specifications	QTPP	Elements	Target	(Customers’	Requirements)	Pharmaceutical	Equivalence	Dosage	Form	Tablet
Justification	Pharmaceutical	equivalence:	same	dosage	form	Dosage	Design	Immediate	Release	Dosage	Form	Immediate	release	design	needed	to	meet	label	claims	Route	of	Administration	Oral	Pharmaceutical	equivalence:	same	route	Dosage	Strength	XX	mg	of	administration	Pharmaceutical	equivalence	Drug	Product	Quality	Pharmaceutical
equivalence	requirement:	Must	meet	the	same	compendia	or	other	applicable	Pharmaceutical	equivalence	requirement:	should	meet	same	requirement:	same	strength	reference	standards,	that	is,	Appearance,	compendia	or	other	applicable	Assay,	Impurities,	Uniformity,	Friability,	Dissolution,	Water	Content,	Residual	reference	standards	attributes
for	quality	Solvent,	Microbial	Limits	Bio-Equivalence	Drug	Product	Performance	–	PK	/	PD	In	vitro	dissolution	profiling	should	meet	with	that	of	reference	product;	In	vivo	Bioequivalence	required	to	ensure	rapid	onset	and	efficacy	bioequivalence	requirement:	Fasting	BE	study	with	reference	Product:	90%	CI	of	the	PK	parameters,	AUC0-t,	AUCt-24,



AUC0∞	and	Cmax,	should	fall	within	BE	limits	of	80–125	Patient	Acceptance-Compliance	Primary	and	Secondary	Packaging	Container	and	closure	system	should	be	qualified	as	suitable	for	a	drug	product	with	desired	compatibility	and	stability.	Should	Required	to	achieve	the	target	shelf-life	and	to	ensure	tablet	integrity	during	shipping	protect
products	from	external	heat,	moisture,	oxygen,	carbon	dioxide,	and	light	and	microbial	attack	Target	Shelf	Life	At	least	24-months	of	Long-Term	Shelf-Life	is	required	at	room	temperature.	At	least	three	Equivalent	to	or	better	than	Reference	Product	Shelf-life	months	of	in-use	shelf	life	is	required	during	Patient	Acceptance	and	Compliance	routine
use	of	the	multi-dose	product	Should	possess	acceptable	taste/flavor/odor	(if	Required	to	achieve	the	desired	patient	any)	and	color	most	probably	as	similar	to	acceptability	to	his	senses	with	Reference	Product.	Can	be	easily	administered	similarly	with	Reference	suitable	compliance	Product	labeling	After	identification	of	all	MAs	and	PPs;	all	the	MAs
of	active(s),	inactive	ingredient(s),	and	PPs	are	analyzed	by	relative	risk-based	matrix	analysis.	As	analyzed	in	Table	28.4,	for	relative	risk-based	matrix	analysis	of	MAs	and	PPs	through	brainstorming	sessions;	all	of	the	for	mulation	attributes	and	process	variables	are	categorized	into	three	grades	of	risks	concerning	QbD	and	PAT	in	Granulation	833
TABLE	28.2	Impact	Analysis	for	Determination	of	CQAs	Quality	Attributes	of	Drug	Product	Physical	Attributes	Identification	Assay	Impurities	Particle	Size	Distribution	BD/TD/Flow	Property	Weight/	Content	Variation	Tablet	Hardness/	Friability	Disintegration/	Dissolution	Water	Content	Residual	Solvent	Microbial	Limits	No	Yes*	Yes	1.	Whether
Change	in	Formulation	or	Process	Variables	will	impact	this	Quality	Attribute?	2.	Whether	failure	to	meet	this	Quality	Attribute	severely	harm	to	Patients?	Is	this	a	CQA?	Justification	Not	linked	to	safety	and	efficacy,	but	it	may	impact	patient	acceptability	concerning	Reference	Product.	Identification	is	critical,	but	it	should	be	effectively	controlled	at
the	drug	substance	No	Yes	Yes*	release	stage	itself.	Assay	variability	may	directly	impact	product	Yes	Yes	Yes	efficacy	&	patient	safety.	Impurities	may	directly	impact	safety	and	must	Yes	Yes	Yes	be	controlled	to	limit	patient	exposure.	PSD	may	impact	dissolution	which	will	impact	Yes	Yes	Yes	bioavailability-efficacy.	Flow	property	may	impact
uniformity	which	Yes	Yes	Yes	may	impact	safety-efficacy.	Weight	Variation	or	Content	Variability	may	directly	impact	content	uniformity,	which	will	Yes	Yes	Yes	impact	safety	&	efficacy	Thickness	&	Hardness	may	indirectly	impact	dissolution,	which	will	impact	bioavailabilityYes	Yes	Yes	efficacy.	Failure	to	meet	the	dissolution	specs	may	Yes	Yes	Yes
severely	impact	bioavailability-efficacy.	Moisture	Content	may	generate	impurities	&	Yes	Yes	Yes	which	may	impact	patient	safety.	Residual	Solvents	is	critical	to	safety,	but	it	should	be	controlled	at	the	raw	material	release	No	Yes	Yes*	stage	(if	not	added	during	manufacturing).	Microbial	Load	is	critical	to	safety,	but	it	should	be	controlled	at	the
raw	material	release	stage	No	Yes	Yes*	itself	as	well	as	during	processing.	This	CQA	will	not	be	investigated	and	discussed	in	detail	in	formulation	&/or	process	development	This	CQA	remains	a	target	element	of	the	release	stage	due	to	its	severity	of	harm	to	the	patient’s	health,	but	it	will	not	be	discussed	in	detail	during	development.	This	CQA	will
be	investigated	&	discussed	in	detail	in	the	formulation	&/or	process	development	Yes	No	No	its	impact	on	individual	CQA	according	to	prior	knowledge	and	preliminary	research	work,	that	is,	(i)	high,	(ii)	medium,	and	(iii)	low,	(13,	14).	Independent	formulation	variables,	that	is,	physicochemical	properties	of	active(s)	and	excipient(s)	most	likely
affecting	CQAs	of	semifinished	or	finished	drug	products	are	termed	as	Critical	Material	Attributes	(CMA).	Whereas,	independent	processing	parameters	most	likely	to	affect	the	CQAs	of	an	intermediate	or	834	Pharmaceutical	Granulation	Technology	TABLE	28.3A	Risk	Factors	Identification	of	Dry	Mixing	Process	Input	Material	Attributes	Input
Process	Parameters	Quality	Attributes	□	Particle	size	distribution	(fines/oversize)	□	Type	and	geometry	of	mixer	□	Mixer	load	level	□	Blend	uniformity	□	Assay	(potency)	□	Moisture	content	□	Order	of	addition	□	Particle	size	□	Particle	shape	□	Bulk/tapped	density	□	Number	of	revolutions	(time	and	speed)	distribution	□	Bulk/tapped	density	□
Cohesive/adhesive	□	Agitating	bar	(on/off	pattern)	□	Flow	properties	properties	□	Electrostatic	properties	□	Discharge	method	□	Holding	time	□	Cohesive/adhesive	properties	□	Environment	temperature	and	RH	□	Powder	segregation	□	Electrostatic	properties	□	Moisture	content	TABLE	28.3B	Risk	Factors	Identification	of	Dry	Granulation-Roller
Compaction	Process	Input	Material	Attributes	Input	Process	Parameters	Quality	Attributes	□	Particle	size	distribution	(Fines/	oversize)	□	Type	of	roller	compactor	□	Ribbon	appearance	(edge	attrition,	splitting,	lamination,	color,	etc.)	□	Solid	form/polymorph	□	Auger	(feed	screw)	type	□	Ribbon	tensile	strength/breaking	force	□	Particle	shape	□
Auger	design	(Horizontal/Vertical/	Angular)	□	Ribbon	thickness	□	Cohesive/adhesive	properties	□	Deaeration	(e.g.,	Vacuum)	□	Ribbon	density	(e.g.,	envelop	density)	□	Electrostatic	properties	□	Hardness/Plasticity/Elasticity	□	Auger	(feed	screw)	speed	□	Roller	shape	(cylindrical/	□	Ribbon	porosity/solid	fraction	□	API	polymorphic	form	and
transition	□	Bulk/Tapped	density	□	Roll	surface	design	(smooth/	knurled/serrated/pocketed)	interlocking)	□	Viscoelasticity	□	Roll	gap	width	(flexible	/	fixed)	□	Brittleness	□	Roll	speed	□	Roll	pressure	□	Throughput	rate	□	Roller	Temperature	□	Fines	recycled	(Yes	/	No,	no.	of	cycles)	finished	drug	product,	as	represented	in	Figure	28.2,	required	to
be	monitored	or	controlled	to	ensure	the	process	produces	the	desired	quality	product	are	termed	as	Critical	Process	Parameter	(CPP)	(3).	Risk	assessment	is	typically	performed	early	in	the	pharmaceutical	development	process	devel	opment	and	is	repeated	as	more	information	becomes	available	and	greater	knowledge	is	obtained.	The	list	can	be
refined	further	through	experimentation	to	determine	the	significance	of	individual	variables	and	potential	interactions.	Once	the	significant	parameters	are	identified,	they	can	be	further	studied	(e.g.,	through	a	combination	of	design	of	experiments,	mathematical	models,	or	studies	that	lead	to	mechanistic	understanding)	to	achieve	a	higher	level	of
process	understanding.	QbD	and	PAT	in	Granulation	835	TABLE	28.3C	Risk	Factors	Identification	of	High-Shear	Wet	Granulation	Process	Input	Material	Attributes	Input	Process	Parameters	Quality	Attributes	□	Particle	size	distribution	(fines/	oversize)	□	Type	of	granulator	(high/low	shear,	top/bottom	drive)	□	Blend	uniformity	□	Solid
form/polymorph	□	Fill	level	percentage	□	Assay	(potency)	□	Particle	shape	□	Moisture	content	□	Pre-granulation	mixing	time	□	Granulating	liquid	or	solvent	quantity	□	Moisture	content	□	Particle	size	and	□	Cohesive/adhesive	properties	□	Impeller	speed,	tip	speed,	configuration,	location,	power	consumption/torque	□	Granule	size	and
distribution	□	Electrostatic	properties	□	Chopper	speed,	configuration,	location,	power	□	Bulk/tapped	density	□	Hardness/Plasticity/Elasticity	consumption	□	Spray	nozzle	type	and	location	□	Flow	property	□	Bulk/Tapped	density	□	Method	of	binder	excipient	addition	(dry/wet)	□	Granule	strength	and	□	Viscoelasticity	□	Method	of	granulating
liquid	addition	(spray	uniformity	□	Solid	form/polymorph	□	Brittleness	□	Granulating	liquid	temperature	□	Cohesive/adhesive	properties	□	Granulating	liquid	addition	rate	and	time	□	Electrostatic	properties	□	Post-granulation	wet	mixing	time)	□	Granule	brittleness	/	elasticity	distribution	or	pump)	□	Endpoint	measurement	28.3.3.1	Risk
Assessment	of	Dry	Mixing-Blending	Process	In	dry	mixing,	particles	are	reoriented	in	relation	to	one	another	when	they	are	placed	in	random	motion	and	inter-particular	friction	is	reduced	as	the	result	of	bed	expansion	(usually	within	a	rotating	container),	also	known	as	tumble	blending	to	achieve	the	blend	uniformity.	During	dry	mixing,	it	is
imperative	to	optimize	the	blending	time	to	minimize	the	variability	and	thus	bioa	vailability	and	subsequently	the	content	uniformity	challenges	[20].	28.3.3.2	Risk	Assessment	of	Dry	Granulation-Roller	Compaction	Process	The	dry	granulation	process	is	used	to	form	granules	without	using	a	liquid	solution	because	the	product	to	be	granulated	may
