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1.	Fundamentals	of	Biochemical	Engineering	Subject	code	Chemical	Engineering	Department	Fundamentals	of	Biochemical	Engineering	Subject	code-PCCH	4402	Chemical	Engineering	Department	7th	Semester	Mrs.	Ipsita	D.	Behera	Asst.	Professor	I.G.I.T	Sarang	Email:	-	ipsitadbehera@gmail.com	Fundamentals	of	Biochemical	Engineering	Chemical
Engineering	Department	Mrs.	Ipsita	D.	Behera	Asst.	Professor	I.G.I.T	Sarang	era@gmail.com	2.	Disclaimer:	This	document	does	not	claim	any	originality	and	cannot	be	used	as	a	substitute	for	prescribed	textbooks.	The	information	presented	here	is	merely	a	collection	by	the	committee	faculty	members	for	their	respective	teaching	assignments	as	an
additional	tool	for	the	teaching-learning	process.	Various	sources	as	mentioned	at	the	reference	of	the	document	as	well	as	freely	available	material	from	internet	were	consulted	for	preparing	this	document.	The	ownership	of	the	information	lies	with	the	respective	authors	or	institutions.	Further,	this	document	is	not	intended	to	be	used	for
commercial	purpose	and	the	committee	faculty	members	are	not	accountable	for	any	issues,	legal	or	otherwise,	arising	out	of	use	of	this	document.	The	committee	faculty	members	make	no	representations	or	warranties	with	respect	to	the	accuracy	or	completeness	of	the	contents	of	this	document	and	specifically	disclaim	any	implied	warranties	of
merchantability	or	fitness	for	a	particular	purpose.	3.	SYLLABUS	Module	I	Overview	of	microbiology,	Aerobic	&	Anaerobic	fermentation	processes,	fermenter	design,	sterilization	of	microbial	medium,	kinetics	of	microbial	growth,	enzymes	and	its	kinetics,	immobilization	of	enzymes,	chemostats.	Module	II	Transport	phenomena	in	Biochemical
Engineering,	Heat	and	Mass	transfer	in	Bioprocessing,	oxygen	transfer	in	fermenter,	monitoring	and	control	of	fementation	process.	Module	III	Downstream	processing:	-	Recovery	and	Purification	of	products,	allied	unit	operation	for	product	recovery,	production	of	biogas	and	ethanol,	Effluent	treatment	by	biological	method	Text	book	1.	Bailey	JB
and	oillis	OR,	Biochemical	Engineering	Fundamentals	2.	Aiba	S,	Biochemical	Engineering,	Academic	press	3.	Rao	D	G,	Introduction	to	Biochemical	Engineering,	Tata	Mc	Grow	Hill	4.Michael	L.	Shuler/	Fikret	Kargi,	Bio	Process	Engineering	,	Pearson	Education	4.	LESSON	PLAN	Class	No.	Brief	description	of	the	Topic	1.	Introduction	of	FBE	2.
Overview	of	microbiology	3.	Application	of	Microbiology	4.	Aerobic	&	Anaerobic	fermentation	processes	5.	SSF	and	SmF	and	applications	6.	Fermentation	Design	7.	Microbial	sterilization	8.	kinetics	of	microbial	growth	9.	Kinetics	of	microbial	growth	10.	Problem	discussion	11.	Problem	discussion	12.	Enzyme	and	its	characteristics	13.	Enzyme
kinetics	14.	Problem	discussion	15.	Immobilization	of	enzymes	&	applications	16.	Chemostats	17.	Question	Discussion	18.	Heat	transfer	in	bioprocessing	19.	Mass	transfer	in	bioprocessing	20.	Oxygen	transfer	in	fermenter	21.	Monitoring	and	control	of	fementation	process.	5.	22	Question	discussion	23	Unit	operation	for	product	recovery	24	Effluent
Treatment	Physical	methods	25	Effluent	Treatment	Chemical	methods	26	Effluent	Treatment	Biological	methods	27	Production	of	biogas	28	Production	of	ethanol	29	Question	discussions	30	Semester	question	discussion	6.	1Fundamentals	of	Biochemical	Engineering	Module-I	INTRODUCTION	Biotechnology	is	the	art	and	science	of	converting
reactants	(substrate)	into	useful	products	by	the	action	of	microorganisms	or	enzymes.	Microorganisms	have	been	honestly	serving	the	mankind.	Thus	any	process	in	which	microbes	or	living	organisms	play	a	vital	role	in	getting	transformation	of	the	feed	into	useful	products	is	termed	as	BIOPROCESSING.	For	example	the	way	of	converting	milk	into
curds,	or	fruit	juice	into	wines,	or	sugar	into	alcohol.	BIOCHEMICAL	ENGINEERING	is	of	more	recent	origin,	since	the	biological	industries	did	not	recognize	the	importance	of	engineering	inputs	until	the	experience	of	penicillin	manufacture.	Microbiology		(Micro-small,	bios-life)	is	the	study	of	microscopic	organism,	which	are	defined	as	any	living
organism	i.e.	either	a	single	cell(unicellular),	a	cell	cluster	or	has	no	cell	at	all(a	cellular).	This	includes	eukaryotes,	such	as	fungi	and	protista	and	prokaryotes.		Microbiology	is	a	broad	term	which	includes	virology,	mycology,	parasitology	etc.		It	is	the	study	of	microorganisms	which	are	not	only	microscopic	and	exist	as	single	cells,	but	also	that
ultramicroscopic	organism	which	are	not	cellular	and	hence	cannot	exist	independently.	E.g.	viruses		Microbiology	deals	with	study	and	functioning	of	cells,	their	interaction	with	environment,	other	living	organism	and	man.		It	is	studied	with	respect	to	two	major	aspects.	a)	As	basic	biological	science	b)	As	applied	biological	science	Basic	biological
science:	It	provides	a	system	to	understand	the	nature	of	life	processes,	the	principle	behind	it	and	the	genetics	which	is	involved	in	the	heritance	of	traits	to	next	generation.it	has	several	sub	streams	such	as	i)	Medical	microbiology:	Study	of	pathogenic	microorganism,	the	causes	of	diseases	and	way	to	eliminate	them.	7.	2Fundamentals	of
Biochemical	Engineering	ii)	Agricultural	microbiology:	Study	of	plant	diseases,	understanding	various	beneficial	interactions	with	plant	system	like	soil	fertility,	crop-protection	and	increasing	field.	iii)	Environmental	microbiology:	Study	of	relationship	of	microorganisms	with	its	habitat,	pollution	effect	and	its	impact	on	environment	from	the	stand
point	of	ecology	balance	and	health.	iv)	Food	and	dairy	microbiology:	Study	of	microorganisms	that	produce	various	food	and	dairy	products.	Applied	biological	science:	It	deals	with	study	of	useful	microorganisms	as	well	as	that	of	pathogenic	organism.	i)	In	dairy	and	food	industry:	Food	microbiology	not	only	includes	the	study	of	those	microbes
which	provides	food	to	their	high	protein	content	but	also	includes	other	those	microbes	which	use	our	food	supply	as	a	source	of	nutrients	for	their	growth	and	result	in	deterioration	of	the	food	by	increasing	their	number,	utilizing	nutrients,	contributing	of	flavours	by	means	of	breakdown	of	food.	ii)	Medical	microbiology:	Microbes	causes	infections
resulting	in	diseases	among	human	and	animals.	On	other	side	they	help	in	creating	a	“disease	free	world”,	where	people	are	from	pain	by	this	disease.	Application	of	microbiology		Microbes	in	food	and	dairy	industries		Microbes	in	production	of	industrial	products		Microbes	in	genetic	engineering	and	biotechnology		Microbes	in	environmental
microbiology		Microbes	in	medical	microbiology		Microbes	in	agriculture		Microbes	in	bioterrorism	a.	Food	and	dairy	industry:		Provides	food	due	to	high	protein	content.		Food	nutrient	for	their	growth	(deterioration	of	food),	enzymatic	changes,	contributing	flavour.		Certain	moulds	used	for	manufacturing	of	food	and	ingredients	of	food.		Some
moulds	used	in	production	of	oriental	food,	soya	sauce	etc.	8.	3Fundamentals	of	Biochemical	Engineering		Used	for	enzyme	making	like	amylase.		Yeast:	These	are	used	in	manufacturing	of	foods	such	as	bread,	beer,	wines,	vinegar,	surface	ripened,	and	cheese.	Some	yeasts	are	grown	for	enzymes	and	food.		Bacteria:	Some	pigmented	bacteria	cause
changes	in	colour	on	the	surfaces	of	liquid	food.	Acetobacteria	oxidises	ethyl	alcohol	to	acetic	acid.	Some	bacteria	causes	ropiness	in	milk	and	slimy	growth	cottage	cheese.	b.	Microbes	in	production	of	industrial	products:		Enzymes	amino	acid,	vitamins,	antibiotics,	organic	acid	and	alcohol	are	commercially	produced	by	microorganism.		Primary
microbial	product:	These	products	are	used	by	microorganism	for	their	growth.	E.g.	amino	acids,	enzymes,	vitamins		Secondary	microbial	products:	Not	used	by	cell	for	their	growth.	E.g.	alcohol,	antibiotics,	organics	acids.		Microbes	produce	some	important	amino	acids	such	as	glomatic	acid,	lysine,	and	methionine.	c.	Microbes	in	Genetic
Engineering	and	Biotechnology:		Microbes	used	for	mammalian	proteins	such	as	insulin	and	human	growth	factor.		Making	vaccine	for	microbial	and	viral	genes	and	induce	a	new	strain	of	microbes.		Vaccine	and	diagnostic	kits	also	depend	on	the	improved	strains	of	microorganism.		Lactic	acid	as	food	preservative.		Acetic	acid	plays	a	major	role	in
tanning	and	textile	industry.		Interferons	are	produced	in	animal	cell	if	included	by	viral	infection.	These	are	used	in	testing	interleukins	(which	stimulate	T-lymphocytes).		Production	of	viral,	bacterial	or	protozoan,	antigen	for	protecting	against	dysentery,	typhoid,	bacteria	etc.		N2	fixing	bacteria	reduce	nitrogen	gas	to	ammonia	required	plant