be	sensitive	to	moisture	and	heat.	Forming	granules	without	moisture	requires	compacting	and	densifying	the	powders.	Roller	compactors	use	counter-rotating	rollers	to	densify	dry	powder	into	sticks	or	sheets	or	ribbons.	As	the	material	flows	from	the	hopper,	a	variable-speed	screw	forces	it	between	the	two	rollers.	One	roller	is	usually	fixed,	while
the	other	moves,	enabling	an	operator	or	PLC	to	maintain	the	size	of	the	gap	between	them	and	to	apply	the	desired	force.	Upon	discharge,	the	compacts	pass	through	a	built-in	comminutor	or	they	are	collected	and	subsequently	milled.	During	roller	compaction	granulation,	if	roller	pressure	is	higher	than	optimum	or	roller	gap	is	lower	than	optimum
or	roller	speed	is	lower	than	optimum,	then	the	ribbon	density	may	get	increased	affecting	the	dissolution	and	bioavailability	and	hence	the	efficacy	[20].	If	roller	pressure	is	lower	than	optimum	or	roller	gap	is	higher	than	optimum	or	roller	speed	is	higher	than	optimum,	it	may	result	in	a	softer	and	friable	ribbon	with	lower	density	impacting	particle
size	distribution	(PSD),	bulk	tapped	density,	flowability,	uniformity,	compressibility,	and	friability	of	tablets	[21].	836	Pharmaceutical	Granulation	Technology	TABLE	28.3D	Risk	Factors	Identification	of	Fluid	Bed	Granulation	Process	Input	Material	Attributes	Input	Process	Parameters	Quality	Attributes	□	Particle	size	distribution	(fines/	oversize)	□
Type	of	fluid	bed	□	Blend	uniformity	□	Solid	form/polymorph	□	Inlet	air	distribution	plate	□	Assay	(potency)	□	Particle	shape	□	Spray	nozzle	(tip	size,	type/quantity/	pattern/	□	Moisture	content	□	Moisture	content	configuration/position	□	Particle	size	and	distribution	□	Cohesive/Adhesive	properties	□	Electrostatic	properties	□	Filter	type	and
orifice	size	□	Fill	Level	percentage	□	Granule	size	and	distribution	□	Bulk/Tapped	density	□	Hardness/Plasticity/Elasticity	□	Bottom	screen	size	and	type	□	Flow	property	□	Bulk/Tapped	density	□	Viscoelasticity	□	Preheating	temperature/time	□	Method	of	drug	and	binder	addition	□	Solid	form/polymorph	□	Cohesive/Adhesive	properties	□
Brittleness	□	Granulating	liquid	temperature	□	Granulating	liquid	quantity	□	Electrostatic	properties	□	Granule	brittleness	/	elasticity	□	Granulating	liquid	concentration/	□	Granule	strength	and	viscosity	□	Granulating	liquid	spray	rate	uniformity	□	Endpoint	measurement	(dry/wet)	□	Inlet	air	volume	□	Inlet	air	temperature	□	Inlet	air	dew	point	□
Atomization	air	pressure	□	Product	and	filter	pressure	differentials	□	Product	temperature	□	Exhaust	air	temperature,	flow	□	Filter	shaking	interval	and	duration	During	integrated	milling,	if	mill	speed	and	sieve	size	is	not	optimized,	it	will	create	variability	in	physical	attributes	of	milled	granules	and	impact	subsequent	processing.	28.3.3.3	Risk
Assessment	of	High-Shear	Wet	Granulation	Process	The	granulating	process	in	a	High-Shear	Granulator	(HSG)	or	Rapid	Mixer	Granulator	(RMG)	incorporates	liquid	binder	in	a	bowl	of	powder	to	be	granulated.	The	main	impeller	and	chopper	in	the	unit	agglomerate	by	applying	high	shear	as	the	binder	liquid	is	added	and	high	energy	imparted	by	the
impeller	densifies	the	granules.	The	chopper	assists	in	preventing	larger	lumps	from	being	formed.	During	wet	granulation,	If	the	pre-granulation	mixing	rate	is	not	optimized,	then	varia	bility	in	the	blend	or	content	uniformity	may	result	in	affecting	the	efficacy	of	the	granulated	product	[22–23].	A	higher	spray	rate	or	higher	impellor	rate	will	densify
granules	resulting	in	higher	bulk	density	and	longer	disintegration	and	or	dissolution.	A	lower	rate	of	binder	addition	or	lower	impeller	speed	may	result	in	softer	granules,	with	a	higher	amount	of	fines	affecting	its	subsequent	processing	[24–25].	(Please	refer	to	chapter	9	for	detailed	information	on	wet	granulation	using	HSG/RMG.)	28.3.3.4	Risk
Assessment	of	Fluid	Bed	Granulation	Process	In	top	spray	fluid	bed	granulation,	powder	densification	or	agglomeration	occurs	with	little	or	no	shear	spraying	of	liquid	binder	on	the	fluidized	powder	bed	in	the	unit	while	the	conditioned	hot	air	QbD	and	PAT	in	Granulation	837	TABLE	28.3E	Risk	Factors	Identification	of	Extrusion-Spheronization
Process	Input	Material	Attributes	Input	Process	Parameters	Quality	Attributes	□	Particle	size	distribution	(fines/	oversize)	□	Type	of	extruder	(Screw	or	basket)	Extrudate	□	Solid	form/polymorph	□	Screw	length,	pitch,	and	diameter	□	Density	□	Particle	shape	□	Cohesive/Adhesive	properties	□	Screw	channel	depth	□	Screw	blade	configuration	□
Length/Thickness/Diameter	□	Moisture	content	□	Electrostatic	properties	□	Number	of	screws	(single/dual)	□	API	polymorphic	form	and	□	Hardness/Plasticity/Elasticity	□	Die	or	screen	configuration	(e.g.,	transition	□	Content	uniformity	□	Bulk/Tapped	density	□	Viscoelasticity	□	Die	length/Diameter	ratio	□	Roll	diameter	(mm)	□	Brittleness	□
Screen	opening	diameter	(mm)	□	Pellets	size	and	distribution	□	Screw	speed	(rpm)	□	Pellets	shape	factor	(e.g.,	aspect	ratio)	□	Feeding	rate	(g/min)	□	Bulk/Tapped	density	□	Type	and	scale	of	spheronizer	□	Spheronizer	load	level	□	Flow	properties	□	Brittleness	□	Plate	geometry	and	speed	□	Elasticity	□	Plate	groove	design	(spacing	and	pattern)
□	Mechanical	strength	□	Air	flow	□	Friability	radial	or	axial)	□	Throughput	□	Pellets	after	spheronization	□	Residence	time	concurrently	drying	the	product.	As	soon	as	the	desired	size	of	the	agglomerates	is	achieved,	spraying	is	stopped	and	the	residual	liquid	is	evaporated.	The	structures	created	by	the	liquid	bridges	are	then	maintained	by	solid
binder	bonds	between	the	primary	particles.	During	the	granulation	in	fluid	bed	granulator,	a	higher	spray	rate	in	relation	to	lower	eva	poration	rate	will	result	in	denser	and	larger	granules	affecting	disintegration	and	dissolution	[26].	In	contrast,	if	the	spray	rate	is	too	low	and	the	evaporation	rate	relatively	is	too	high,	improper	granules	will	be
formed	which	will	be	soft,	friable,	and	affecting	further	processing.	(Please	refer	to	chapter	10	for	detailed	information	on	fluid	bed	granulation.)	28.3.3.5	Risk	Assessment	of	Extrusion-Spheronization	Process	Extrusion/spheronization	is	a	process	capable	of	producing	spherical	particles	that	have	many	uses	in	the	preparation	of	pharmaceutical
dosage	forms.	Extrusion-spheronization	is	a	multi-step	pro	cess	typically	requiring	several	units	of	operations.	The	wet	mass	is	forced	through	the	required	size	orifice	to	form	extrudates,	which	are	subsequently	spheronized	in	a	spheronizer	to	form	round	pellets,	and	then	dried	in	a	fluid	bed	dryer	or	the	oven.	During	the	extrusion	process,	if	the
feeding	and	extrusion	screw	speed	is	increased,	it	will	cause	extrudate	surface	impairments,	such	as	roughness	and	shark-skinning,	which	leads	to	pellets	with	lower	quality	because	the	extrudate	will	break	up	unevenly	during	the	initial	stages	of	the	spheronization	process,	resulting	in	several	fines	and	wide	particle-size	distribution	[26].	Pellet
quality	is	also	dependent	on	spheronizer	load,	which	affects	the	particle-size	distribution,and	bulk	and	tap	density	of	the	final	pellets.	The	increase	in	the	spheronizer	speed	and	a	low	spheronizer	load	will	result	in	wider	particle	size	distribution	with	less	yield	of	pellets,	whereas	it	increases	838	Pharmaceutical	Granulation	Technology	TABLE	28.4
Relative	Risk	Matrix	Analysis	of	Different	Granulation	Processes	In	Process	or	Finished	Product	CQAs	Co-sifting	Dry	Mixing	Dry	Granulation	High	Shear	Wet	Granulation	Fluid	Bed	Granulation	Extrusion	Sphero	nization	Fluid	Bed	Drying	Milling	&	Sifting	Blending	&	Lubrication	Tablet	Compression	1.	Dry	Mixing	–	Direct	Compression	2.	Dry
Granulation	–	Roller	Compaction	3.	High	Shear	Wet	Granulation	4.	Top	Spray	Fluid	Bed	Granulation	5.	ExtrusionSpheronization	Appearance	(Physical	Attributes)	L	L	H	H	H	M	H	L	M	H	H	Assay	L	M	M	H	H	L	L	L	L	L	L	Impurities	/	Related	Substances	L	L	M	H	H	L	L	H	M	L	L	PSD	/	BD	/	TD	/	Flow	Property	L	L	H	H	H	H	H	L	H	L	L	Weight/	Content
Variation	M	M	M	H	H	L	L	L	H	H	M	Hardness	/	Friability	L	L	L	L	L	L	H	L	L	L	H	Disintegration	Time	/	%	Drug	Dissolution	L	L	H	H	H	L	H	L	H	H	H	Water	Content	L	L	L	H	H	L	L	H	L	L	L	Broadly	acceptable	risk.	No	further	investigation	is	needed.	Risk	is	acceptable.	M	=	Medium	Risk	Further	investigation	may	be	needed	to	reduce	the	risk.	Risk	is
unacceptable.	H	=	High	Risk	Further	investigation	is	needed	to	reduce	the	risk.	Symbol	indicates	“whether	that	particular	unit	operation	is	involved	inthat	particular	Granulation	Process	or	not?”	L	=	Low	Risk	with	extended	spheronization	time	at	a	higher	spheronizer	load.	If	the	spheronizer	speed	increases,	then	bulk	and	tap	density	increases	and
the	size	of	the	pellets	decreases.	If	spheronizer	load	decreases,	then	the	roundness,	hardness,	and	friability	of	pellets	increases	significantly	[27].	If	QbD	and	PAT	in	Granulation	FIGURE	28.2	839	Critical	processing	parameters	involved	in	different	types	of	granulations.	spheronization	speed	is	too	slow,	then	it	will	produce	no	significant	shape
changes	in	the	extrudate,	and	if	spheronization	speed	is	too	high,	then	it	will	result	in	a	size	reduction	of	the	extrudate	particles.	(Please	refer	to	chapter	12	for	detailed	information	on	the	Extrusion/spheronization	process.)	840	28.3.4	DESIGNING	Pharmaceutical	Granulation	Technology	OF	EXPERIMENTS	(DOE)	AND	DEVELOPMENT	OF	DESIGN
SPACE	After	Risk	Assessment	of	all	Material	Attributes	and	Process	Parameters	concerning	CQAs,	DoE	should	be	carried	out	as	a	systematic	series	of	experiments	as	follows	[3]:	1.	Experiments	in	which	purposeful	changes	are	made	to	input	factors	to	identify	causes,	that	is,	CMAs	and	CPPs,	for	significant	changes	in	the	output	responses,	that	is,