growth.	9.	4Fundamentals	of	Biochemical	Engineering	d.	Environmental	Microbiology:		Plays	an	important	role	in	recycling	of	biological	elements	such	as	oxygen,	carbon,	N2,	sulphur,	and	phosphorous.		Microbes	in	biochemical	cycle:	Photosynthesis	and	chemosynthesis	microorganism	convert	CO2	into	organic	carbon.	Methane	is	generated
anaerobically	from	CO2	and	H2	by	metheogenic	archaea.	The	organic	forms	of	N2	are	interconverted	by	metabolic	activities	of	microorganism	which	maintain	the	natural	N2	balance.		Microbes	in	pollution	microbiology:	Biological	sewage	treatment	and	self-purification.	Both	results	in	mineralisation	of	organic,	pollutants	and	in	utilisation	of	dissolved
oxygen.	e.	Medical	Microbiology:		Vaccination:	Small	pox,	diphtheria,	whooping	cough.	f.	Computer	application:		Optimisation	via	computer:	Computers	are	used	on	scale	of,	to	store,	evaluate	effects	of	individual	parameters	on	metabolic	behaviour	of	culture.		Control	via	computer:	Control	fermentation	process.	g.	Microbes	in	agriculture:		During
compost	formation	by	the	crop	residue	like	wheat	straw,	rice	straw,	sugar	cane	bagasse	are	very	difficult	to	degrade	due	to	presence	of	highly	resistant	lignified	tissues.	So,	breakdown	of	these	complex	organic	materials	can	be	done	by	microbes	by	a	short	span.		Biogas	production	through	anaerobic	fermentation	is	must	reverent	to	fulfil	their	energy
demand	in	rural	population.		The	productivity	of	leguminous	crop	largely	depend	on	efficient	and	suitable	management	of	the	ecosystem	by	specific	rhizobial	association.		Some	bacterial	helps	in	killing	a	wide	range	of	insects	like	beetles,	mosquitoes,	flies,	aunts,	termites	which	is	very	useful	for	agricultural	industries	h.	Microbes	in	Bioterrorism:	It
has	been	defined	as	deliberate	release	of	disease	causing	germs,	microorganism	with	the	intent	of	killing	large	number	of	people.	Accordingly	microorganisms	are	used	as	weapons	of	mass	destruction	of	people	and	causes	small	pox,	plague,	cholera	and	also	anthrax.	10.	5Fundamentals	of	Biochemical	Engineering	Mode	of	transmission:		Air	droplets
and	dust		Food	fruits	and	vegetables		Drinking	water	11.	6Fundamentals	of	Biochemical	Engineering	FERMENTATION	Fermentation	is	the	word	derived	from	the	Latin	verb	FERVERE	(to	boil),	which	describe	the	evolution	of	carbon	dioxide	bubble	in	anaerobic	conditions	by	the	action	of	yeast	on	fruit	juice.	General	Requirements	of	Fermentation
Process:-	Since	fermentation	is	a	biochemical	process	brought	about	by	the	intervention	of	living	organisms,	it	is	essential	that	any	fermentation	process	should	have:		A	microorganism	for	carrying	out	the	bioconversion.		A	substrate	to	get	converted	into	useful	products.		Maintenance	of	fermentation	conditions.		Effluent	treatment	section.		A
provision	for	recovery	and	purification	of	the	products.		Facilities	for	packaging	and	marketing.	Fermentation	carried	out	in	the	presence	of	air	/	O2	is	known	as	aerobic	fermentation,	where	as	in	absence	of	air	is	called	anaerobic	fermentation.	Anaerobic	Fermentation:-		Yeast	fermentation	process	to	produce	alcohol	requires	a	small	amount	of
aeration	for	the	cells	to	multiply.	After	word	no	air	is	required.		On	the	other	hand	air	is	detrimental	for	the	process	which	will	otherwise	oxidise	the	substrate.		Most	of	the	anaerobic	fermentation	produces	carbon	dioxide	gas.		Many	times	gas	covers	the	surface	and	acts	as	a	blanket	to	prevent	the	effect	of	O2.		The	evolved	CO2	will	also	help	in	better
mixing	conditions,	which	is	more	evident	in	large	industrial	tanks	because	of	longer	pathways	for	the	gas	bubbles	to	go	before	they	leave	the	fermenter.	Aerobic	Fermentation:-	Sparaging	air	/O2	is	very	common	phenomenon	in	fermentation	process	to	supply	O2	for	cells	to	meet	their	specific	O2	demand	.Such	fermentation	process	which	are
associated	with	the	bubbling	of	O2	are	termed	as	aerobic	fermentation.	12.	7Fundamentals	of	Biochemical	Engineering	Solid	state	and	submerged	fermentation	and	their	Applications	Solid	state	fermentation:-	SSF	is	a	method	of	growing	microorganisms	in	an	environment	of	limited	moisture	without	having	free	flowing	water.	The	microorganisms
grow	on	a	solid	surface	which	is	moistened	and	which	has	also	got	free	access	to	air.	It	is	also	known	as	“	Koji”	fermentation	,	for	the	production	of	soya	products	such	as	tempeh,	soya	sauce	etc.	certain	metabolites.	It	has	some	advantages	that	lower	manufacturing	cost	because	of	the	use	of	crude	solid	agro	wastes	like	wheat	bran.	The	solid	surface
directly	comes	in	contact	with	the	air	and	hence	the	aeration	costs	are	avoided.	The	other	economic	advantages	are		Low	capita	investment	and	recurring	expenditures.		Low	water	utilization	and	hence	negligible	outflow	of	water.		Low	energy	requirements	for	the	fermentation	process	because	of	absence	of	agitation.		Absence	of	foam	formation
because	of	absence	of	excess	water.		High	reproducibility	of	the	result.		Simple	fermentation	media.		Less	fermentation	space,	and	les	complex	plant	and	machinery.		Absence	of	rigorous	control	techniques.		Any	level	of	scale	of	operation.		Absence	of	elaborate	aeration	requirements.		Ease	in	controlling	bacterial	contamination.		Facilities	of	using	wet
and	dry	fermented	solids	directly.		Ease	in	induction	and	suppression	of	spores.		Lower	costs	of	downstream	processing.	Submerged	Fermentation:-	In	case	of	submerged	fermentation	(SmF)	the	microorganisms	and	the	substrate	are	present	in	the	submerged	state	in	the	liquid	medium,	where	a	large	quantity	of	solvent	is	present.	This	has	many
advantages	over	SSF.		Since	the	contents	are	in	submerged	state	in	the	liquid	medium,	the	transfer	of	heat	and	mass	is	more	efficient,	and	is	amenable	for	modelling	the	process.		The	scaling-up	the	process	is	very	easy.	13.	8Fundamentals	of	Biochemical	Engineering	Differences	between	SSF	and	SmF	Characteristics	feature	SSF	SmF	Condition	of
microorganisms	and	substrate	static	Agitated	Status	of	the	substrate	Crude	Refined	Nature	of	the	microorganism	Fungal	system	______	Availability	of	water	Limited	High	Supply	of	oxygen	By	diffusion	By	bubbling/	sparging	Contact	with	oxygen	Direct	Dissolved	O2	Requirement	of	fermentation	medium	Small	Huge	Energy	requirement	Low	High	Study
of	kinetics	Complex	Easy	Temp	and	concentration	gradient	Steep	Smooth	Controlling	of	reaction	Difficult	Easy	Chances	of	bacterial	contamination	Negligible	High	Quantity	of	liquids	to	be	disposed	Low	High	Pollution	problems	Low	high	Applications:-		Citric	acid	can	be	produced	by	both	SSF	and	SmF.	Generally,	the	later	technique	is	used	in
industrially.	SSF	method	has	not	yet	become	commercial	success	because	of	its	labour	intensity.		Soya-based	oriental	foods	like	tempeh	and	soya	sauce	are	produced	by	SSF	alone.		Production	of	Roquefort	cheese	from	sheep	milk	is	a	classical	example	of	SSF.		Mushroom	cultivation	is	another	example	of	the	growth	of	fungus	on	solid	medium	like
paddy	straw.		Fish	and	meat	production	are	preserved	in	the	form	of	sausages	as	fermented	foods.	14.	9Fundamentals	of	Biochemical	Engineering	FERMENTER	DESIGN	A	fermenter	is	a	type	of	bioreactor	for	containing	and	controlling	microorganisms	during	a	fermentation	process.	BASIC	FUNCTIONS	OF	FERMENTERS	The	main	function	of	a
fermenter	is	to	provide	a	controlled	environment	for	growth	of	a	microorganism,	or	a	defined	mixture	of	microorganism,	to	obtain	a	desired	product.	(Bioreactors	refer	to	production	units	of	mammalian	and	plant	cell	culture)	CRITERIA	USED	IN	DESGINING	AND	CONSTRUCTING	A	FERMENTER-		Vessel	should	be	capable	of	being	operated
aseptically	and	should	be	reliable	for	long	term	operation		Interplay	of	the	transport	parameters		Supply	of	adequate	quantity	of	oxygen	so	that	cells	do	not	suffer	from	inadequacy	of	oxygen	supply		Adequate	aeration	and	agitation	to	meet	the	metabolic	requirements	of	the	microbes		Adequate	amount	of	mixing	should	be	ensured	without	causing
damage	to	the	cells		Vessel	geometry	should	be	such	that	it	should	facilitate	scale-up		Flexibility	in	operation	of	the	fermenter	for	various	purposes,	so	that	the	vessel	should	be	suitable	for	a	range	of	processes		Low	power	consumption		Temperature	and	pH	control		Low	evaporation	losses		Minimal	use	of	labour	in	operation,	harvesting,	cleansing	and
maintenance		Proper	sampling	facility		Cheapest	and	best	materials	should	be	used		Adequate	service	provisions	must	be	available	for	individual	plants.	15.	10Fundamentals	of	Biochemical	Engineering	TYPES	OF	FERMENTER-	Based	on	shape	it	can	be	classified	as-	(i)	Tabular	&	(ii)	Stirred	tank	(Cooling	coils	are	provided	to	maintain	constant
temperature	inside	the	bioreactor.	It	can	be	operated	aseptically	for	many	days	and	simple	in	construction.	Disadvantages-		high	power	requirement		shearing	on	the	organisms	caused	by	vigorous	agitation	and	inhibition	exercised	by	the	product)	(i)	Fluidized	Bed	Bioreactor:	-	It	is	more	popular	in	chemical	industry	rather	new	to	biochemical	industry.