CQAs	2.	Determining	the	relationship	between	factor(s),	that	is,	CMAs	and	CPPs	and	response(s),	that	is,	CQAs,	in	the	form	of	regression	model	equation,	to	evaluate	all	the	potential	factors	simultaneously,	systematically	and	speedily	3.	With	a	complete	understanding	of	the	process	to	assist	in	better	product	development	and	subsequent	process
scale-up	with	pretending	the	finished	product	quality	and	performance	28.3.4.1	Definition	of	Objective	and	Selection	of	Designs	In	DoE,	several	critical	risk	factors	should	be	finalized	depending	upon	risk	assessment	on	the	basis	of	preliminary	experiments	or	prior	arts.	After	finalizing	the	list	of	critical	in	dependent	factors,	that	is,	CMAs	or	CPPs	and
objective	of	the	experiment,	that	is,	screening	or	optimization	[28],	the	next	step	is	to	find	out	which	critical	dependent	responses,	that	is,	in-process	or	finished	product	CQAs,	are	required	to	be	measured	and	how	to	measure	them.	Identifying	“quantitative”	responses	is	one	of	the	most	important	steps	of	a	successful	DoE.	Response	measurements
should	be	sensitive	enough	to	reflect	minute	changes	in	the	factor	levels	[29].	For	“qualitative”	responses,	one	can	use	a	“rating”	or	“ranking”	system,	that	is,	a	scale	of	1–5.	For	example,	product	quality	can	be	rated	as	1-Poor	to	5-Excellent.	This	will	require	having	several	people	rate	the	product	and	then	the	average	rating	can	be	used	as	a	primary
response	or	the	standard	deviation	of	the	ratings	can	be	used	as	a	secondary	response.	Through	brainstorming	sessions,	all	the	factors	should	be	grouped	into	categories	such	as	–	easily	controllable	factors	and	difficult	to	control	factors.	From	this	list,	one	can	decide	how	many	and	which	factors	are	required	to	be	included	in	the	experiment.	Only
controllable	factors	are	required	to	be	considered	during	the	Design	of	Experiments.	Other	factors	should	be	decided	if	they	will	be	held	constant,	continuously	monitored,	or	ignored	as	such.	After	finalization	of	the	factors	to	be	studied,	ranges	for	each	factor,	that	is,	“level,”	must	be	decided.	The	range	should	be	large	enough	so	that	one	can	expect
to	observe	a	difference	in	the	re	sponse,	but	it	should	not	be	so	large	that	can	be	fallen	off	the	edge	and	couldn’t	get	any	measurable	results	[30].	According	to	the	(i)	Objective	of	the	Experiment	and	(ii)	Numbers	of	the	Factors,	Experimental	Design	should	be	selected.	After	selection	of	any	experimental	design	out	of	all	the	experimental	designs	[31]
summarized	in	Table	28.5,	dependent	responses	(CQAs)	should	be	measured	for	all	experimental	runs	for	a	different	combination	of	independent	factors	settings	and	their	actual	observed	values	should	be	measured	and	inserted	in	the	respective	column	in	the	design	table.	Before	measurement	of	responses,	Randomization	of	runs	can	be	done	by
mixing	up	of	planned	experimental	runs	in	such	a	way	that	they	follow	no	particular	pattern	to	cancel	the	effects	of	a	hidden	variable,	which	is	not	included	in	the	experiment,	but	which	changes	with	time,	for	example,	temperature	and	humidity,	and	in	fluences	the	dependent	response	[32].	However,	blocking	can	be	also	implemented	as	a	group	of
trials	based	on	common	nuisance	factors	to	reduce	the	noise	in	the	experiment	and	im 	proves	the	sensitivity	to	the	other	effects.	For	example,	if	all	the	experiments	cannot	be	conducted	in	one	day	or	using	one	batch	of	raw	material,	the	experimental	points	can	be	grouped	or	divided	in	such	a	way	that	the	blocked	effect	is	eliminated	before	the
computation	of	the	model.	Blocking	is	advantageous	when	there	is	a	known	nuisance	factor	that	may	influence	the	experimental	result,	but	the	effect	is	not	of	interest	[33].	Fractional	Factorial	Design	2	Levels:	(−1,	+1)	2	Levels:	(−1,	+1)	Screening	Designs	Plackette	Burmann	Design	Levels	Design	full	factorial	combinations	are	selected	to	be	run.	In
general,	a	(Continued)	effect	of	3FI	has	to	be	sacrificed.	Here	the	ability	to	evaluate	the	factorial,	etc.	of	the	runs	has	been	picked	up	for	fractional	factorial.	fraction	such	as	½,	¼,	of	full	adequately	chosen	fraction	of	the	A	better	choice	for	screening	of	four	or	more	factors	in	which	only	an	negligible.	effects	are	concerned	of	interest,	assuming	all
other	interactions	numerous	factors,	when	only	main	Economical	screening	design	for	Description	Fractions	Design	points	are	at	the	Alternate	Corner	of	Cube	factors	PB	design	in	12	runs	for	an	experiment	containing	up	to	(12−1	=	)	11	Diagrammatic	Representations	Factorsf	=	No.	of	LF-fWhere,L	=	No	of	LevelsF	=	No	of	4n	for	Factors	up	to	4n-1
No	of	Experimental	Runs	TABLE	28.5	Experimental	Designs	with	Levels,	Runs,	and	Applications	with	Advantages	and	Disadvantages	QbD	and	PAT	in	Granulation	841	Levels	2	Levels:	(−1,	+1)	Design	Taguchi	Design	TABLE	28.5	(Continued)	No	of	Experimental	Runs	Used	to	develop	the	products	or	Inner	23	and	outer	22	arrays	of	Taguchi	design
processes.	(Continued)	development	of	products	or	because	it	is	a	method	of	ensuring	good	performance	in	the	as	“off-line	quality	control”	variability.	The	design	is	also	referred	to	as	experimental	design	processes	as	robust	amidst	natural	Description	Diagrammatic	Representations	842	Pharmaceutical	Granulation	Technology	(Continued)	effects	and
interaction	are	of	interest,	assuming	all	curvature	effects	negligible.	fewer	factors	and	when	only	main	Efficient	screening	design	for	3	or	Factorsf	=	No.	of	Fractions	Design	points	are	at	the	CORNER	of	Square	Description	0,	+1)	LFWhere,L	=	No	of	Diagrammatic	Representations	LevelsF	=	No	of	2	Levels:	(−1,	+1)3	Optimization	Designs	Full
Factorial	Design	No	of	Experimental	Runs	Levels:	(−1,	Levels	Design	TABLE	28.5	(Continued)	QbD	and	PAT	in	Granulation	843	more	than	2	factors,	where	Region	of	Operability	is	greater	than	Region	of	Interest	to	accommodate	axial	runs	for	optimization	of	the	operating	ranges	of	critical	factors.	Star	PointsCP	=	No.	of	Center	Points	(Continued)
alternative	to	3	level	FFD	for	2	or	of	Factorsf	=	No.	of	FractionsSP	=	No.	of	A	time	and	cost-effective	better	−1,	0,	+1,	+α)	Factorial	CUBE	within	Star	SPHERE	LF	+	SP	+	CPWhere,L	=	Description	No.	of	LevelsF	=	No.	Diagrammatic	Representations	No	of	Experimental	Runs	+1)5	Levels:	(−α,	3	Levels:	(−1,	0,	Central	Composite	RSM	Design	Levels
Design	TABLE	28.5	(Continued)	844	Pharmaceutical	Granulation	Technology	0,	+1)	3	Levels:	(−1,	Box-Behnken	RSM	Design	Levels	Design	TABLE	28.5	(Continued)	of	Center	Points	Where,MP	=	No.	of	Mid	PointsCP	=	No.	MP	+	CP	=	12	+	3	=	15	No	of	Experimental	Runs	at	the	CENTER	Design	Points	are	at	the	MIDPOINTS	of	edges	of	the	process
space	and	Diagrammatic	Representations	(Continued)	(where	there	weren’t	any	design	points).	weaker	at	the	corners	of	the	cube	center	of	the	design	space	(where	the	presumed	optimum	is),	but	coefficient	estimates	near	the	and	Region	of	Operability	nearly	the	same.	Provides	strong	factor,	where	Region	of	Interest	CCD	for	fitting	quadratic	models
that	require	three	levels	of	each	An	economic	alternate	choice	of	Description	QbD	and	PAT	in	Granulation	845	Design	Simplex	Mixture	Design	Levels	TABLE	28.5	(Continued)	are	components	of	a	mixture,	which	must	total	to	a	constant,	that	(Continued)	function	of	the	proportion	of	components.	is,	1	(100%)	and	response	is	a	experiments	in	which	the
factors	A	special	class	of	response	surface	Description	degree}	=	{3,2}	Diagrammatic	Representations	6	{q	components,	m	(q	+	m-1)!	/	(m!(q-1)!)	=	No	of	Experimental	Runs	846	Pharmaceutical	Granulation	Technology	Constrained	Mixture	Design	Design	Levels	TABLE	28.5	(Continued)	xi	=	Li	+	(1	−	L)	xi*	No	of	Experimental	Runs	Diagrammatic
Representations	D-,	A-,	G-,	I-	and,	V-	optimality.	designs	are	generated	based	on	specific	optimality	criteria,	such	as	computer.	In	general,	such	custom	custom	designs	generated	by	the	exchange	algorithm	using	a	used.	These	are	the	non-classic	When	the	domain	is	irregular	in	shape,	optimal	designs	can	be	Description	QbD	and	PAT	in	Granulation
847	848	Pharmaceutical	Granulation	Technology	28.3.4.2	Types	of	Regression	Models	for	Analysis	of	Responses	After	running	all	the	experiments,	a	mathematical	equation	is	required	that	can	relate	factors	with	a	response.	Model	is	that	mathematical	relationship	between	factors	(independent	variables)	and	response	(dependent	variables),	which	can
assist	in	calculations	and	future	predictions	for	any	design,	represent	different	shapes	of	response	behavior	as	represented	in	Figure	28.3.	First	order	Linear	model	terms	modeling	slopes	of	a	straight	line	or	flat	plane,	used	for	screening	of	significant	factors	for	identification	of	main	effects	(A,	B,	C)	and	interactions	(AB,	AC,	BC).	Second	order
Quadratic	model	terms	modeling	curvatures	of	the	eclipse,	used	for	identification	of	curvature	(A²,	B²,	C²)	and	optimization	of	critical	factors	for	estimating	true	behavior	of	response	surface.	Third	order	Cubic	model	terms	(ABC,	A²B,	A²C,	AB²,	A3,	B3,	C3)	modeling	inflected	asymmetry	like	“S”	curve	in	response	eclipse,	accurately	giving	the	adequate
view	of	asymmetric	response	surface	[34].	Reduced	polynomial	“Scheffe”	model	depends	on	the	number	of	components	symbolized	by	letter	q,	characterized	by	lack	of	intercept	and	lack	of	square	and	cube	terms	for	optimization	of	ratio	or	proportion	of	mixture	components	(ingredients).	28.3.4.3	Analysis	of	Regression	Model	with	Numerical	and
Graphical	Indicators	After	selection	of	model,	analysis	of	model	should	be	carried	out	thoroughly	with	ANOVA	[35]	for	testing	of	(i)	significance	of	model	(F	Value	»1	(indicating	model	effect	is	far	more	significant	than	a	residual	error)	and	p	<	0.05	(negligible	probability	of	failure	to	detect	significant	effect);	(ii)	insignificant	lack	of	fit	(p	>	0.1	–