These	are	mostly	used	in	conjuction	with	immobilized	cells	or	enzyme	system	and	are	operated	continuously.	(ii)	Loop	or	Air	Lift	Bioreactor:	-	In	the	conventional	bioreactor,	oxygen	is	supplied	by	vigorous	agitation	of	the	bioreactor	content.	The	heat	is	generated	which	is	a	problem	in	conventional	type.	In	this	cooling	becomes	simpler	due	to	the
position	of	inner	or	outer	loop.	(iii)	Membrane	Bioreactor:	-	These	consist	of	a	semipermeable	membrane	made	up	of	cellulose	acetate	or	other	polymeric	materials.	The	primary	purpose	of	the	membrane	is	to	retain	the	cells	within	the	bioreactor,	thus	increasing	their	density,	while	at	same	time	allowing	metabolic	products	to	pass	through	the
membrane.	(iv)	Pulsed	Column	Bioreactor:	-	It	has	a	column	bioreactor	generator	connected	to	the	bottom	of	the	column.	It	can	be	utilised	as	an	aerobic	bioreactor,	enzyme	bioreactor	or	as	separation	unit.	(v)	Bubble	Column	Bioreactor:	-	Multistage	bubble	column	bioreactor	are	suitable	in	the	equivalent	batch	process.	In	this	it	is	possible	to	provide
different	environmental	conditions	in	various	stage.	It	is	not	suitable	for	fungal	fermentation	due	to	oxygen	demanding	system.	(vi)	Photo	Bioreactor:	-	For	the	growth	and	production	of	photosynthetic	organisms,	a	light	source	is	required.	In	this,	there	is	an	important	‘reactant’,	the	photons	which	must	be	absorbed	in	order	to	react	and	produce
products.	The	design	of	the	light	source	is	critical	in	the	16.	11Fundamentals	of	Biochemical	Engineering	performance	of	this	type	of	bioreactor.	Example-	Annular	Reactor.	In	this	source	of	radiation	is	a	cylinder	with	a	annular	section,	which	enclose	the	lamp	completely.	The	nutrient	passing	from	the	product	is	removed	from	the	top.	It	is	used	for
Spirulina(SCP)	and	other	algal	protein	production.	(vii)	Packed	tower	Bioreactor:	-	It	consists	of	cylindrical	column	packed	with	an	inert	material	like	wood	shavings,	twigs,	cake,	polythene	or	sand.	Initially,	both	medium	and	cells	are	fed	into	the	top	of	the	packed	bed.	Once	the	cells	adhered	to	the	support	and	were	growing	well	as	a	thin	film	fresh
medium	is	added	at	the	top	of	the	packed	bed	and	the	fermented	medium	removed	from	the	bottom	of	the	column.	It	is	used	for	vinegar	production,	sewage	effluent	treatment	and	enzymes	conversion	of	penicillin	to	6-amino	penicillanic	acid.	The	design	of	fermenter	involves	the	co-operation	between	experts	in	microbiology,	biochemistry,	mechanical
engineering	and	economics.	CONSTRUCTION	OF	FERMENTERS	The	criteria	considered	before	selecting	materials	for	construction	of	a	fermenter	are:	(a)	The	material	that	have	no	effect	on	sterilisation	(b)	Its	smooth	internal	finish-discouraging	lodging	of	contamination.	(c)	Internal	surface	should	be	corrosion	resistant.	There	are	two	types	of	such
materials:	(i)	Stainless	Steel,	and	(ii)	Glass.	The	construction	of	the	fermenter	depends	upon	the	following-	(i)	Control	of	Temperature.	Since	heat	is	produced	by	Microbial	Activity	and	the	mechanical	agitation,	thus	it	is	sometimes	necessary	to	remove	it.	On	the	other	hand,	in	certain	processes	extra	heat	is	produced	by	using	thermostatically
controlled	water	bath	or	by	using	internal	heating	coil	or	jacket	meant	for	water	circulation.	17.	12Fundamentals	of	Biochemical	Engineering	(ii)	Aeration	and	Agitation.	The	main	purpose	is	to	provide	oxygen	require	to	the	metabolism	of	microorganisms.	The	agitation	should	ensure	a	uniform	suspension	of	microbial	cells	suspended	in	nutrient
medium.	There	are	following	necessary	requirements	for	this	purpose:	(a)	The	agitator	(impeller)	for	mixing:	The	size	and	position	of	the	impeller	in	the	vessel	depends	upon	the	size	of	the	fermenter.	More	than	one	impeller	is	needed	if	adequate	aeration	agitation	is	to	be	obtained.	Ideally,	the	impeller	should	be	1/3	or	1/2	of	the	vessel	diameter	(D)
above	the	base	of	the	vessel.	The	number	of	impeller	may	vary	from	size	to	size	to	the	vessel.	(b)Stirrer	glands	and	bearings	meant	for	aseptic	sealing:	Four	basic	types	of	seals	assembly	have	been	used-		The	packed	gland	seal		The	simple	bush	seal		The	mechanical	seal	and		The	magnetic	drive.	(c)	Baffles	for	checking	the	vortex	resulting	into
foaming:	The	baffles	are	incorporated	into	the	agitated	into	the	agitated	vessels	to	prevent	a	vortex	ant	to	improve	aeration	efficiency.	They	are	metal	strips	roughly	one-tenth	of	the	vessel	diameter	and	attached	radially	to	the	walls.	18.	13Fundamentals	of	Biochemical	Engineering	(d)The	sparger	(aeration)	meant	for	introducing	air	into	liquid:	A
sparger	is	a	device	for	introducing	air	into	the	liquid	into	a	fermenter.	It	is	important	to	know	whether	the	sparger	is	to	be	used	on	its	own	or	with	mechanical	agitation	as	it	can	influence	equipment	design	to	determine	initial	bubble	size.	Three	basic	types	of	sparger	are:	(i)	Porous	sparger	(ii)	Orifice	sparger	(iii)	Nozzle	sparger	(e)	Microbial	sensors:



It	consists	of	a	microorganism	immobilized	on	a	membrane	and	an	electrode.	The	principle	of	working	is	the	change	in	respiration	or	the	amount	of	metabolites	produced	as	a	result	of	the	assimilation	of	substrate	by	the	microorganism.	A	wide	range	of	thermophilic	microbes	have	been	used	for	the	manufacturing	of	microbial	sensors	as	mentioned	in
the	table	below.	Immobilised	yeast,	Trichosporoncutaneumhas	been	used	to	develop	an	oxygen	probe	for	BOD	estimation	in	sewage	and	other	water	samples.	The	BOD	sensor	includes	an	oxygen	electrode	that	consists	of	a	platinum	cathode	and	an	aluminium	anode	bathing	in	salt	KCl	solution	and	a	Teflon	membrane.	Immobilised	yeast	cells	are
crapped	between	the	pores	of	a	porous	membrane	and	the	Teflon	sensor	can	measure	BOD	at	3-60/mg/litre.	Methanotrohic	bacteria	is	used	in	measuring	methane	as	well	as	oxygen.	Similarly,	ammonia	and	nitrate	biosensors	consist	of	immobilised	nitrifying	bacteria.	This	is	used	to	determine	ammonia	in	waste	water	based	on	the	conversion	of	nitrate
to	N2O	by	an	immobilised	denitrifying	Agrobacterium	sp.The	nitrate	biosensor	has	been	used	to	measure	nitrate	profiles	in	biofilm.	APPLICATIONS:	Microbial	biosensors	have	several	uses	in:		clinical	analysis,		general	health	care	monitoring,		veterinary	and	agricultural	applications,		industrial	product	processing,		monitoring	and	control	of
environment	pollution	and		in	military	and	defence	for	detection	of	chemical	and	biological	species	used	in	weapons.	19.	14Fundamentals	of	Biochemical	Engineering	DESIGN	AND	OPERATION	The	basic	purpose	of	design	of	a	fermenter	or	bioreactor	is	to	visualise	the	size	of	the	unit	to	deliver	the	product	both	qualitatively	and	quantitatively.	After
the	size	is	designed,	the	next	task	is	to	achieve	the	transport	properties	i.e;		Fluid	mechanics		Heat	transfer		Mass	transfer	effects.		Fermenters	are	designed	to	provide	support	to	best	possible	growth	and	biosynthesis	for	industrially	important	cultures	ant	to	allow	ease	of	manipulation	for	all	operations	associated	with	the	use	of	fermenters.		These
vessels	must	be	strong	enough	to	resist	the	pressure	of	large	volume	of	agitating	medium.		The	product	should	not	corrode	the	material	nor	contribute	toxicity	to	the	growth	medium.	This	involves	a	meticulous	design	of	every	aspect	of	the	vessel	parts	and	other	openings,	accessories	in	contact,	etc.		In	fermentations,	provisions	should	be	made	for	the
control	of	contaminating	organisms,	for	rapid	incorporation	of	sterile	air	into	the	medium	in	such	a	way	that	the	oxygen	of	air	is	dissolved	in	the	medium	and	therefore,	readily	available	to	the	microorganisms	and	CO2	produced	from	microbial	metabolism	is	flushed	from	the	medium.	20.	15Fundamentals	of	Biochemical	Engineering		Some	stirring
devices	should	be	available	for	mixing	the	organisms	through	the	medium	so	as	to	avail	the	nutrients	and	the	oxygen.		The	fermenter	has	a	possibility	for	the	intermittent	addition	of	antifoam	agent.		Some	form	of	temperature	control	efficient	heat	transfer	system	is	also	there	for	maintaining	a	constant	predetermined	temperature	in	the	fermenter
during	the	growth	of	organism.		The	pH	should	be	detected.		Other	accessories	in	the	fermenter	consist	of	additional	inoculum	tank	or	seed	tank	in	which	inoculum	is	produced	and	then	added	directly	to	the	fermenter.	Media	Design	Any	fermentation	process	proceeds	through	the	action	of	microorganisms	which	perform	in	the	presence	of	a	medium.
Hence,	proper	design	of	the	medium	is	an	essential	component	in	the	design	of	a	fermentation	process.	Thus,	detailed	investigations	are	needed	to	identify	the	most	suitable	medium	for	any	fermentation	process	to	proceed.	Medium	Requirements	Since	the	medium	is	desired	to	support	the	functioning	of	microorganisms,	the	requirements	of	the
medium	are	decided	by	those	of	the	microorganisms.	They	are:	•	carbon	•	nitrogen	•	energy	source	•	minerals	•	other	nutrients	like	vitamins,	etc.	•	oxygen/air	for	aerobic	processes.	•	water.	The	medium	used	in	a	laboratory-scale	process,	or	for	that	matter	even	in	the	pilot	plant-scale	level,	can	be	reasonably	composed	of	pure	components;	but	such
a	luxury	is	not	affordable	in	the	case	of	commercial	production,	where	the	cost	of	production	rules	the	economic	viability,	and	hence	the	commercial	viability	of	the	process.	Thus,	for	large-scale	productions,	we	look	for	a	medium,	which	has	the	following	attributes:	•	It	should	be	cheap,	and	easily	available	at	a	consistent	cost	and	quality.	21.
16Fundamentals	of	Biochemical	Engineering	•	It	should	have	higher	productivity,	i.e.	it	should	produce	maximum	amount	of	product	per	unit	of	the	substrate	consumed.	•	The	rate	of	formation	of	the	product	should	be	high.	•	It	should	minimize	the	formation	of	undesired	products.	•	Carbon	Source	The	carbon	requirement	for	the	medium	is	normally
provided	by	molasses,	starches,	some	cereal	grains	like	maize,	tubers	like	potatoes	and	cassava,	sucrose,	glucose,	and	lactose.	The	carbon	source	also	provides	the	energy	requirements	for	the	medium.	By	and	large,	one	of	the	cheapest	sources	of	carbohydrates	which	provide	the	carbon	requirement	for	the	medium	is	molasses,	a	byproduct	of	the
sugar	industry.	Another	important	source	is	corn	starch.	Malt	extract,	which	is	an	aqueous	extract	of	the	malted	barley,	is	also	an	excellent	substrate	for	many	fungi,	yeast	and	actinomycetes.	The	selection	of	the	carbon	source	plays	a	major	role	in	the	economics	of	the	processes,	particularly	in	those	casts	where	the	raw	material	constitutes	60-75%	of
the	cost	of	production	of	the	product.	Nitrogen	Source	Microorganisms	can	utilize	the	nitrogen	from	organic	or	inorganic	sources.	Ammonia	and	salts	of	ammonia	(like	ammonium	sulphate	or	nitrate)	are	common	inorganic	sources	of	nitrogen	salts	which	provide	both	acidic	and	basic	environments,	depending	upon	the	type	of	the	salt.	When	once	the
ammonium	ion	is	consumed.	ammonium	sulphate	creates	acidic	environment,	whereas	ammonium	nitrate	provides	basic	environment.	Amino	acids,	proteins	or	urea	serve	as	organic	sources	of	nitrogen.	Microorganisms	are	able	to	grow	faster	in	the	presence	of	organic	nitrogen,	and	some	of	them	will	have	an	absolute	need	for	amino	acids.	Using
pure	amino	acids	is	often	expensive.	We	may	prefer	to	use	some	precursor	to	the	amino	acid.	For	example,	metheonine	and	threonine	are	obtained	from	soyabcan	hydrolysate,	which	are	in	turn	used	in	the	production	of	lysine.	The	following	are	a	few	nitrogen	sources	through	proteins	or	amino	acids:	•	corn	steep	liquor	•	soya	meal	•	soya	beans	•
groundnut	meal	•	cotton	seed	meal	22.	17Fundamentals	of	Biochemical	Engineering	•	fish	meal	•	casein	hydrolysate	•	slaughter	house	wastes	•	yeast	extract,	etc	Synthetic	media	A	synthetic	medium	is	one	in	which	all	constituents	are	specifically	defined	and	added	more	or	less	in	pure	form.	Their	composition	and	concentrations	are	pre-	defined.