indicating	selected	model	fit	the	actual	response	behavior);	(iii)	adequate	precision	>	4	(reproducibility	of	prediction	values);	(iv)	highest	R2	unadjusted	value	with	R2	adjusted	and	R2	predicted	values	within	the	difference	of	0.2;	(v)	well-behaved	residuals	(actual-predicted	values)	with	no	any	specific	particular	pattern	or	trend.	Residual	Analysis	is
required	to	confirm	that	the	model	assumptions	for	the	ANOVA	are	met	because,	Residuals	(ei	=	yi	−	ŷi)	are	experimental	error	obtained	by	subtracting	the	observed	re		sponses	from	the	predicted	responses.	Since	this	is	a	form	of	error,	one	expects	them	to	be	(roughly)	normal	and	(approximately)	independently	distributed	with	a	mean	of	0	and	some
constant	variance	[36].	Thus	selected	model	should	predict	values	higher	than	actual	and	lower	than	actual	with	equal	probability	as	in	the	normal	plot	of	residuals.	Also,	residuals	should	be	independent	of	when	the	observation	occurred	as	in	the	study	as	in	residual	versus	the	run	plot	or	the	size	of	the	observation	being	predicted	as	in	residual
versus	predicted	plot.	Model	graphs	give	a	clear	picture	of	how	the	response	will	behave	at	different	levels	of	factors	at	a	time	through	the	prediction	model:	(a)	One	factor	Main	Effect	plot	shows	the	linear	effect	of	changing	the	level	of	a	single	factor,	while	interaction	plot	reveals	interaction	occurs	with	two	nonparallel	cross	lines	(b)	2D	Contour	plot
reveals	the	effect	of	two	independent	factors	on	one	response	at	a	time	(c)	3D	Response	Surface	plot	reveals	the	effect	of	two	independent	factors	on	one	response	at	a	time	(d)	Cube	plot	reveals	the	effect	of	3	independent	factors	on	1	response	at	a	time,	while	holding	the	magnitude	of	response	and	other	factors	as	constant	[37].	FIGURE	28.3
Different	types	of	regression	models.	QbD	and	PAT	in	Granulation	849	28.3.4.4	Numerical	and	Graphical	Optimization	for	Development	of	Design	Space	After	analysis	of	responses,	design	space	–	which	is	a	multidimensional	combination	and	interaction	of	input	variables,	that	is,	CMAs	and	CPPs,	where	all	the	specifications	for	the	individual
responses,	that	is,	CQAs	met	to	the	predefined	targets	–	will	be	developed	to	assure	quality.	Movement	within	the	design	space	is	not	considered	as	a	change.	Movement	out	of	the	design	space	is	considered	to	be	a	change	and	would	initiate	a	regulatory	post-approval	change	process	[3].	For	numerical	optimization,	the	best	combination	of	multiple
responses	is	found	out	by	a	geometric	mean	function	called	the	“Overall	Desirability.”	In	this	method,	depending	upon	the	goals,	the	values	of	each	response	for	a	given	combination	of	factors	is	first	translated	to	a	number	between	0	and	1	known	as	individual	desirability	(di)	and	then	the	overall	desirability	(D)	is	calculated	by	taking	the	geometric
mean	of	all	individual	desirabilities	[38–40].	1/	ri	Composite	Desirability	(D)	=	(d1r1	×	d2r2	×	…	…	….	×	d	nrn)	=	n	i	=1	d	iri	1/	ri	Where,	di	=	“individual	desirability”,	n	=	the	number	of	responses,	r1	=	“Importance”	priorities	from	1	(+)	to	5	(+++++)	D=0	one	or	more	responses	fall	outside	acceptable	limits	D=1	all	the	goals	are	satisfied.	For
Graphical	Optimization,	contour	plots	of	individual	responses	are	superimposed	or	overlaid	on	top	of	each	other	concerning	their	set	specifications	to	get	a	sweet	spot	in	overlay	plot	[41],	where	all	the	responses	simultaneously	meet	with	their	set	specifications	as	predefined	in	QTPP	as	represented	in	Figure	28.4.	28.3.4.5	Verification	of	Design	Space
concerning	Prediction	Intervals	(PI)	and	Confidence	Interval	(CI)	After	the	development	of	design	space,	a	minimum	of	three	confirmatory	runs	should	be	conducted	within	design	space	for	verification	of	the	design	space	through	the	correlation	between	observed	results	with	model-predicted	results	utilizing	Prediction	Intervals	(PI)	[42–43].	The	95%
CI	(confidence	interval)	is	the	range	in	which	you	can	expect	the	process	average	to	fall	into	95%	of	the	time.	95%	CI	=	Ybar	±	t	value	SE	mean	where	the	t	value	is	for	alpha	=	0.05	and	the	df	that	correspond	to	the	problem.	SE	mean	=	1	+	(“X	T	(X	TX)	1X	”)	The	95%	PI	(prediction	interval)	is	the	range	in	which	you	can	expect	any	individual	value	to
fall	into	95%	of	the	time.	95%	PI	=	Ybar	±	t	value	SE	pred	where	the	t-value	is	for	alpha	=	0.05	and	the	df	that	correspond	to	the	problem.	850	Pharmaceutical	Granulation	Technology	FIGURE	28.4	Graphical	optimization	by	overlaying	Contour	plots	of	all	responses	on	top	of	each	other	with	respect	to	their	target	specifications.	SE	pred	=	1	+	(“1	+	X
T	(X	TX)	1X	”)	The	prediction	interval	will	be	larger	(a	wider	spread)	than	the	confidence	interval	as	more	scatter	is	expected	within	individual	values	than	in	averages.	A	design	space	can	be	developed	on	any	scale.	The	applicant	should	justify	the	relevance	of	a	design	space	developed	at	a	small	or	pilot	scale	to	the	QbD	and	PAT	in	Granulation	851
proposed	production-scale	manufacturing	process	and	discuss	the	potential	risks	in	the	scale-up	operation.	It’s	not	recommended	to	extrapolate	outside	design	space	because	there	is	no	idea	what	may	be	out	there	beyond	their	initial	set	ranges.	28.3.5	IMPLEMENTATION	OF	CONTROL	STRATEGY	Based	on	prior	art,	scientific	rationale	and	One
Factor	at	Time	(OFAT)/DoE-based	proven	ac	ceptable	ranges	and	design	space	for	different	CMAs	and	CPPs,	the	control	strategy	for	each	and	every	CMAs	and	CPPs	are	proposed	for	future	commercial	manufacturing	to	ensure	batch-to-batch	consistency	in	product	quality.	A	control	strategy	is	a	planned	set	of	controls	derived	from	the	current
product	and	process	understanding	during	the	lab-scale	developmental	stage,	the	scale-up	exhibit-submission	stage	that	ensures	consistent	process	performance	and	product	quality	during	commercial	manufacturing.	The	controls	can	include	[3]:	1.	Control	of	input	material	attributes	(e.g.,	drug	substance,	excipients,	primary	packa	ging	materials)
based	on	an	understanding	of	their	impact	on	processability	or	product	quality;	2.	Controls	for	processing	parameters	of	unit	operations	that	have	an	impact	on	downstream	processing	or	product	quality	(e.g.,	the	impact	of	drying	on	degradation,	the	particle	size	distribution	of	the	granulate	on	dissolution,	the	impact	of	machine	speed	on	weight
variation,	and	the	impact	of	blending	or	mixing	time	on	content	uniformity);	3.	In-process	or	real-time	release	testing	instead	of	end-product	testing	(e.g.,	measurement	and	control	of	CQAs	during	processing);	4.	A	monitoring	program	(e.g.,	full	product	testing	at	regular	intervals)	for	verifying	multi	variate	prediction	models;	5.	Finished	product
specification(s)	(e.g.,	Product	name	and	descriptions,	physical	attributes,	Identification,	and	assay	values	of	active	ingredient(s),	storage	conditions,	etc.)	A	control	strategy	can	include	different	elements.	For	example,	one	element	of	the	control	strategy	could	rely	on	end-product	testing,	whereas	another	could	depend	on	real-time	release	testing.	The
rationale	for	using	these	alternative	approaches	should	be	described	in	the	submission.	The	control	strategy	is	built	upon	the	outcome	of	extensive	product	and	process	understanding	studies.	These	studies	investigated	the	material	attributes	and	process	parameters	that	were	deemed	high	risk	to	the	CQAs	of	the	drug	product	during	the	initial	risk
assessment.	In	some	cases,	variables	considered	medium	risk	were	also	investigated.	All	variables	ranked	as	high	risk,	that	is,	critical	in	the	initial	risk	assessment,	are	included	in	the	control	strategy	because	the	conclusion	of	the	experiments	was	dependant	on	the	range(s)	studied	and	the	complex	multivariate	relationship	between	variables.	Thus,
the	control	strategy	is	an	integrated	overview	of	how	quality	is	assured	based	on	the	current	process	and	product	knowledge.	For	finalizing	and	implementation	of	a	control	strategy	for	each	and	individual	CMAs	or	CPPs,	ranges	studied	at	lab-scale	developmental	stage	will	be	reviewed	with	pilot	plant	scale-up	and	pivotal-scale	exhibit	batches	to
ensure	batch-to-batch	consistent	quality	and	performance	of	a	finished	product	during	commercial	manufacturing	as	summarized	in	Table	28.6.	Thus,	a	control	strategy	is	an	integrated	overview	of	how	quality	is	assured	for	commercial	batches	based	on	the	current	process	and	product	knowledge	gained	from	the	QbD-DoE-PAT	system.	Individual
ranges	of	CMAs	of	API	and	excipients	and	CPPs	of	manufacturing	processes	are	reviewed	and	ranges	for	commercial	batches	are	proposed	for	the	batch-to-batch	consistency	of	respective	CQAs.	All	the	ranges	are	tabulated	systematically	with	purpose,	that	is,	(i)	ranges	studied	at	laboratory	scale,	(ii)	ranges	studied	during	exhibit	batches,	and	(iii)
ranges	proposed	for	commercial	bat	ches	[13–14].	852	Pharmaceutical	Granulation	Technology	5.	Extrusion-	Spheronization	4.	Fluid	Bed	Granulation	3.	Wet	Granulation	2.	Dry	Granulation	1.	Dry	Mixing	TABLE	28.6	Control	Strategies	for	CPPs	involved	in	Unit	Operations	of	Granulation	Processes	Process	Parameter	(s)	CPPs	The	Ranges	Actual	data
proposed	studied	at	for	Exhibit	range	for	Purpose	of	Control	Laboratory	batches	Commercia	Scale	l	batch	Sieve	size	___#	___#	___#	[	___	-___	]	RPM	[	___	-___	]	min	[	___	-___	]	%	{___	-___}	RPM	{___	-___}	min	{___	-___}	%	(____)RPM	[	___	-___	]	bar	[	___	-___	]	mm	[	___	-___	]	RPM	{___	-___}	bar	{___	-___}	mm	{___	-___}	RPM	[	___	-___	]	RPM	{___	-___}	RPM
Rate	of	Binder	Addition	Wet	MixingImpeller	Speed	Wet	MixingKneading	Time	[	___	-___	]	min	[	___	-___	]	RPM	[	___	-___	]	min	{___	-___}	min	{___	-___}	RPM	{___	-___}	min	%	Fill	Level	in	Mixer	[	___	-___	]	%	{___	-___}	%	Liquid	Spraying	Rate	Atomization	Air	Pressure	Spraying	Nozzle	Tip	Diameter	Inlet	Air	Dew	Point	[	___	-___	]	gm/min	[	___	-___	]	bar	____
mm	orifice	{___	-___}	gm/min	{___	-___}	bar	____	mm	orifice	[	___	-___	]	°C	{___	-___}	°C	[	___	-___	]	°C	[	___	-___	]°C	[	___	-___	]	cfm	[	___	-___	]	%	{___	-___}	°C	[	___	-___	]	°C	{___	-___}	cfm	{___	-___}	%	Co-Sifting	Blending	Speed	Dry	Mixing	Blending	Time	%	Fill	Level	in	Blender	Roller	Pressure	Dry	Granulation	-Roller	Compactor	Roller	Gap	Width	Roller
Speed	Feed	Screw	Speed	Wet	Granulation	Fluid	Bed	Granulation	Inlet	Air	Temperature	Product	Temperature	Inlet	Air	Volume	%	Fill	Level	in	Bowl	(__-__)min	(__-__)%	(__-__)bar	(__-__)mm	(____)RPM	(____)RPM	(__-__)min	(____)RPM	(__-__)min	(__-__)%	(__-__)	gm/min	(__-__)	bar	____	mm	orifice	(__-__)	°C	(__-__)	°C	[	___	-___	]	°C	(__-__)	cfm	(__-__)	%	To
ensure	batch	to	batch	consistency	in	PSD	/	BD	/	TD	of	Powder	Blend	To	ensure	batch	to	batch	consistency	in	Blend	Uniformity	to	ensure	Content	Uniformity	To	ensure	batch	to	batch	consistency	in	Particle	Size	Distribution	&	Density	in	order	to	warrant	Uniform	Flow	property	&	Dissolutionof	Granules	To	ensure	batch	to	batch	consistency	in	Particle
Size	Distribution	&	Density	in	order	to	warrant	Uniform	Flow	property	&	Disintegration	of	Granules	To	ensure	batch	to	batch	consistency	in	Particle	Size	Distribution	&	Density	in	order	to	warrant	Uniform	Flow	property	&	Disintegration	of	Granules	To	ensure	Low	Water	content	in	granules	in	order	to	prevent	In	Process	impurity,	Microbial	growth	&
Compression	defects	(Sticking/	Picking)	(Continued)	QbD	and	PAT	in	Granulation	853	TABLE	28.6	(Continued)	Type	of	Extruder	Feeding	Rate	(g/min)	Screw	Speed	(rpm)	Extrusion	Screen	Opening	Diameter	(mm)	Die	or	Screen	Configuration	Plate	Groove	Design	(	pattern)	Spheronizer	Plate	Geometry	Spheronization	Spheronizer	Plate	Speed
Residence	Time	Spheronizer	%Fill	Level	Drying	Inlet	Air	Temperature	for	Drying	Inlet	Air	Volume	for	Drying	%Fill	Level	in	Bowl	for	Drying	Screw	{___	-___}	gm/min	{___	-___}	RPM	{___	-___}	mm	Screw	(__-__)	gm/min	(____)RPM	Radial	Radial	Radial	Radial	Radial	Radial	grooves	running	radially	from	the	center	of	the	disc	[	___-___	]	RPM	[	___-___	]	min
[	___-___	]	%	grooves	running	radially	from	the	center	of	the	disc	{___	-___}	RPM	{___	-___}	min	{___	-___}	%	grooves	running	radially	from	the	center	of	the	disc	(____)RPM	[	___-___	]	°C	{___	-___}	°C	(__-__)	°C	[	___-___	]	cfm	{___	-___}	cfm	(__-__)cfm	[	___-___	]	%	{___	-___}	%	(__-__)	%	(__-__)mm	(__-__)	min	To	ensure	batch	to	batch	consistency	in	the
plasticity	of	Extrudates	to	control	the	losses	&	to	ensure	batch	to	batch	consistency	in	Particle	Size	Distribution,	Bulk	Density	&	True	Density	to	warrant	Uniform	Flow	property,	Hardness,	Friability,	Disintegration	&	Dissolution	of	Sphere-	Granules	(__-__)	%	To	ensure	batch	to	batch	consistency	in	Low	Water	content	in	granules	to	prevent	In	Process
impurity,	Microbial	growth	&	Compression	defects	(Sticking/	Picking)	[	___-___	]	{___	-___}	(__-__)	To	ensure	RPM	RPM	RPM	consistency	in	PSD,	BD,	TD	of	granules	[	___-___	]	{___	-___}	(__-__)	mm	mm	mm	[	___-___	]	{___	-___}	(__-__)	To	ensure	batch	to	RPM	RPM	RPM	batch	consistency	in	Blend	Uniformity	&	Blending	Time	[	___-___	]	{___	-___}	(__-__)
min	Lubrication	Dissolution	min	min	%Fill	Level	in	[	___-___	]	{___	-___}	(__-__)	%	Blender	%	%	Compression-Turret	[	___-___	]	{___	-___}	(__-__)	To	ensure	batch	to	Speed	RPM	RPM	RPM	batch	consistency	in	Hardness,	Weight	&	Compression-	Feed	[	___-___	]	{___	-___}	(__-__)	Disintegration	to	Frame	Paddle	RPM	RPM	RPM	ensure	Minimum	Speed
%Friability	Loss,	Compressed	Tablet	[	___-___	]	{___	-___}	(__-__)	Maximum	CU	&	mm	mm	mm	Compression	Thickness	Desired	Dissolution	Pre	Compression	[	___-___	]	{___	-___}	(__-__)	without	any	Force	kN	kN	kN	Compression	defects	Main	Compression	[	___-___	]	{___	-___}	(__-__)	(Capping/	Force	kN	kN	kN	Lamination)	%Fill	Level	in	[	___-___	]	{___	-
___}	(__-__)	Hopper	%	%	%	Environmental	[	___-___	]	{___	-___}	(__-__)	To	ensure	batch	to	Temperature	°C	°C	°C	batch	consistency	in	Environmental	Physical	&	Chemical	Environmental	Conditions	[	___-___	]	{___	-___}	(__-__)	Stability	Relative	Humidity	%RH	%RH	%RH	(%RH)	The	symbol	indicates	“whether	that	particular	unit	operation	&	associated
processing	parameters	are	required	to	beincluded	in	Control	Strategy	for	that	particular	Granulation	Processor	not?”	Sizing	Mill	Speed	for	Sizing	Screen	Size	for	Sizing	Blending	Speed	Screw	[	___-___	]	gm/min	[	___-___	]	RPM	[	___-___	]	mm	854	Pharmaceutical	Granulation	Technology	The	control	strategy	may	be	further	refined	based	on	additional
experience	gained	during	the	commercial	lifecycle	of	the	product.	However,	any	post-approval	changes	should	be	reported	to	the	agency	per	CFR	314.70	and	should	follow	steps	as	outlined	by	guidance	used	for	scale-up	and	post-approval	changes.	Understanding	sources	of	variability	and	their	impact	on	downstream	processes	or	processing,	in-
process	materials,	and	drug	product	quality	can	provide	an	opportunity	to	shift	controls	up	stream	and	minimize	the	need	for	end-product	testing.	Product	and	process	understanding,	in	combination	with	quality	risk	management	[4],	will	support	the	control	of	the	process	such	that	the	variability	(e.g.,	of	raw	materials)	can	be	compensated	for	in	an
adaptable	manner	to	deliver	consistent	product	quality.	This	process	understanding	can	enable	an	alternative	manufacturing	paradigm	where	the	variability	of	input	materials	could	be	less	tightly	constrained.	Instead,	it	can	be	possible	to	design	an	adaptive	process	step	(a	step	responsive	to	the	input	materials)	with	appropriate	process	control	to
ensure	consistent	product	quality.	Enhanced	understanding	of	product	performance	can	justify	the	use	of	alternative	approaches	to	determine	that	the	material	is	meeting	its	quality	attributes.	The	use	of	such	alternatives	could	support	real-time	release	testing.	For	example,	disintegration	could	serve	as	a	surrogate	for	dis	solution	for	fast-
disintegrating	solid	forms	with	highly	soluble	drug	substances.	Unit	dose	uni	formity	performed	in-process	(e.g.,	using	weight	variation	coupled	with	near-infrared	[NIR]	assay)	can	enable	real-time	release	testing	and	provide	an	increased	level	of	quality	assurance	compared	to	the	traditional	end-product	testing	using	compendia	content	uniformity
standards	[44].	Real-time	release	testing	can	replace	end-product	testing	but	does	not	replace	the	review	and	quality	control	steps	called	for	under	GMP	to	release	the	batch.	28.3.6	CONTINUOUS	IMPROVEMENT	AND	PROCESS	CAPABILITY	Throughout	the	product	lifecycle,	companies	should	evaluate	innovative	approaches	to	improve	product
quality,	through	the	improvement	of	the	process	continuously.	Process	performance	can	be	monitored	to	ensure	that	it	is	working	as	anticipated	to	deliver	product	quality	attributes	as	predicted	by	the	design	space.	This	monitoring	could	include	a	trend	analysis	of	the	manufacturing	process	as	additional	experience	is	gained	during	routine
commercial	manufacturing.	For	certain	design	spaces	using	mathematical	models,	periodic	maintenance	could	be	useful	to	ensure	the	model’s	perfor	mance.	Model	maintenance	is	an	example	of	an	activity	that	can	be	managed	within	a	company‘s	internal	quality	system,	provided	the	design	space	is	unchanged.	Expansion,	reduction,	or	redefinition	of
the	design	space	could	be	desired	upon	gaining	additional	process	knowledge.	Upon	approval,	the	manufacturing	process	will	be	validated	using	the	lifecycle	approach	that	employs	risk-based	decision-making	throughout	the	drug	product	lifecycle	as	defined	in	the	FDA	process	validation	guidance.	Process	Validation	is	defined	as	the	collection	and
evaluation	of	data,	from	the	process	design	stage	through	commercial	production,	which	establishes	scientific	evi	dence	that	a	process	is	capable	of	consistently	delivering	a	quality	product.	Process	validation	involves	a	series	of	activities	taking	place	over	the	lifecycle	of	the	product	and	process.	This	guidance	describes	process	validation	activities	in
three	stages	[45].	•	Stage	1	–	Process	Design:	The	commercial	manufacturing	process	is	defined	during	this	stage	based	on	knowledge	gained	through	development	and	scale-up	activities.	The	QbD	approach	taken	during	pharmaceutical	development	facilitated	product	and	process	under	standing	relevant	to	stage	1	(Process	Design)	of	process
validation.	•	Stage	2	–	Process	Qualification:	During	this	stage,	the	process	design	is	evaluated	to	de	termine	if	the	process	is	capable	of	reproducible	commercial	manufacturing.	The	manu	facturing	facility	will	be	designed	according	to	cGMP	regulations	on	building	and	facilities.	Activities	will	be	performed	to	demonstrate	that	utilities	and	equipment
are	suitable	for	their	intended	use	and	perform	properly.	The	protocol	for	process	performance	qualification	(with	QbD	and	PAT	in	Granulation	855	Sampling	points	and	Acceptance	Criteria)	will	be	written,	reviewed,	approved,	and	then	executed	to	demonstrate	that	the	commercial	manufacturing	process	performs	as	expected.	•	Stage	3	–	Continued
Process	Verification:	Ongoing	assurance	is	gained	during	routine	pro	duction	that	the	process	remains	in	a	state	of	control	(the	validated	state)	during	commercial	manufacture	by	continual	trend	analysis	in	control	charts.	Throughout	the	product	lifecycle,	the	manufacturing	process	stability,	process	performance,	and	process	capability	will	be
continuously	measured,	monitored,	and	evaluated	to	ensure	that	it	is	working	as	anticipated	to	deliver	the	product	with	desired	quality	attributes.	If	any	unexpected	process	variability	is	detected,	appro	priate	actions	will	be	taken	to	correct,	anticipate,	and	prevent	future	problems	so	that	the	process	remains	in	control.	The	additional	knowledge