Thus,	a	typical	synthetic	medium	contain-ing	inorganic	salts,	water,	purified	sugar	and	magnesium	sulphate.	etc.	is	given	in	Table	5.5,	which	is	used	for	the	production	of	thermostable	a-amylase	in	the	laboratory.	Composition	of	various	other	laboratory	media	are	available	in	any	manual	on	microbiology	Minimal	medium	composition	for	production	of
a-amylase	in	laboratory		Component	Amount		Soluble	starch	(g/l)	20.0		Glucose(g/l)	5.0		Peptone	(g/l)	5.0		Yeast	extract	(g/l)	2.5		K2HPO4	(g/l)	2.0		MgSO4	•	7H20	(g/l)	1.0		pH	7.0		Distilled	water	(ml)	100.0	Synthetic	medium	has	some	specific	advantages.	Since	the	chemical	structure	and	composition	of	various	components	of	the	medium	are	known,
their	effect	on	the	product	yield	can	be	assessed	by	specifically	alter-ing	one	of	their	compositions.	Thus,	the	composition	of	one	or	several	components	can	be	varied	to	assess	the	product	yield.	This	will	help	in	re-designing	the	medium	for	maximum	product	yield.	These	studies	also	help	in	finding	out	the	metabolic	process	route	leading	to	the
formation	of	the	desired	product.	Radioactive	isotopes	can	be	incorporated	into	one	of	the	components	of	the	medium,	which	help	us	to	study	the	effect	of	it	on	the	product	yield	by	identifying	whether	the	radioactive	isotopic	component	is	present	in	the	product	or	not,	and	if	so,	to	what	extent.	Based	on	these	studies,	the	medium	can	be	designed.	The
synthetic	media	have	got	various	other	advantages	given	as	follows:	23.	18Fundamentals	of	Biochemical	Engineering	•	It	will	help	in	reproducibility	of	the	results	from	time	to	time,	because	the	composition	of	the	medium	is	well-defined.	•	Thc	problem	of	foaming	is	almost	nil	since	the	foaming	agents	like	proteins	and	high	molecular	weight	peptides
are	absent.	•	The	recovery	and	purification	of	the	fermentation	products	are	much	easier,	since	the	medium	can	be	designed	by	avoiding	the	interfering	components.	Sometimes,	all	the	above	advantages	will	be	counter-balanced	by	the	single	disadvantage	of	higher	cost	of	the	medium,	which	destabilizes	the	economic	viability	of	the	process.	However,
the	synthetic	media	are	generally	used	in	the	developmental	stage,	i.e.	at	the	R&D	stage.	crude	medium	Which	does	not	have	any	of	the	advantages	of	the	synthetic	medium.	Their	compositions	are	not	defined.	They	are	available	as	they	are,	e.g.	soya	bean	meal,	molasses,	corn	steep	liquor,	ammonium	sulphate,	etc.	The	main	feature	of	the	crude
medium	is	its	economic	advantage.	It	also	contains	the	sources	of	carbon	and	nitrogen	in	a	form	that	can	be	easily	consumed	by	the	microorganisms.	The	crude	media	are	generally	used	in	the	industrial	scale	of	production	after	perfecting	the	composition	of	the	medium	at	the	R&D	stage.	24.	19Fundamentals	of	Biochemical	Engineering
STERILIZATION	General	Introduction:	Sterilization	is	probably	one	of	the	most	important	operations	which	differentiate	a	biochemical	process	from	a	chemical	process.	The	role	of	an	engineer	(or	more	precisely,	biochemical	engineer)	in	the	overall	process	is	probably	to	provide	a	‘contamination	free’	environment.	Earlier,	most	of	the	processes
which	have	fared	well	in	terms	of	technical	feasibility	at	laboratory	scale	processing	faced	the	formidable	problem	of	contamination	when	the	scale	of	operation	increased.	One	of	the	most	classical	examples	is	penicillin	fermentation.	The	technical	and	operational	problem	faced	by	the	engineers	in	penicillin	fermentation	was	to	design	and	operate	a
deep	aerobic	fermenter	under	absolutely	contamination	free	environment	with	pure	culture,	since	the	environment	in	the	fermenter	was	also	conducive	for	the	contaminants	to	grow.	In	fact,	this	has	ushered	in	the	new	era	of	biochemical	engineering	as	a	distinct	discipline	in	the	field	of	engineering	and	technology.	As	has	already	been	mentioned	in
Chapter	1,	even	the	mechanical	fabrication	of	the	fermenter	should	preferably	be	kept	in	the	hands	of	engineers	who	are	well-	versed	with	design	and	fabrication	of	fermenters,	since	otherwise	a	mechanical	engineer,	who	is	versatile	in	fabrication	of	chemical	equipment,	is	likely	to	overlook	the	subtle	point	of	asepsis,	which	is	so	vital	for	biochemical
engineering	operations,	and	not	so	important	for	a	typical	chemical	equipment.	Fermentation	is	a	biochemical	process	of	producing	metabolic	products	by	the	action	of	a	microorganism	or	a	group	of	microorganisms	on	a	substrate,	in	the	presence	of	nutrients	in	the	medium.	Obviously,	fermentation	proceeds	with	the	involvement	of		A	microorganism	
A	medium		A	fermenter		Nutrients/other	additives		Air	in	the	case	of	aerobic	processes	Thus,	a	sterile	environment	is	needed	for	all	the	above.	Otherwise,	the	contaminants	would	dominate	the	whole	scene,	and	virtually	no	product	will	form,	or	a	contaminated	product	forms	with	toxicants.	Invasion	by	a	foreign	(or	contaminant)	organism	may	result	in
the	following	ills	of	fermentation:		The	foreign	organism	may	contaminate	the	final	product.		The	medium	would	be	consumed	unnecessarily	to	support	the	growth	of	contaminating	organisms.		The	contaminated	product	may	outweigh	the	desired	product,	it	is	more	so	in	the	case	of	continuous	fermentation	processes.	25.	20Fundamentals	of
Biochemical	Engineering		The	contaminated	product	may	interfere	with	the	recovery	of	the	desired	product,	and	may	render	it	inaccessible.		Unsterile	air	in	aerobic	fermentations	(antibiotic	fermentations)	may	result	in	the	spoilage	of	the	fermentation	product.	To	overcome	the	above	difficulties,	the	only	alternative	is	to	have	a	contamination-free
environment	which	can	be	achieved	by	sterilizing	all	the	involved	parameters	as	shown	below.	METHODS	TO	AVOID	CONTAMINATION	IN	A	FERMENTATION	PROCESS		Sterilization	of	the	medium		Employing	as	pure	an	inoculum	as	possible		Sterilization	of	the	fermenter		Sterilizing	the	pipes,	valves,	bends,	etc.,	which	come	in	contact	with	the
fermentation	process		Sterilization	of	all	materials	to	be	added	to	the	fermenter		Sterilization	of	air		Disinfecting	the	fermenter	and	contact	parts	with	a	non-toxic	disinfectant		Maintaining	aseptic	conditions	in	the	fermenters	during	fermentation		Maintaining	optimum	or	desired	PH	which	discourages	the	growth	of	certain	contaminants	or	undesired
organisms	or	undesired	products	The	sterilization	of	a	biochemical	process	can	be	achieved	by	the	application	of	some	lethal	agent,	viz.		Heat	in	the	form	of	steam		Radiation		A	chemical		Or	by	restricting	the	undesired	organisms	or	spores	by	some	physical	unit	operation	such	as	filtration.	Sterilization	of	Medium:	Media	used	in	industrial
fermentations	need	to	be	sterilized	before	being	used,	to	avoid	the	contamination	of	microorganisms	which	may		Use	the	nutrients	in	the	medium		Change	the	chemical	structure	of	the	nutrients		Change	the	PH		Create	more	foam	in	the	fermentation	which	affects	the	aeration		Produce	metabolic	products	which	affect	the	growth	of	fermentation
microorganism	26.	21Fundamentals	of	Biochemical	Engineering		Alter	the	oxidation-reduction	potential	of	the	medium		Further	convert,	degrade	or	destroy	the	desired	fermentation	product	Sterilization	is	normally	done	by		Boiling	in	water		Passing	live	stream		Autoclaving	(subjecting	the	medium	to	steam	under	pressure	in	a	pressure	cooker)	All	the
above	methods	are	based	on	thermal	treatment.	Various	techniques	were	developed	to	achieve	thermal	sterilization	of	the	medium.	It	should	be	a	batch	or	a	continuous	process	or	a	HTST	(High	Temperature,	Short	Time)	process.	Sometimes,	the	cost	of	sterilization	would	be	prohibitive	and	destabilize	the	process	economics.	In	such	situations,	the
industrial	fermentation	are	carried	out	by	employing	other	means,	viz.		Low	PH		Contamination	inhibitors	(such	as	Lactic	acid)	Synthetic	medium	do	not	require	much	sterilization	efforts	as	compared	to	crude	media.	The	synthetic	media	may	require	a	small	amount	of	heating	for	sterilization.	The	crude	media	are	likely	to	contain	much	of	the	heat-
resistant	bacterial	spores,	and	require	prolonged	heating.	However,	care	must	be	exercised	to	see	that	the	medium	does	not	get	cooked	due	to	over-heating,	but	still	adequate	amount	of	heating	must	be	given	to	see	that	the	medium	is	thoroughly	sterilized.	This	requires	a	bit	of	experience.	Thermal	death	studies	need	to	be	made	‘a	priori’	to	evaluate
the	sterilization	time.	Excessive	heating	may	denature	the	proteins	or	caramalize	the	sugars	or	encourage	thermal	degradation	of	the	components	in	the	nutrient	medium	by	inter-actions	(like	sugars	reacting	with	phosphates).	If	PH	is	a	critical	factor	during	sterilization,	it	is	advisable	to	adjust	the	PH	to	neutrality,	sterilize	the	medium	and	then	bring
the	PH	of	the	medium	to	the	original	value	after	the	sterilization	by	addition	of	pre-sterilized	acid	or	alkali.	If	some	of	the	enzymes	or	nutrients	like	vitamins	are	sensitive	to	heat	sterilization,	they	are	separated	initially	by	passing	through	a	bacteriological	filter;	sterilization	is	carried	out,	and	the	separated	(filtered)	enzymes/nutrients	are	added	back
to	the	medium.	Similarly	the	volatile	components	in	the	medium	may	be	separated	by	bacteriological	filtration	to	avoid/reduce	their	loss	due	to	thermal	sterilization.	Thus,	various	types	of	methods/alternatives	need	to	be	devised	to	see	that	the	active	components/nutrients	are	not	lost	during	heat	sterilization,	but	at	the	same	time,	the	containing
organisms	are	destroyed	to	the	maximum	possible	extent.	27.	22Fundamentals	of	Biochemical	Engineering	Batch	Sterilization:	Having	understood	the	principles	of	sterilization,	let	us	see	the	two	distinct	methods	of	thermal	sterilization.	They	are:-	1.	Batch	sterilization	2.	Continuous	sterilization	As	has	already	been	mentioned	for	batch	processes,
batch	sterilization	process	is	one	in	which	all	the	contents	are	loaded	into	the	sterilizer,	steam	is	injected	to	see	that	the	sterilization	takes	place	as	per	the	programme,	and	later	the	contents	are	discharged	for	further	processing	or	transferred	directly	into	the	fermenter.	The	batch	sterilization	process	has	some	inherent	disadvantages.	This
procedure	is	less	successful	in	avoiding	the	risk	of	destruction	of	nutrients	while	destroying	the	contaminants	as	compared	to	the	continuous	sterilization.	However,	it	has	the	following	advantages:		The	initial	costs	of	investment	are	lower.		The	chances	of	contamination	after	the	sterilization	is	over	are	less	because	the	sterilization	can	be	done	in	the
same	vessel	or	in	the	fermenter	itself.		Manual	control	is	normally	done,	and	hence	the	chances	of	mechanical	failure	are	less.	Media	containing	high	proportion	of	solids	can	be	handled	easily.	Continuous	Sterilization:	In	the	continuous	sterilization	process,	there	will	be	continuous	inflow	and	outflow	of	material.	Thus	it	is	best	suited	if	the	capacity	of
the	operation	is	high.	The	continuous	sterilization	has	many	advantages	vis-à-vis	the	batch	sterilization.	I.	The	throughputs	(capacity)	can	be	higher.	II.	The	medium	quality	can	be	maintained	better.	III.	The	system	can	be	automated	for	control;	hence	it	avoids	human	error	during	operation	IV.	The	running	costs	are	less.	V.	The	sterilization	times	can
be	shorter.	VI.	This	is	the	only	option	left	out	for	HTST	operation.	VII.	The	holding	capacities	of	the	stream	can	be	less.	VIII.	Ease	in	scaling-up	of	the	process.	The	major	disadvantage	with	the	continuous	operation	is	the	initial	cost	investment.	It	necessitates	the	use	of	aseptic	transfer	system	for	the	sterile	broth	to	be	transported	to	the	sterile	broth.
28.	23Fundamentals	of	Biochemical	Engineering	However,	if	the	medium	is	to	be	exposed	to	high	temperatures	for	a	short	time	(HTST	Process)	to	avoid	denaturation	of	proteins	or	to	avoid	destruction	of	some	of	the	enzymes,	etc.,	it	is	not	possible	in	commercial	scale	operations	in	batch	sterilization	to	quickly	heat	large	volumes	of	the	medium	in	a
short	time	and	to	cool	it	also	in	short	time.	HTST	is	possible	only	in	continuous	sterilization.	Basically	there	are	two	methods	of	continuous	sterilization.	1.	Continuous	plate	heat	exchange	sterilization.	2.	Continuous	steam	injection	and	flash	cooling	sterilization.	In	a	plate	heat	exchanger,	the	incoming	unsterile	medium	is	preheated	by	heat	exchange
with	the	outgoing	sterile	medium.	Subsequently	it	is	heated	with	steam	in	a	heat	exchanger.	It	is	then	passed	through	the	holding	section.	The	residence	time	in	the	holding	section	is	decided	by	the	holding	time	requirement,	flow	rate	of	the	heated	medium	and	length	of	the	holding	section.	Heating	time	and	cooling	time	are	considerable,	before	and
after	the	holding	time.	Fig.	Steam	injection	flash	cooling	continuous	sterilization	In	case	of	steam	jet	sterilization,	steam	is	directly	injected	along	with	the	medium	continuously.	Hence,	the	heating	time	and	the	heating	section	are	negligible.	The	holding	time	is	based	on	the	length	of	the	holding	pipe.	Sterilization	takes	place	during	the	holding	period.
The	steam	and	sterilized	medium	under	pressure	are	passed	through	the	expansion	valve	into	the	vacuum	chamber.	Steam	is	removed	out	under	vacuum.	The	sterile	medium	passes	into	the	preheat	exchange	zone	and	gives	out	some	heat	to	the	incoming	sterile	medium	through	the	heat	exchanger.	Finally,	the	sterile	medium	passes	through	the
cooling	zone.	Hence,	it	will	have	a	considerable	cooling	zone;	but	the	temperature	is	much	below	100°C	and	hence	it	may	be	neglected	for	the	purpose	of	thermal	death	kinetics.	The	advantages	and	disadvantages	of	the	sterile	injection	system	is	summarised	as:	29.	24Fundamentals	of	Biochemical	Engineering	Sterilization	of	Air:	For	aerobic
fermentation	processes	on	industrial	scale,	a	huge	quantity	of	air	is	required,	and	it	is	needless	to	say	that	the	air	should	be	clean	and	sterile.	Achieving	sterility	for	air	is	a	stupendous	task	for	biochemical	engineers.	There	is	an	excellent	coverage	on	air	sterilization	(Aiba	et	al.,	1965	(c))	which	mentions	various	species	and	numbers	of	air-borne
microbes.	A	cubic	meter	of	air	contains	approximately	4	x	103	to	20	x	103	particles	with	a	maximum	possibility	of	12	x	103.	However,	on	an	average,	we	can	assume	that	air	contains	103	to	104	particles/m3	.	The	average	size	of	the	dust	particles	is	approximately	0.6	microns.	Methods	of	Air	Sterilization:	There	are	various	possible	ways	to	sterilize	the
air:		Sterilization	by	heating		Use	of	ultraviolet	rays	and	other	electromagnetic	waves		Use	of	germicidal	sprays		Sterilization	by	filtration	Even	though	it	is	possible	to	heat	the	air	and	sterilize	it,	normally	it	is	not	economical	to	heat	the	air	because	of	its	poor	thermophysical	properties	resulting	in	lower	heat	transfer	coefficient.	Ultraviolet	rays	in	the
wavelength	range	2265-3287	Å	are	effective	in	killing	air-borne	microbes.	This	is	one	of	the	Advantages	Disadvantages		Media	containing	solids	can	be	sterilized	better.		Direct	contact	of	the	steam	with	the	medium	makes	it	necessary	that	the	steam	should	be	clean	and	free	of	any	anti-corrosive	agents.		Capital	investment	is	low.		Foaming	may	occur
during	both	heating	and	cooling.		It	is	easy	to	clean	and	maintain	the	system.		Heating	and	cooling	periods	are	shorter.		Steam	efficiency	is	very	high	as	live	steam	is	directly	injected	into	the	medium.	30.	25Fundamentals	of	Biochemical	Engineering	oldest	known	techniques.	Hospital	rooms,	food	factories	and	fermentation	rooms	are	equipped	with
lamps	emitting	UV	rays.	However,	their	reliability	to	sterilize	large	volumes	of	air	in	factories	is	doubtful,	even	though	they	are	good	to	sterilize	the	air	to	a	reasonable	extent	in	rooms	or	in	small	containers.	There	will	be	a	significant	reduction	in	air-borne	bacteria	by	spraying	of	small	amount	of	germicides,	viz.	phenol,	ethylene	oxide	or	formalin
(formaldehyde).	This	is	also	an	effective	method	of	disinfecting	the	air	in	a	room	to	a	good	extent.	This	method	also	cannot	ensure	100%	sterility	of	air.	The	disinfectants	are	sprayed	into	the	room	along	with	the	air	recirculation	systems	like	air-conditions	or	pedestal	fans,	etc.	Thus,	it	can	be	seen	that	amongst	the	various	options	given	above,	none	of
them	was	very	effective	or	economical	or	practicable.	Hence,	normally	air	is	sterilized	in	the	process	industries	by	passing	it	through	a	filter	bed	which	separates	the	spores	present	in	the	air.	The	air	filters	used	for	the	removal	of	microorganisms	or	spores	from	the	air	are	of	two	types:	I.	Those	filters	whose	pores	are	smaller	than	the	size	of	the
microorganisms	to	be	removed.	II.	Those	in	which	the	pore	size	is	bigger	than	the	size	of	the	microorganisms.	In	the	former	category,	virtually	all	the	organisms	are	filtered	off	and	hence	they	are	called	as	absolute	filters.	In	the	latter	category	of	filters,	fibrous	materials	such	as	cotton,	glass-wool,	slag	or	steel-wood	are	used	to	make	filter	beds	with
bigger	gaps	or	pore	openings.	They	are	called	as	fibrous-type	air	filters.	Obviously,	they	cannot	assure	100%	sterilization	of	air,	no	matter	whatever	be	the	length	of	the	filter	bed.	Comparison	of	the	two	filter	beds	is	shown	below:	Absolute	air	filter	Fibrous-type	air	filter		The	pore	size	is	smaller	than	the	particle	size.		The	gaps	between	the	fibrous
materials	are	bigger	than	the	particle	size.		Sterilization	efficiency	is	100%.		Sterilization	cannot	be	100%.		Pressure	drops	are	high.		Pressure	drops	are	not	that	high.		Filter	thickness	is	small.		Filter	thickness	is	more.		Cost	of	initial	investment	is	high.		Initial	investments	are	low.		Choking/clogging	takes	place	very	fast.		Choking	and	clogging	do	not
take	place	that	fast.		Cleaning	and	replacement	are	difficult.		Cleaning	and	replacement	are	easy.	31.	26Fundamentals	of	Biochemical	Engineering	Kinetics	of	microbial	growth	Kinetics	is	the	study	that	deals	with	the	speed.	The	kinetic	of	reaction,	in	general	parlance	means	how	fast	a	reaction	is	progressing.	Microbial	growth:-	Microbial	growth	is
considered	for	the	observation	of	the	living	cell	activities.	It	is	important	to	monitor	cell	growth	and	biological	and	biocatalytic	activities	in	cell	metabolism.	A	variety	of	methods	are	available	to	predict	cell	growth	by	direct	or	indirect	measurements.	Cell	dry	weight,	cell	optical	density,	cell	turbidity,	cell	respiration,	metabolic	rate	and	metabolites	are
quite	suitable	for	analysing	cell	growth,	substrate	utilisation	and	product	formation.	The	rate	of	cell	growth	is	described	in	this	chapter.	Various	bioprocesses	are	modelled	for	substrate	utilisation	and	product	formation.	Microbial	growth	is	usually	studied	as	a	population	not	an	individual.	Individual	cells	divide	in	a	process	called	binary	fission	where
two	daughter	cells	arise	from	a	single	cell.	The	daughter	cells	are	indentical	except	for	the	occassional	mutation.	Binary	fission	requires:		Cell	mass	to	increase		chromosome	to	replicate		cell	wall	to	be	synthesized		cell	to	divide	into	two	cells	Cell	Growth	in	Batch	Culture	Batch	culture	is	a	closed	system	without	any	inlet	or	outlet	streams,	as	nutrients
are	prepared	in	a	fixed	volume	of	liquid	media.	The	inocula	are	transferred	and	then	the	microorganisms	gradually	grow	and	replicate.	As	the	cell	propagates,	the	nutrients	are	depleted	and	end	products	are	formed.	The	microbial	growth	is	determined	by	cell	dry	weight	(g.l-1	)	and	cell	optical	density	(absorbance	at	a	defined	wavelength).	A	growth
curve	can	be	divided	into	four	phases,	as	shown	in	following	Figure.	As	inocula	are	transferred	to	the	fermentation	media,	cell	growth	starts	rapidly	in	the	media.	The	lag	phase	shows	almost	no	apparent	cell	growth.	This	is	the	duration	of	time	represented	for	adaptation	of	microorganisms	to	the	new	environment,	without	much	cell	replication	and
with	no	sign	of	growth.	The	length	of	the	lag	phase	depends	on	the	size	of	the	inocula.	It	is	also	results	from	the	shock	to	the	environment	when	there	is	no	acclimation	period.	Even	high	concentrations	of	nutrients	can	cause	a	32.	27Fundamentals	of	Biochemical	Engineering	long	lag	phase.	It	has	been	observed	that	growth	stimulants	and	trace
metals	can	sharply	reduce	the	lag	phase.	(Typical	batch	growth	curve	of	a	microbial	culture)	Growth	Phases	Once	there	is	an	appreciable	amount	of	cells	and	they	are	growing	very	rapidly,	the	cell	number	exponentially	increases.	The	optical	cell	density	of	a	culture	can	then	be	easily	detected;	that	phase	is	known	as	the	exponential	growth	phase.	The
rate	of	cell	synthesis	sharply	increases;	the	linear	increase	is	shown	in	the	semi-log	graph	with	a	constant	slope	representing	a	constant	rate	of	cell	population.	At	this	stage	carbon	sources	are	utilised	and	products	are	formed.	Finally,	rapid	utilisation	of	substrate	and	accumulation	of	products	may	lead	to	stationary	phase	where	the	cell	density
remains	constant.	In	this	phase,	cell	may	start	to	die	as	the	cell	growth	rate	balances	the	death	rate.	It	is	well	known	that	the	biocatalytic	activities	of	the	cell	may	gradually	decrease	as	they	age,	and	finally	autolysis	may	take	place.	The	dead	cells	and	cell	metabolites	in	the	fermentation	broth	may	create	toxicity,	so	deactivating	remaining	cells.	At