gained	during	routine	manufacturing	will	be	utilized	for	adjustment	of	process	parameters	as	part	of	the	continual	improvement	of	the	drug	product.	The	control	chart	is	a	graph	used	to	study	how	a	process	changes	over	time.	Data	are	plotted	in	time	order.	During	trend	analysis	of	CMAs	or	CPPs	concerning	CQAs,	process	behavior	over	time	was
observed	using	control	charts.	If	all	the	points	fall	within	the	control	limits	and	if	they	are	randomly	distributed	on	both	sides	of	the	central	line,	then	the	process	is	said	to	be	under	control	[46].	This	indicates	the	presence	of	only	common	chance	causes	of	variation.	Variation	due	to	common	chance	causes	is	due	to	many	minor	noise	factors	that
behave	randomly.	This	type	of	variation	is	permissible	and	indeed	inevitable	in	manufacturing.	When	the	variation	present	in	a	production	process	is	confined	to	chance	causes	only,	the	process	is	said	to	be	in	a	state	of	sta	tistical	control.	Such	common	variation	can	be	the	result	of	several	factors	such	as	inappropriate	procedures/	SOP,	poor	design
and	poor	maintenance	of	machines,	poor	working	conditions	sub	standard	raw	materials,	measurement	error,	vibration	in	industrial	processes,	ambient	temperature/	humidity,	insufficient	training,	normal	wear	and	tear,	variability	in	settings,	and	computer	response	time.	If	one	or	more	points	fall	outside	the	control	limits,	or	there	are	longer	runs
(falling	of	consecutive	points	on	the	same	side),	the	process	is	said	to	be	out	of	control	with	respect	to	average.	This	indicates	the	presence	of	assignable	special	causes	of	variation.	Variation	due	to	special	assignable	causes	may	be	attributed	to	some	special	non-random	causes.	This	type	of	variation	is	serious	and	it	cannot	be	overlooked.	When	the
variation	present	in	a	production	process	is	due	to	assignable	causes,	the	process	is	said	to	be	out	of	control.	These	causes	should	be	detected	and	removed	and	the	process	should	be	brought	under	control.	Such	special	variation	can	be	the	result	of	several	factors	such	as	absent	operator,	poor	adjustment	of	equipment,	machine	mal	function,	a	poor
batch	of	raw	material,	operator	falls	asleep,	faulty	controllers,	fall	of	ground,	computer	crash,	or	power	surges.	Before	the	commencement	of	regular	commercial	batches,	“Whether	Commercial	Process	will	be	Capable	and	Acceptable	to	perform	Consistently	and	Closely	within	Process	Specification	Limits	or	not?”	is	required	to	be	evaluated.	Process
capability	measures	the	inherent	variability	of	a	stable	process	that	is	in	a	state	of	statistical	control	with	the	established	acceptance	criteria.	Process	capability	terms	Cp	and	Cpk	are	used	once	the	process	is	already	mature	and	stable	enough	(in	a	state	of	statistical	control)	to	predict	its	capability	and	acceptability	for	future	commercial	batches	[47].
Table	28.7	covers	the	definition,	calculation	formula,	and	application	of	Cp	and	Cpk.	In	a	non-QbD	approach,	common	cause	variation	is	more	likely	to	be	discovered	during	commercial	production	and	may	interrupt	commercial	production	and	it	will	require	a	root-cause	analysis.	In	a	QbD	development	process,	the	product	and	process	understanding
gained	during	pharmaceutical	development	should	result	in	early	identification	and	mitigation	of	potential	sources	of	common	cause	variation	via	the	control	strategy.	The	manufacturing	process	will	move	toward	a	state	of	statistical	control,	once	the	manufacturer	continues	to	improve	the	process	capability	by	either	reducing	or	removing	some	of	the
random	causes	present	and/or	by	adjusting	the	process	mean	toward	the	preferred	target	value,	so	the	quality	of	the	product	improves,	ben	efiting	the	patient.	856	Pharmaceutical	Granulation	Technology	TABLE	28.7	Cp	and	Cpk:	Process	Capability	Indices	for	Continuous	Improvement	Cp	(Process	Spreads)	Cpk	(Process	Centering)	Cp:	is	an
indication	that	predicts	either	any	mature	process	is	capable	to	meet	within	process	specification	limits	Cpk	is	an	index,	which	predicts	how	close	any	mature	process	mean	to	nearest	of	process	specification	limits	(Customer	Tolerance)	in	the	future	or	not?	Assuming	the	process	is	already	under	statistical	control	(=stable)	Cp	is	used,	when	a	mature
process	is	under	statistical	control,	to	predict	its	capability	concerning	process	(Customer’s	Target)	in	future.	Assuming	the	process	is	already	under	statistical	control	(=stable)	Cpk	is	used,	when	a	mature	process	is	under	statistical	control,	to	predict	its	acceptability	concerning	Process	variation.	variation	and	centralization.	Use	Cp	and	Cpk	once	the
process	is	already	mature	and	stable	enough	(in	a	state	of	statistical	control)	Cp	=	(USL	–	LSL)	/	6σ	Cpk=	Min	(Cpu,	Cpl)	Where,	USL	=	Upper	Specification	Limit	Where,	Cpu	=	(USL	–	Process	Population	Mean	µ)	/	LSL	=	Lower	Specification	Limit	(3*	Process	Standard	Deviation	σ)	USL-LSL	=	Specification	Spread	=	Voice	of	the	Customer/	Client	Cpl
=	(Process	Population	Mean	µ–	LSL)/	σ	=	Process	Standard	deviation	¯	/d2	ors¯	/	C4	=R	(3*Process	Standard	Deviation	σ)	=	Process	Spread	=	Voice	of	the	Process	Cp	and	Cpk	are	used	for	computing	the	index	for	the	subgrouping	of	your	data	into	a	group	within	different	shifts,	machines,	operators,	etc.	Continuous	improvement	is	a	set	of	activities	to
enhance	its	ability	to	meet	requirements.	Continual	improvements	typically	have	five	phases	(DMAIC)	as	follows	[48]:	1.	Define	the	problem	and	the	project	goals,	specifically.	2.	Measure	key	aspects	of	the	current	process	and	collect	relevant	data.	3.	Analyze	the	data	to	investigate	and	verify	cause-and-effect	relationships.	Determine	what	the
relationships	are,	and	attempt	to	ensure	that	all	factors	have	been	considered.	Seek	out	the	root	cause	of	the	defect	or	variability	if	any.	4.	Improve	or	optimize	the	current	process	based	upon	data	analysis	using	techniques	such	as	Design	of	Experiments	to	create	a	new	future	state	process.	Set	up	pilot	runs	to	establish	process	capability.	5.	Control
the	future	state	process	to	ensure	that	any	deviations	from	the	target	are	corrected	before	they	result	in	defects.	Implement	control	systems	such	as	statistical	process	control,	production	boards,	visual	workplaces,	and	continuously	monitor	the	process.	Process	capability	can	be	used	to	measure	process	improvement	through	continuous	improvement
efforts	that	focus	on	removing	sources	of	inherent	variability	from	the	process	operation	conditions	and	raw	material	quality.	Ongoing	monitoring	of	process	data	for	Cp/Cpk	will	also	identify	when	any	special	variations	occur	that	need	to	be	identified	and	corrective	and	preventive	actions	im 	plemented.	Also,	continuous	improvement	can	apply	to
already-approved	legacy	products,	which	have	a	large	amount	of	historical	manufacturing	data.	Using	multivariate	data	analysis	could	uncover	major	disturbances	in	the	form	of	variability	in	raw	materials	and	process	parameters.	Continuous	improvement	could	be	achieved	by	reducing	and	controlling	this	variability.	Design	space	facilitates
continuous	process	improvement	since	applicants	will	have	regulatory	flexibility	to	move	within	the	design	space.	QbD	and	PAT	in	Granulation	857	28.4	PAT	DEFINITION	AND	GOALS	PAT	is	a	system	for	designing,	analyzing,	and	controlling	manufacturing	through	timely	mea	surements	(i.e.,	during	processing)	of	critical	quality	and	performance
attributes	of	raw	and	in-process	materials	and	processes	to	ensure	final	product	quality	[49].	Thus	through	PAT,	On-line/In-line/At-line	Analyzing	system	for	the	individual	in	process	or	finished	product	CQAs	can	be	developed	with	feedback	or	feed-forward	controlling	system	for	relevant	CMAs	or	CPPs	at	the	individual	unit	operation	of	the
manufacturing	process.	A	desired	goal	of	the	PAT	framework	is	to	design	and	develop	well-understood	processes	that	will	consistently	ensure	a	predefined	quality	at	the	end	of	the	manufacturing	process.	Such	pro	cedures	would	be	consistent	with	the	basic	tenet	of	quality	by	design	and	could	reduce	risks	to	quality	and	regulatory	concerns	while
improving	efficiency.	Through	the	implementation	of	PAT	system	along	with	QbD,	gains	in	quality,	safety	and	efficiency	will	vary	depending	on	the	process	and	the	product,	and	are	likely	to	come	from:	•	reducing	production	cycle	times	by	using	on-,	in-,	or	at-line	measurements	and	establishing	real-time	controls;	•	facilitating	real-time	release
(parametric	release)	ability	to	ensure	the	in-process	or	final	product	quality	based	on	in-process	measurements;	•	increasing	process	automation,	which	can	improve	operator	safety	and	reduce	human	errors;	•	improving	energy	and	material	use	and	increasing	capacity;	•	reducing	or	prevent	product	rejections,	scrap,	and	re-processing;	and	•
facilitating	continuous	processing	with	the	use	of	a	dedicated	series	of	small-scale	equipment	to	eliminate	certain	scale-up	issues	and	to	improve	efficiency	and	manage	variability.	28.5	PAT	PHASES	AND	TOOLS	A	process	is	generally	considered	well	understood	when	1.	all	critical	sources	of	variability	are	identified	and	explained;	2.	variability	is
managed	by	the	process;	and	3.	product	quality	attributes	can	be	accurately	and	reliably	predicted	over	the	design	space	established	for	materials	used,	process	parameters,	manufacturing,	environmental,	and	other	conditions.	The	ability	to	predict	reflects	a	high	degree	of	process	understanding.	Even	though	retrospective	process	capability	data	(Pp
and	Ppk)	are	indicative	of	a	state	of	control,	these	alone	may	be	insufficient	to	estimate	or	communicate	process	understanding.	A	focus	on	process	understanding	can	reduce	the	burden	for	validating	systems	by	providing	more	options	for	justifying	and	qualifying	systems	intended	to	monitor	and	control	material	attributes	and	processing	parameters.