this	stage,	a	death	phase	develops	while	the	cell	density	drastically	drops	if	the	toxic	secondary	metabolites	are	present.	The	death	phase	shows	an	exponential	decrease	in	the	number	of	living	cells	in	the	media	while	nutrients	are	depleted.	In	fact	the	changes	are	detected	by	monitoring	the	pH	of	the	media.	Kinetics	of	Batch	Culture	The	batch
culture	is	a	simple,	well-controlled	vessel	in	which	the	concentration	of	nutrients,	cells	and	products	vary	with	time	as	the	growth	of	the	microorganism	proceeds.	Material	balance	in	the	reactor	may	assist	in	following	the	biochemical	reactions	occurring	in	the	media.	In	batch	fermentation,	living	cells	propagate	and	many	parameters	of	the	media	go
33.	28Fundamentals	of	Biochemical	Engineering	through	sequential	changes	with	time	as	the	cells	grow.	The	following	parameters	are	monitored	while	the	batch	process	continues:		Cells	and	cell	by-product		Concentration	of	nutrients		Desirable	and	undesirable	products		Inhibition		pH,	temperature,	substrate	concentration	The	objective	of	a	good
process	design	is	to	minimise	the	lag	phase	period	and	maximise	the	length	of	exponential	growth	phase.	The	substrate	balance	in	a	batch	culture	for	component	i	in	the	culture	volume	of	VR	and	change	of	molar	concentration	of	Ci	is	equal	to	the	rate	of	formation	of	product:	Where	VR	is	the	culture	volume,	assumed	to	be	constant	while	no	liquid
media	is	added	or	removed,	Ci	is	the	molar	concentration	of	component	i	and	rfi	is	the	rate	of	product	formation.	Then	the	above	equation	is	reduced	to:	The	rate	of	product	formation,	rfi,	depends	upon	the	state	of	the	cell	population,	environmental	condition,	temperature,	pH,	media	composition	and	morphology	with	cell	age	distribution	of	the
microorganism.2,3	A	similar	balance	can	be	formulated	for	microbial	biomass	and	cell	concentration.	The	exponential	phase	of	the	microbial	growth	in	a	batch	culture	is	defined	by:	There	is	no	cell	removal	from	the	batch	vessel	and	the	cell	propagation	rate	is	proportional	to	specific	growth	rate,		(h-	1),	using	the	differential	growth	equation	the	cell
concentration	with	respect	to	the	time	is:	34.	29Fundamentals	of	Biochemical	Engineering	GROWTH	KINETICS	FOR	CONTINUOUS	CULTURE	The	fermentation	system	can	be	conducted	in	a	closed	system	as	batch	culture.	The	batch	system	growth	kinetics	and	growth	curve	were	explained	in	the	above	sections.	The	growth	curve	is	the	best
representation	of	a	batch	system.	Disadvantages	exist	in	the	batch	system	such	as	substrate	depletion	with	limited	nutrients	or	product	inhibition	growth	curve.	The	growth	environment	in	the	batch	system	has	to	follow	all	the	phases	projected	in	the	growth	curve.	Besides	nutrient	depletion,	toxic	by-products	accumulate.	Even	the	composition	of
media	with	exponential	growth	is	continuously	changing;	therefore	it	will	never	be	able	to	maintain	any	steady-state	condition.	The	existing	limitation	and	toxic	product	inhibition	can	be	removed	if	the	system	is	an	open	system	and	the	growing	culture	is	in	a	continuous	mode	of	operation.	In	engineering,	such	a	system	is	known	as	an	open	system.
There	would	be	an	inlet	medium	as	fresh	medium	is	pumped	into	the	culture	vessel	and	the	excess	cells	are	washed	out	by	the	effluents,	leaving	the	continuous	culture	from	the	fermentation	vessel.	The	advantages	of	continuous	culture	are	that	the	cell	density,	substrate	and	product	concentrations	remain	constant	while	the	culture	is	diluted	with
fresh	media.	The	fresh	media	is	sterilised	or	filtered	and	there	are	no	cells	in	the	inlet	stream.	If	the	flow	rate	of	the	fresh	media	gradually	increases,	the	dilution	rate	also	increases	while	the	retention	time	decreases.	At	high	flow	rate,	the	culture	is	diluted	and	the	cell	population	decreases;	with	the	maximum	flow	rate	when	all	the	cells	are	washed
out,	the	composition	of	the	inlet	and	outlet	conditions	remain	about	the	same.	In	this	condition	a	washout	phenomenon	takes	place.	In	continuous	culture,	the	flow	rate	is	adjusted	in	such	a	way	that	the	growth	rate	and	the	cell	density	remain	constant.	There	are	two	types	of	are	given	below.	(i)	Chemostat	(growth	rate	controlled	by	dilution	rate,	D,	(h-
1)	(ii)	Turbidostat	(constant	cell	density	that	is	controlled	by	the	fresh	medium)	Chemostat	The	nutrients	are	supplied	at	a	constant	flow	rate	and	the	cell	density	is	adjusted	with	the	supplied	essential	nutrients	for	growth.	In	a	chemostat,	growth	rate	is	determined	by	the	utilisation	of	substrates	like	carbon,	nitrogen	and	phosphorus.	A	simple
chemostat	with	feed	pump,	oxygen	probe,	aeration	and	the	pH	controlling	units	is	shown	in	Figure	below.	The	system	is	equipped	with	a	gas	flow	meter.	Agitation	and	aeration	provided	suitable	mass	transfer.	The	liquid	level	is	controlled	with	an	outlet	pump.	35.	30Fundamentals	of	Biochemical	Engineering	Fresh	medium	is	pumped	into	the	culture
vessel.	The	liquid	level	is	controlled	as	the	overflow	is	drained	to	a	product	reservoir.	For	constant	volume	of	the	fermentation	vessel,	a	liquid	level	controller	is	used.	The	system	is	also	designed	with	an	outlet	overflow	to	keep	the	liquid	level	constant.	The	below	figures	show	various	mechanisms	for	constant-	volume	bioreactors.	An	outlet	pump	is
customarily	used	to	maintain	a	constant	flow	rate.	Complex	systems	are	designed	to	control	the	mass	of	the	generated	cells;	photocells	or	biosensors	are	used	to	monitor	the	optical	density	of	the	cells.	Cell	concentration	is	controlled	by	the	supplied	nutrients	and	the	flow	rate	of	fresh	media.	The	substrate	concentration	and	the	retention	time	in	the
fermentation	vessel	may	dictate	the	cell	density.	Besides	the	nutrients	and	the	controlling	dilution	rate,	there	are	several	physiological	and	process	variables	involved	in	the	kinetics	and	the	design	of	a	bioreactor.These	parameters	are	temperature,	pH,	redox	(reduction	and	oxidation)	potentials,	dissolved	oxygen,	substrate	concentration	and	many
process	variables.	In	a	chemostat,	cell	growth	rate	is	determined	by	an	expression	that	is	based	on	substrate	utilisation,	mainly	36.	31Fundamentals	of	Biochemical	Engineering	C,	N	and	P	with	trace	amounts	of	metals	and	vitamins.	The	advantages	of	continuous	culture	are	that	the	essential	nutrients	can	be	adjusted	for	maximum	growth	rate	and	to
maintain	steady-state	conditions.	There	is	a	determined	relation	between	cell	concentration	and	dilution	rate.	At	steady	state,	cell	concentration	is	maximised	with	optimum	dilution	rate.	There	is	also	a	critical	dilution	rate	where	all	the	cells	are	washed	out	and	there	is	no	chance	for	the	microorganisms	to	replicate;	this	is	known	as	the	maximum
dilution	rate.	(Chemostat	without	pumps	maintained	at	constant	leve).	37.	32Fundamentals	of	Biochemical	Engineering	(Chemostat	with	feed	pump	overflow	drainage	maintained	at	constant	level)	38.	33Fundamentals	of	Biochemical	Engineering	(Chemostat	using	single	medium	inlet	feed	and	outlet	pumps)	Disadvantages	of	Batch	Culture	There	are
several	disadvantages	of	batch	culture.	The	nutrient	in	the	working	volume	becomes	depleted;	the	other	major	problem	is	the	limitation	and	depletion	of	the	substrate.	Since	there	is	no	flow	stream	to	take	effluent	out,	as	the	system	is	closed,	toxins	form	there.	A	disadvantage	related	to	substrate	depletion	is	that	the	growth	pattern	may	reach	the
death	phase	quickly	in	an	old	culture.	The	long	duration	of	the	batch	system	for	slow	growth	results	in	exhaustion	of	essential	nutrients	and	an	accumulation	of	metabolites	as	by-	products.	Exhaustion	of	nutrients	and	substrate	may	cause	the	system	to	become	retarded.	The	technical	problem	resulting	in	changes	to	media	composition	may	directly
affect	the	microbial	exponential	growth	phase.	Inhibition	is	another	factor	affecting	the	bioprocess,	which	causes	the	reaction	rate	shift.	As	a	result,	inhibition	may	slow	down	bio-catalytic	activities.	Product	inhibition	may	block	enzyme	activities,	and	the	cells	became	poisoned	by	the	by-product.	One	common	disadvantage	of	the	batch	process	is	that
one	has	to	carry	out	a	cycle	for	production:	the	product	should	be	sent	for	downstream	processing,	then	the	system	has	to	be	cleaned	and	recharged	with	fresh	feed,	so	the	process	is	highly	labour	intensive	for	downtime	and	cleaning.	39.	34Fundamentals	of	Biochemical	Engineering	Advantages	of	Continuous	Culture	There	are	several	advantages	to
continuous	culture,	where	all	the	problems	associated	with	the	batch	culture	are	solved.	Firstly,	the	growth	rate	is	controlled	and	the	cells	are	well	maintained,	since	fresh	media	is	replaced	by	old	culture	while	the	dilution	is	taking	place.	As	a	result,	the	effect	of	physical	and	chemical	parameters	on	growth	and	product	formation	can	easily	be
examined.	The	biomass	concentration	in	the	cultured	broth	is	well	maintained	at	a	constant	dilution	rate.	The	continuous	process	results	in	substrate-limited	growth	and	cell-growth-limiting	nutrients.	The	composition	of	the	medium	can	be	optimised	for	maximum	productivity;	in	addition	secondary	metabolite	production	can	also	be	controlled.	The
growth	kinetics	and	kinetic	constants	are	accurately	determined.	The	process	leads	to	reproducible	results	and	reliable	data.	High	productivity	per	unit	volume	is	achieved.	The	continuous	culture	is	less	labour-intensive,	and	less	downtime	is	needed.	Finally,	steady	state	growth	can	be	achieved,	even	if	mixed	cultures	are	implemented.	40.