The	main	difference	between	Pp	and	Cp	on	one	side	and	Ppk	and	Cpk	on	the	other	side	is	whether	we	use	a	complete	set	of	data	for	calculation	(Pp	and	Ppk)	where	we	calculate	the	real	performance	of	the	system,	or	we	use	sample	(pre-production,	batch,	and	logical	subgroups)	where	we	calculate	capability	of	the	process.	In	the	equation	for	Pp	and
Ppk,	we	use	standard	deviation	based	on	studied	data	(whole	population),	and	in	the	equation,	for	calculating	Cp	and	Cpk,	we	use	sample	deviation	or	deviation	mean	within	rational	subgroups.	The	biggest	difference	between	Cp	and	Pp	is	how	the	standard	deviation	is	determined.	In	Pp,	we	use	sampling	and	have	to	calculate	an	estimated	standard
deviation	of	the	sample.	In	Cp,	we	assume	a	stable	process	and	are	likely	have	enough	data	to	calculate	a	true	standard	deviation.	Even	though	retrospective	process	capability	data	(Pp	and	Ppk)	are	indicative	of	a	state	of	control,	these	alone	may	be	insufficient	to	estimate	or	communicate	process	understanding.	A	focus	on	process	understanding	can
reduce	the	burden	for	validating	systems	by	providing	more	858	Pharmaceutical	Granulation	Technology	options	for	justifying	and	qualifying	systems	intended	to	monitor	and	control	material	attributes	and	processing	parameters.	When	process	knowledge	is	not	available	during	proposing	a	new	process	analyzer,	the	test-totest	comparison	between
an	on-line	or	in-line	process	analyzer	and	a	conventional	analytical	test	method	on	collected	samples	may	be	the	only	available	validation	option.	Transfer	of	laboratory	methods	to	on-,	in-,	or	at-line	methods	may	not	necessarily	be	PAT.	Existing	regulatory	guidance	and	compendia	approach	to	analytical	method	validation	should	be	considered.
Structured	product	and	process	development	on	a	small-scale	using	experimental	design	and	on-	or	in-line	process	analyzers	to	collect	data	in	real-time	can	provide	increased	insight	and	understanding	for	process	development,	optimization,	scale-up,	technology	transfer,	and	control.	Moreover,	continuous	learning	over	the	life	cycle	of	a	product	is
important	when	material	attributes	with	respect	to	different	suppliers	and	environmental	processing	parameters	change	over	time.	Formulation	design	strategies	are	not	generalized	and	it’s	almost	based	on	the	experience	of	an	individual	formulator,	and	the	quality	of	these	formulations	can	be	evaluated	only	by	testing	inprocess	and	finished	drug
product	samples.	Currently,	these	tests	are	performed	off-line	after	preparing	collected	samples	for	analysis.	Different	tests,	each	for	a	particular	quality	attribute,	are	needed	because	such	tests	only	address	one	attribute	of	the	active	ingredient	following	sample	preparation.	During	sample	preparation,	other	valuable	information	of	the	formulation
matrix	is	often	lost.	Several	new	technologies	are	now	available	that	can	acquire	information	on	multiple	attributes	with	minimal	or	no	sample	preparation.	These	technologies	provide	an	opportunity	to	assess	multiple	attributes,	often	non-destructively.	At	present,	most	pharmaceutical	processes	are	based	on	time-defined	endpoints	(e.g.,	blending	for
15	minutes).	Yet,	in	some	cases,	these	time-defined	endpoints	do	not	consider	the	effects	of	physical	differences	in	raw	materials.	Processing	difficulties	can	arise	that	result	in	the	failure	of	a	finished	product	to	meet	specifications,	even	if	certain	raw	materials	conform	to	established	pharmacopoeial	specifications,	which	generally	address	only
chemical	identity	and	purity.	Appropriate	use	of	PAT	tools	and	principles	can	provide	relevant	information	relating	to	physical,	chemical,	and	biological	attributes	of	in-process	and	finished	drug	products.	The	process	under	standing	gained	from	this	information	will	enable	process	control	and	optimization,	address	the	limitation	of	the	real-time
defined	endpoints,	and	improve	process	efficiency.	There	are	many	tools	available	that	enable	process	understanding	for	scientific,	risk-managed	pharmaceutical	development,	manufacture,	and	quality	assurance.	In	the	PAT	framework,	these	tools	can	be	categorized	according	to	the	phases	as	represented	in	Figure	28.5,	as	follows:	1.	Designing
Phase:	Multivariate	tools	for	design,	data	acquisition,	and	analysis	2.	Analyzing	Phase:	Process	analyzers	3.	Controlling	Phase:	Process	control	tools	An	appropriate	combination	of	some,	or	all,	of	these	tools	may	apply	to	a	single-unit	operation,	or	an	entire	manufacturing	process	and	it’s	quality	assurance.	28.5.1	DESIGNING	PHASE	AND	ANALYSIS
WITH	MULTIVARIATE	TOOLS	FOR	DESIGN,	DATA	ACQUISITION,	Pharmaceutical	products	and	processes	are	complex	multi-factorial	systems	concerning	the	phy	sical,	chemical,	or	biological	perspective	of	critical	quality	attributes.	The	knowledge	base	ac	quired	in	these	development	programs	can	help	to	support	and	justify	flexible	regulatory
pathways	for	innovation	in	manufacturing	and	post-approval	changes.	A	knowledge-base	can	be	of	most	advantageous	when	it	consists	of	scientific	understanding	of	the	relevant	multi-factorial	relation	ship	between	formulation	attributes,	process	parameters,	and	quality	attributes.	This	multi-factorial	relationship	can	be	achieved	through	the	use	of
multivariate	mathematical	approaches,	such	as	the	QbD	and	PAT	in	Granulation	FIGURE	28.5	859	Phases	for	development	of	Process	Analytical	Technology	(PAT).	statistical	design	of	experiments,	response	surface	methodologies,	process	simulation,	and	pattern	recognition	tools,	in	combination	with	knowledge	management	systems.	The	applicability
and	reliability	of	knowledge	in	the	form	of	model,	that	is,	mathematical	re	lationships	between	CMAs,	CPPs	and	CQAs,	can	be	assessed	by	statistical	evaluation	of	model	predictions.	Information	from	such	structured	experiments	supports	the	development	of	a	knowledge	system	for	a	particular	product	and	its	processes.	This	information,	along	with
information	from	other	development	projects,	can	then	become	part	of	an	overall	institutional	knowledge	base.	As	this	institutional	knowledge	base	grows	then	it	will	cover	a	large	range	of	variables	and	different	sce	narios	and	data	density,	which	can	be	extracted	to	determine	the	useful	patterns	for	future	devel	opment	projects.	These	experimental
databases	can	also	support	the	development	of	process	simulation	models,	which	can	contribute	to	continuous	learning	and	help	to	reduce	overall	devel	opment	time.	When	used	appropriately,	these	tools	enable	the	identification	and	evaluation	of	pro	duct	and	process	variables	that	may	be	critical	to	product	quality	and	performance.	These	tools	may
also	identify	potential	failure	modes	and	mechanisms	and	quantify	their	effects	on	product	quality.	28.5.2	ANALYSIS	PHASE	WITH	PROCESS	ANALYZERS	Process	analysis	tools	have	been	advanced	and	evolved	from	those	univariate	process	measure	ments,	such	as	pH,	temperature,	and	pressure,	to	those	that	measure	multivariate	biological,
chemical,	and	physical	attributes.	Some	process	analyzers	provide	non-destructive	measurements	860	Pharmaceutical	Granulation	Technology	that	contain	information	related	to	biological,	physical,	and	chemical	attributes	of	the	materials	being	processed.	These	measurements	can	be	i.	At-line:	Measurement	where	the	sample	is	removed,	isolated
from,	and	analyzed	in	close	proximity	to	the	process	stream.	ii.	On-line:	Measurement	where	the	sample	is	diverted	from	the	manufacturing	process	and	may	be	returned	to	the	process	stream.	iii.	In-line:	Measurement	where	the	sample	is	not	removed	from	the	process	stream	and	can	be	invasive	or	noninvasive.	Process	analyzers	typically	generate
large	volumes	of	data	that	are	relevant	for	routine	quality	as	surance	and	regulatory	decisions.	In	a	PAT	environment,	batch	records	should	include	scientific	and	procedural	information	indicative	of	high	process	quality	and	product	conformance.	For	example,	batch	records	could	include	a	series	of	charts	depicting	acceptance	ranges,	confidence
intervals,	and	inter-and	intra-batch	distribution	plots	showing	measurement	results.	Ease	of	secure	access	to	these	data	through	installed	information	technology	systems	is	important	for	real-time	manufacturing	control	and	quality	assurance.	The	ability	to	measure	relative	differences	in	materials	before	(e.g.,	within	a	lot,	lot-to-lot,	and	different
suppliers)	and	during	processing	will	provide	useful	information	for	process	control.	A	flexible	process	may	be	designed	to	manage	the	variability	of	the	materials	being	processed.	As	summarized	in	Table	28.8,	process	analyzers	measure	the	physical,	chemical	and	biological	properties	of	materials	and	collect	both	quantitative	and	qualitative	data.