35Fundamentals	of	Biochemical	Engineering	ENZYMES	Biological	reactions	occur	rapidly	due	to	the	presence	of	natural	catalyst	called	enzymes.	They	are	biocatalysts	present	in	living	matter.	Pure	enzyme	catalyses	the	transformation	of	10000	to	1000000	moles	of	substrate	per	min/mole	of	enzyme.	Enzymes	are	biological	catalysts	used	to	increase
the	rate	of	biochemical	reaction,	taking	place	with	living	systems,	without	themselves	undergoing	any	overall	changes.		Cofactor:	the	non	protein	component	of	an	enzyme		Coenzyme:	an	enzyme	with	organic	molecule	as	its	cofactor		Holo	enzyme	:an	active	enzyme	in	cofactor		Apo	enzyme:	the	in	active	portion	of	protein	CLASSIFICATION	OF
ENZYMES:	1.	Nomenclature	are	usually	named	in	terms	of	the	reactions	those	are	catalysed.	The	suffix	represents	the	name	of	the	enzyme	“ase”.	2.	The	enzyme	that	attacks	urea-urease	,	argenin-arginase.	Enzymes	are	also	named	by	chemical	reactors	prolease,	lipase,	oxidase	etc.	3.	All	the	enzymes	are	classified	into	two	groups:	hydrolysing	enzyme
or	hydrolase,	other	enzyme	or	desmolases.	ENZYME	SPECIFICITY:	Enzymes	as	biological	catalysts	are	particularly	credited	for	their	specificity	in	action.	Each	enzyme	usually	catalyses	only	one	particular	type	of	reactions	by	selectively	lowering	the	activation	energy	of	only	one	of	the	several	possible	chemical	or	biochemical	reactions.	TYPES	OF
SPECIFICITY:		Depending	upon	the	reaction	conditions	and	specific	natures	of	enzyme;	the	enzymatic	catalytic	processes	exhibit	different	kind	of	specificity.	1.	Absolute	specificity	2.	Group	specificity	3.	Stereochemical	specificity	4.	Product	specificity	5.	Substrate	specificity	41.	36Fundamentals	of	Biochemical	Engineering		Alcohol	dehydrogenase	is	a
group	specific	enzyme,	which	catalyses	the	oxidation	of	variety	of	alcohols.	Those	enzymes	which	act	on	a	particular	substrate	are	known	as	absolute	specific	enzymes.	Some	enzymes	even	exhibit	stereo	specificity	i.e.	if	a	substrate	exists	in	two	stereo	chemical	forms	but	chemically	identical,	the	enzymes	will	specially	catalyse	one	of	the	isomers.	A
typical	example	is	oxidation	of	L-amino	acid	to	oxo-acid	which	can	take	place	by	enzymatic	catalytic	action	of	L-amino	acid	oxidase.	ACTIVE	SITE:-	An	enzyme	possesses	two	different	kinds	of	site,		Binding	site		Catalytic	site		The	active	site	or	active	centre	of	the	enzyme	is	the	region	which	contains	the	binding	and	catalytic	sites	which	are	only	a	small
fraction	of	the	total	volume	of	the	enzyme.		This	is	situated	at	or	near	the	surface	of	the	enzyme	and	is	thus	easily	accessible	for	substrate	molecule	to	get	attached.	ENZYME	SPECIFICITY	HYPOTHESIS:-	a)	Several	hypotheses	are	proposed	to	explain	the	enzyme	specificity	in	catalytic	activity	and	its	ability	to	interact	with	the	substrate.		Fischer	lock
and	key	hypothesis		Koshland	induced	fit	hypothesis	42.	37Fundamentals	of	Biochemical	Engineering		Hypotheses	involving	strain	and	transition	state	stabilisation.	b)	Fischer	lock	and	key	hypothesis	is	probably	the	first	theory	gives	the	concept	of	“complementary	structural	features”	between	enzyme	and	the	substrate.	c)	The	catalytic	process	is
brought	about	because	the	substrate	fits	into	the	complementary	site	on	the	enzyme	just	as	key	fits	into	the	lock,	thus	the	reaction	group	of	the	substrate	gets	struck	with	the	catalytic	site	of	the	enzyme.	d)	Similarly	the	binding	groups	attach	to	the	binding	sites	in	the	enzyme.	e)	The	lock-and-key	theory	has	been	successful	in	explaining	many	features
of	enzyme	specificity,	but	one	serious	drawback	with	this	hypothesis	is	that	it	could	not	explain	some	of	the	conformational	changes	taking	place	in	the	enzyme	when	they	come	in	contact	with	substrate.	f)	An	enzyme	may	not	be	having	as	an	exactly	complementary	feature	that	is	compatible	to	the	substrate,	but	still	there	are	instances	when	reactions
have	taken	places;	particularly	protein	which	are	known	for	flexibility.	g)	X-ray	diffraction	analysis	and	some	spectroscopic	analysis	have	been	shown	differences	in	structures	of	the	free	enzyme	and	substrate	bound	enzyme.	This	states	that	structure	of	the	substrate	may	not	be	complementary	to	the	enzyme	in	its	native	form,	but	it	is	complementary
to	the	active	site	in	the	substrate	enzyme-complex.	h)	When	substrate	or	enzyme	brought	together,	the	binding	of	the	substrate	brings	in	structural	changes	in	the	enzyme	so	that	the	catalytic	sites	in	the	enzymes	and	reacting	group	in	the	substrate	match	each	other,	like	hand	and	glove	example.	i)	The	substrate	like	hand	which	is	rigid	and	does	not
change	its	shape	and	enzyme	is	like	a	woollen	glove	which	can	be	wrapped	around	the	hand.	43.	38Fundamentals	of	Biochemical	Engineering	ENZYME	KINETICS	The	Michaelis-Menten	equation	is	an	important	equation	in	biochemistry	and	as	such	it	is	imperative	that	you	understand	the	derivation	of	this	equation.	By	understanding	the	derivation,
you	will	have	insight	into	the	assumptions	that	went	into	this	model,	and	therefore	you	will	have	a	better	appreciation	for	the	proper	use	of	this	equation	as	well	as	the	limitations	of	this	model.	In	the	following	sections	you	will	see	two	different	derivations	of	the	Michaelis-	Menten	equation.	When	one	is	learning	a	subject	for	the	first	time,	it	often
helps	to	have	the	same	or	similar	information	presented	from	alternative	perspectives.	One	way	might	be	clearer	to	you	whereas	the	other	way	might	be	clearer	to	someone	else.	That	is	ok!	You	should	familiarize	yourself	with	both	approaches,	and	then	settle	on	the	one	that	you	prefer.	First	Derivation.	We	start	with	the	kinetic	mechanism	shown	in
equation	(eq)	1:	----------------1	In	eq	1,	E	is	enzyme,	S	is	substrate,	ES	is	the	enzyme-substrate	complex,	and	P	is	product.	This	equation	includes	the	assumption	that	during	the	early	stages	of	the	reaction	so	little	product	is	formed	that	the	reverse	reaction	(product	combining	with	enzyme	and	re-forming	substrate)	can	be	ignored	(hence	the
unidirectional	arrow	under	k3).	Another	assumption	is	that	the	concentration	of	substrate	is	much	greater	than	that	of	total	enzyme	([S]	>>	[Et]),	so	it	can	essentially	be	treated	as	a	constant.	44.	39Fundamentals	of	Biochemical	Engineering	From	General	Chemistry	we	can	equate	the	rate	of	this	process	(k3[ES])	to	the	change	in	product
concentration	as	a	function	of	time	(d[P]/dt),	or,	equivalently,	we	can	designate	the	rate	with	an	italicized	v	(v)	as	follows	in	eq	2:	-----------------------------------------------------------2	Because	the	concentration	of	the	enzyme•substrate	complex	([ES])	cannot	be	measured	experimentally,	we	need	an	alternative	expression	for	this	term.	Because	the	enzyme	that	we
add	to	the	reaction	will	either	be	unbound	(E)	or	bound	(ES)	we	can	express	the	fraction	of	bound	enzyme	as	follows	in	eq	3	:	---------------------------------------------------------3	In	eq	3	Et	is	the	concentration	of	total	enzyme,	and	the	other	variables	are	as	definedabove.	If	we	multiply	both	sides	of	eq	3	by	Et	we	arrive	at	eq	4:	-----------------------------------------------------4
If	we	multiply	the	numerator	and	denominator	of	the	right-hand	side	of	eq	4	by	1/[ES],	we	are,	in	effect,	multiplying	by	one	and	we	do	not	change	the	value	of	this	expression.	When	we	do	this	we	obtain	eq	5:	-------------------------------------------------------5	We	have	almost	achieved	our	goal	of	isolating	[ES].	Next,	we	need	to	come	up	with	an	alternative
expression	for	the	ratio	[E]/[ES].	We	do	this	by	recalling	that	a	major	assumption	in	enzyme	kinetics	is	the	steady-state	assumption.	Basically,	it	says	the	rate	of	change	of	[ES]	as	a	function	of	time	is	zero:	d[ES]/dt	=	0.	Another	way	to	express	the	steady-state	assumption	is	that	the	rate	of	formation	of	ES	equals	the	rate	of	breakdown	of	ES.	We	can
express	this	latter	statement	mathematically	as	in	eq	6:	------------------------------------------6	The	left-hand	side	of	eq	6	expresses	the	rate	of	formation	of	ES	(according	to	eq	1),	and	the	right-hand	side	expresses	the	two	ways	that	ES	can	break	down	(also	according	to	eq1).	We	can	rearrange	eq	6	to	isolate	the	ratio	[E]/[ES].	When	we	do	we	get	eq	7:	45.