Data	collection	can	be	nondestructive,	require	minimal	sample	preparation,	and	have	a	rapid	or	real-time	response	when	compared	to	traditional	methods.	On-line	and	in-line	process	analyzer	has	the	greatest	potential	to	reduce	operating	costs	and	improve	quality;	both	minimize	sample	requirements	and	sample	TABLE	28.8	PAT	Tools	used	in
Analyzing	Phase	for	Drug	Products	Manufacturing	Unit	Operations	In-	Process,	or	NIR	Raman	FT-IR	FBRM	Finished	Product	CQAs	Particle	Size	Distribution	API	&	The	purity	of	API	&	Excipients	Excipients	Release	Particle	Polymorphism	Particle	Size	Distribution	Granulation	Particle	Polymorphism	Moisture	Determination	Particle	Size	Distribution
Drying	Impurities	/	Related	Substances	Particle	Size	Distribution	Milling	Impurities	/	Related	Substances	Blend	Uniformity	Blending	Compression	Content	Uniformity	Color	Shade	Variation	Coating	Identification	Packaging	Symbol	indicates	“whether	that	particular	PAT	analyzer	is	useful	for	that	CQA	or	not?”	QbD	and	PAT	in	Granulation	861	handling
compared	to	their	at-line	and	off-line	counterparts.	Near-Infrared	(NIR)	and	Fourier	Transform	Infrared	(FT-IR)	analyzers	can	be	used	for	in-line/on-line	analysis	of	assay,	related	substances,	blend	uniformity,	content	uniformity,	and	moisture	content	of	semi-finished	or	finished	products	[50–51].	Focused	Beam	Reflectance	Measurement	(FBRM)
analyzer	is	used	for	in-line	or	on-line	for	particle	size	distribution	during	different	stages	of	the	granulation	process	[52].	Raman	spectroscopy	analyzer	can	be	used	in-line	or	on-line	for	coating	integrity,	coating	uniformity,	thickness,	color	shade	variation,	and	packaging	material	identification	[53]	as	well	as	character	izing	fluid	bed	granulation.
Comprehensive	statistical	and	risk	analyses	of	the	process	are	generally	necessary	to	assess	the	reliability	of	predictive	mathematical	relationships.	Based	on	the	estimated	risk,	a	simple	corre	lation	function	may	need	further	support	or	justification,	such	as	a	mechanistic	explanation	of	causal	links	among	the	process,	material	measurements,	and
target	quality	specifications.	For	certain	applications,	sensor-based	measurements	can	provide	a	useful	process	signature	that	may	be	related	to	the	underlying	process	steps	or	transformations.	Based	on	the	level	of	process	un	derstanding,	these	signatures	may	also	be	useful	for	process	monitoring,	control,	and	endpoint	determination	when	these
patterns	or	signatures	relate	to	product	and	process	quality.	28.5.3	CONTROLLING	PHASE	AND	PROCESS	CONTROL	TOOLS	It	is	important	to	emphasize	that	a	strong	link	between	product	design	and	process	development	is	essential	to	ensure	effective	control	of	all	critical	quality	attributes.	Process	monitoring	and	control	strategies	are	intended	to
monitor	the	state	of	a	process	and	actively	manipulate	it	to	maintain	the	desired	state.	Strategies	should	accommodate	the	attributes	of	input	materials,	the	ability	and	reliability	of	process	analyzers	to	measure	critical	attributes,	and	the	achievement	of	process	endpoints	to	ensure	consistent	quality	of	the	output	materials	and	the	final	product.	In	a
PAT	framework,	validation	can	be	demonstrated	through	continuous	quality	assurance	where	a	process	is	continually	monitored,	evaluated,	and	adjusted	using	validated	in-process	measurements,	tests,	controls,	and	process	endpoints.	Figure	28.6	represents	PAT	integrated	highshear	wet	granulation	system,	which	simultaneously	analyzes	in-process
and	finished	product	CQAs	and	controls	relevant	associated	CMAs	and	CPPs	with	the	goal	of	continuously	ensuring	the	quality	of	in-process	materials	and	finished	product.	Thus,	PAT	will	ensure	the	quality	of	the	product	during	manufacturing,	when	no	one	is	looking.	28.6	APPLICATIONS	OF	QBD	AND	PAT	Quality	by	Design	offers	multiple
applications	for	different	departments	of	the	pharmaceutical	industry.	This	methodical	approach	to	development	predefines	target	product	profile	and	imple	ments	control	strategy	for	each	and	every	critical	CMAs	and	CPPs	based	on	sound	science	and	quality	risk	management	principles.	Through	DoE,	a	systematic	and	mechanistic	model	describing
the	effect	of	changes	in	factor(s)	–	that	is,	CMAs	and	CPPs	on	the	response(s),	that	is,	CQAs	–	can	be	established.	With	the	help	of	that	regression	model,	design	space,	that	is,	where	all	the	response	CQAs	meet	with	set	specifications	simultaneously,	can	be	obtained,	which	will	assure	successful	development	and	scale-up	from	formulation	R&D	(FR&D)
to	production.	Design	space	will	provide	regulatory	flexibility	for	post-approval	change	management	for	the	applicant.	Through	QbD-derived	controls,	meaningful	product	quality	specifications	can	be	achieved	that	is	based	on	clinical	performance.	Detailed	idea	through	DoE-developed	model	will	help	in	predicting	how	the	product	will	be	have	with
changes	in	each	CMAs	or	CPPs	within	design	space	along	with	PAT,	increase	process	capability,	and	reduce	product	variability	during	manufacturing.	Root-cause	analysis	for	process	variability	or	batch	failure	will	become	faster	and	easier	for	the	quality	assurance	team,	as	risk	assessment	report	at	the	development	stage	will	be	available	through
QbD.	FIGURE	28.6	Process	analytical	technology	tools	for	high-shear	wet	granulation	process.	862	Pharmaceutical	Granulation	Technology	QbD	and	PAT	in	Granulation	863	PAT	can	be	applied	as	an	integral	part	of	the	control	strategy	[28].	PAT	can	continuously	analyze	CMAs,	CPPs,	or	CQAs	through	in-line	or	on-line	tools	to	make	go-forward/	not-go
de	cisions	to	demonstrate	that	the	process	is	maintained	within	the	design	space.	In	a	more	robust	process,	PAT	can	actively	control	CMAs	or	CPPs,	and	timely	adjustment	of	the	operating	para	meters	if	a	variation	or	defects	in	the	CQAs	or	input	materials	that	would	adversely	impact	the	drug	product	quality	will	be	observed	or	detected.	28.7
SUMMARY	AND	CONCLUSION	The	modern	philosophy	for	pharmaceutical	drug	product	development	and	manufacturing	be	gins	with	the	identification	of	core	regulatory	documents	that	define	cGMPs	for	the	21st-century	process	analytical	technology	(PAT),	and	quality	by	design	(QbD)	as	shown	in	this	chapter.	QbD-based	formulation	and	process
development	requires,	first	of	all,	the	determination	of	CQAs	according	to	predefined	goals	of	QTPP,	followed	by	the	identification	of	all	the	risk	factors	(CMAs	or	CPPs)	according	to	its	impact	analysis	and	then	a	mathematical	model	can	be	established	in	between	CMAs,	CPPs,	and	CQAs	to	develop	design	space	within	which	all	the	CQAs	should	be
confirmed	using	risk	assessment	tools.	Establishing	the	design	space,	along	with	proven	acceptable	ranges	and	edges	of	failures,	control	strategies	can	be	proposed	for	each	and	every	CMAs	and	CPPs	to	ensure	batch-to-batch	consistency	in	CQAs	during	commercial	manufacturing.	Thus,	QbD	is	entirely	based	on	sound	science	and	quality	risk
management	principles,	which	results	in	a	clear	understanding	of	the	impact	of	identified	risk	factors	on	the	manufacturing	process.	The	resulting	formulation	and	manufacturing	process	developed	through	QbD	will	be	more	robust	along	with	many	other	benefits	including	better	product	quality,	reduced	process	variability,	reduced	product	defects,
enhanced	process	understanding,	higher	process	capability,	comparatively	faster	approvals,	regulatory	flexibility,	fewer	reg	ulatory	queries,	fewer	post-launch	issues,	more	rapid	resolution	of	post-approval	change	management,	and	increased	flexibility	to	implement	continuous	improvement	changes.	QbD	approaches	based	on	PAT	also	facilitate	real-
time	release	testing.	This	gives	companies	earlier	information	on	product	quality	and	means	that	any	manufacturing	problem	can	be	dealt	with	faster,	in	a	more	informed	manner.	Adopting	QbD	and	PAT	principles	for	new	product	de	velopment	makes	sense	not	only	from	a	regulatory	compliance	perspective	but	also	for	sound	financial	reasons.
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Index	methylcellulose,	106	monograph	compliance,	130	naturally	derived,	149,	150	in	orally	disintegrating	tablets,	565–566	peroxides,	112–114	polyethylene	glycol,	110	polymethacrylates,	110–111	polyvinyl	alcohol,	110	povidone,	109	pregelatinized	starch,	111	regulatory	acceptance,	129–130	selection	and	use	of,	112–124	sodium
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polymorphism,	637	surface,	625–626	Chitosan,	195,	196,	516–518	Chlorpheniramine	maleate,	614	Chord	length	distribution	(CLD),	342	Chromatography,	94–95	Ciprofloxacin,	192	Citric	acid,	472	Classification	networks,	784	Clean	in	place	(CIP)	system,	322,	364,	384	Closed-cycle	spray	dryers,	176–177	Closed-loop	control,	685–691.	See	also	Open-
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Supplement	Health	and	Education	Act	(DSHEA),	487,	498	Dietary	supplements,	487–488	Differential	scanning	calorimetry	(DSC),	95–96,	620	Differential-algebraic	equation	systems,	682	Diluents,	140	Dimensional	analysis,	706–708	Dimensionless	drop	penetration	time,	26	calculations.	example	of,	29–30	Direct	compression,	495,	558–559	Direct-
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DSHEA	(Dietary	Supplement	Health	and	Education	Act),	487,	498	Dynamic	contact	angle,	20–21,	21	Dynamic	flow	analysis,	89–90	Dynamic	wet	mass	rheology,	36–39	E	Edward	Mandell	Co.	151	Effervescent	granulation,	292–293,	469–484	carbon	dioxide,	sources	of,	473–474	chemical	reaction,	470	formulation	of,	471	manufacturing	drugs,	475–476
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measurement	(FBRM),	341–342,	342,	751,	861	Food	and	Drug	Administration	(FDA),	445,	447,	802,	804,	810–811	Formaldehyde,	113	Formic	acid,	113	Formulation	characterization,	719–720	design,	719–720	versus	process	design,	15–16	Formulation-related	variables,	330–332.	See	also	Fluid	bed	granulation	binder	solvent,	332	binders,	331	low-dose
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