40Fundamentals	of	Biochemical	Engineering	----------------------------------------------------------7	We	now	define	a	new	constant,	the	Michaelis	constant	(Km),	as	follows	in	eq	8:	-------------------------------------------------------8	If	we	substitute	Km	back	into	eq	7	we	obtain	eq	9:	----------------------------------------------------------9	We	now	substitute	the	ratio	Km/[S]	from	eq	9	in	place	of
the	ratio	[E]/[ES]	in	eq	5	and	we	obtain	eq	10:	----------------------------------------------------10	If	we	multiply	the	numerator	and	denominator	of	the	right-hand	side	of	eq	10	by	[S],	we	are,	in	effect,	multiplying	by	one	and	we	do	not	change	the	value	of	this	expression.	When	we	do	this	we	obtain	eq	11:	----------------------------------------11	Now	we	have	achieved	our
goal	of	isolating	[ES]	and	we	can	substitute	this	alternative	expression	of	[ES]	into	eq	2	and	obtain	eq	12:	----------------------------------12	Next,	we	imagine	what	happens	to	eq	12	when	[S]	>	>	Km	as	follows	in	eq	13:	--------------------13	The	constant	kcat	in	the	right-hand	most	term	of	eq	13	is	used	to	signify	that	k3	is	considered	the	catalytic	constant.	Under
such	conditions,	when	[S]	is	said	to	46.	41Fundamentals	of	Biochemical	Engineering	be	saturating,	the	enzyme	is	functioning	as	fast	as	it	can	and	we	define	k3[Et]	(or	kcat[Et])	to	be	equal	to	Vmax,	the	maximum	velocity	that	can	be	obtained.	Therefore,	eq	12	can	be	rewritten	into	the	familiar	form	of	the	Michaelis-	Menten	equation	(eq	14):	----------------
------------------14	Next,	we	imagine	what	happens	when	Km	>	>	[S]	as	follows	in	eq	15:	--------------------------------------------15	Since	k	=	Vmax/	Km	in	eq	15,	we	refer	to	Vmax/	Km	as	an	apparent	(or	pseudo)	first	order	rate	constant.	Another	way	to	look	at	a	similar,	related	concept	is	to	rewrite	eq	14	as	follows:	---------------------------------16	Since	we	are	imagining
the	case	where	Km	>	>	[S]	we	neglect	[S]	in	the	denominator	and	include	the	assumption	that	[Et]	[E]	since	at	very	low	[S]	relatively	little	[ES]	should	form:	-------------------------------------------------------17	Once	again,	since	k’’	=	kcat/Km	in	eq	17,	we	refer	to	kcat/Km	as	an	apparent	second	order	rate	constant.	Because	kcat/Km	is	a	measure	of	the	rate	of	the
reaction	divided	by	the	term	that	reflects	the	steady-state	affinity	of	the	enzyme	for	the	substrate,	it	is	considered	an	indicator	of	the	catalytic	efficiency	of	the	enzyme	and	sometimes	is	called	the	specificity	constant.	It	also	is	more	relevant	to	the	physiological	situation	because	in	cells,	[S]	generally	is	equal	to	or	less	than	Km.	Is	there	an	upper	limit	to
the	value	that	kcat/Km	can	approach?	Yes,	there	is	and	the	following	shows	how	we	can	determine	this	limit.	To	illustrate	this	limit	we	first	need	to	rewrite	kcat/Km	as	follows:	-------------------------------------------------------18	Next,	we	imagine	the	case	where	k3	>>	k2:	47.	42Fundamentals	of	Biochemical	Engineering	--------------------------------------------19	So	we	see
that	kcat/Km	can	approach	k1	as	a	limiting	value,	and	k1	is	the	second-	order	rate	constant	for	the	productive	collision	of	enzyme	and	substrate	and	as	such	it	is	limited	by	diffusion	to	about	108	to	109	M-1	s-1.	Thus,	if	we	see	an	enzyme	that	has	a	kcat/Km	value	in	the	neighborhood	of	108	to109	M-1	s-1we	say	that	the	enzyme	has	attained	“catalytic
perfection”.	You	will	see	later	in	the	class	that	a	number	of	enzymes	that	catalyze	“nearequilibrium”	reactions	in	metabolic	pathways	are	catalytically	perfect.	Next,	we	return	to	eq	16	and	consider	what	happens	when	v	=	½	Vmax	Next,	we	return	to	eq	16	and	consider	what	happens	when	v	=	½	Vmax:	-------------------------------------20	When	we	simplify	eq
20	we	find	that	Km	=	[S]	(under	the	above	conditions;	i.e.,	v	=	½Vmax).	So,	in	other	words,	Km	is	formally	defined	as	a	collection	of	rate	constants	(eq.	8),	but	it	is	also	equal	to	the	substrate	concentration	that	gives	half-maximal	velocity	of	the	enzyme-catalysed	reaction.	Before	we	discuss	the	second	derivation,	we	will	consider	what	happens	when
we	take	the	reciprocal	of	both	sides	of	eq	14.	When	we	do	this	we	obtain	eq	21:	----------------------------------------------21	Eq	21	is	in	the	form	of	an	equation	for	a	straight	line	(i.e.,	y	=	mx	+	b,	with	y	=	1/v;	m	=	 	 	;	x	=	1	[ ]	;	and	b	=	1	 	).	When	experimental	data	are	plotted	using	this	transformation	the	resulting	plots	are	called	double-reciprocal
plots	or	Lineweaver-Burk	plots	in	honor	of	the	researchers	who	pioneered	this	method.	The	authors	of	many	textbooks	extol	the	virtues	of	using	Lineweaver-Burk	plots	to	obtain	estimates	of	Vmax	and	Km.	I	disagree	strongly	with	this	practice	because	initial	velocity	data	determined	at	low	substrate	concentrations	(where	there	is	inherently	more
uncertainty	since	[S]	Km)	end	up	being	the	points	in	a	Lineweaver-Burk	plot	that	have	too	much	sway	in	determining	the	best-fit	line	through	the	data.	48.	43Fundamentals	of	Biochemical	Engineering	IMMOBILIZATION	OF	ENZYMES	Immobilization	of	Enzymes:		The	movement	of	enzymes	in	a	fixed	location	is	restricted	by	technique	known	as
immobilization.		Immobilized	enzymes	are	attached	to	an	insoluble	support	medium	or	enclosed	by	the	support	medium	which	is	also	known	as	a	“carrier”.		In	some	cases	the	enzyme	molecules	are	cross	linked	to	each	other	so	that	their	movement	is	restricted	but	their	catalytic	activities	are	retained	.Thus	immobilization	restricts	only	the	movement
of	enzymes	either	completely	or	to	some	region.		Since	enzymes	are	proteins	and	they	are	soluble	in	water,	it	is	difficult	to	separate	them	once	the	reaction	is	over	for	reuse	in	a	batch	process.		To	overcome	this	difficulty	enzymes	are	immobilized	on	the	carrier	material	or	inside	an	insoluble	matrix	by	various	physical	or	chemical	method
Immobilization	has	the	following	advantages:		Component	enzymes	can	be	reused.		The	cell	density	or	enzyme	density	in	a	location	can	be	increased.		Continuous	operation	is	possible.		Enzyme	stability	is	improved	considerably.		Product	is	enzyme	free	and	hence	is	particularly	useful	with	intra	cellular	particles.		Since	this	process	is	continuous,	it	is
easy	to	incorporate	control	process.		Catalytic	process	route	can	be	controlled	more	accurately.		Allows	development	of	multi	enzyme	reaction	system.		Effluent	disposal	problems	can	be	considerably	reduced.	In	view	of	the	above	advantages,	immobilized	enzymes	have	become	a	potential	source	for	industrial	and	medical	use.	Immobilization	Methods:
Immobilization	techniques	can	be	divided	into	four	main	groups;	the	division	is	based	on	whether	the	enzymes	are	entrapped	in	a	limited	space	or	bound	to	a	carried	material.	49.	44Fundamentals	of	Biochemical	Engineering	1.	Entrapment	or	Occlusion:	It	is	a	simple	physical	process	of	immobilization.	The	active	enzyme	is	entrapped	in	a	matrix	of	a
polymerised	gel.	Polyacrylamide	is	generally	the	most	preferred	gel.	This	method	is	very	simple	and	can	be	utilised	for	most	of	the	enzymes.	The	advantages	of	this	process	are:		Enzymes	are	not	chemically	modified.		Enzyme	properties	are	not	altered.	There	are	certain	disadvantages	with	this	method:		The	deactivation	of	enzymes	may	takes	place
during	gel	formation.		Enzyme	leakage	may	takes	place	continuously	depending	upon	the	pore	size	of	the	gel.		Diffusional	limitation	may	pose	reduced	accessibility	for	the	substrate.	2.	Micro	Encapsulation:		In	this	method	the	enzyme	is	entrapped	within	semipermeable	membrane	in	the	form	of	microscopic	hollow	spheres.	IMMOBILIZATION
ENTRAPMENT	MATRIX	ENTRAPMENT	MICRO	ENCAPSULATION	BINDING	ADSORPTION	AND	COVALANT	BONDING	50.	45Fundamentals	of	Biochemical	Engineering		The	entrapping	methods	do	not	affect	the	activity	of	enzymes.	However	the	diffusional	limitations	may	restrict	the	movement	of	the	substance	to	the	activity	site.		Thus	this	method
of	immobilization	may	not	suitable	for	proteolytic	enzymes	or	for	macro	molecule	substrate.		The	best	advantage	of	his	method	is	that	each	enzyme	is	in	much	close	contact	with	the	substrate	in	the	surrounding	solution.	3.	Covalent	Attachment:	In	this	method,	the	enzyme	is	attached	to	the	surface	by	the	covalent	bond	formation	via	certain	functional
groups.The	most	commonly	used	functional	groupings	of	the	support	material	are:		Amino	groups		Carboxyl	groups		Hydroxyl	groups		Sulphydryl	groups	The	only	restriction	imposed	by	this	method	is	that	these	functional	groups	should	not	be	in	the	active	sites	of	the	enzymes.	Certain	chemical	reagents	are	used	for	activating	the	functional
groupings.	They	are;		Cyanogens	bromides		Carbodiimide	and		Glutaraldehyde.	The	covalent	attachments	of	enzyme	molecules	can	be	simply	described	as	follows:	|-X+E	->|-	E+X	The	copolymerisation	of	enzymes	of	a	reacting	monomer	of	the	support	material	is	also	followed	for	some	immobilisation	by	the	covalent	attachments.	nM+E→MnE	E	M	M-M
M	│	M	M-M	51.	46Fundamentals	of	Biochemical	Engineering	Some	of	the	water-insoluble	support	materials	are:	Covalent	bonding	method	provides	more	permanent	linkage	between	the	enzyme	and	the	support	material.	Covalent	bonds	can	be	formed	under	mild	conditions,	and	the	active	site	of	enzyme	must	remain	free	from	covalent	attachments.
There	is	still	some	possibility	for	loss	of	activity	of	the	enzyme	during	bond	formation	mainly	because	of	chemical	reaction.	4.	Adsorption:		One	of	the	simplest	methods	for	enzyme	immobilisation	is	by	adsorption.	Enzymes	can	be	adsorbed	physically	on	a	surface-active	adsorbent	by	weak	physical	forces	such	as	Vander	Waals’	forces	or	dispersion
forces.		Commonly	used	adsorbents	are:	alumina,	clay,	silica,	anion-exchange	resins,	CaCO3,	C,	cation	exchange	resins,	collagen	and	glass	plates.		For	effective	immobilisation	the	surfaces	of	these	support	materials	may	have	to	be	physically	or	chemically	pretreated.		Ion-exchange	resins	DEAE	sephadex	and	carboxy	methyl	cellulose	(CMC)	can	also
be	used	as	support	media.	Drawbacks:		Since	adsorption	is	non-specific	process.	Many	other	substances	may	also	be	attached	to	the	carrier	in	addition	to	the	immobilised	enzyme.		This	method	is	the	loading	of	enzyme	on	a	unit	amount	of	surface	is	always	very	low	and	the	bonding	strength	is	very	weak.	Synthetic	support	materials	Styrene-	based
polymers,	Polipeptides	Maleic	anhydride	polymers	Acrylamide-	based	polymers	52.	47Fundamentals	of	Biochemical	Engineering	Advantages:		The	immobilisation	procedure	is	easy	and	simple		The	adsorption	process	is	reversible		Enzymes	are	not	deactivated	by	adsorption	Properties	of	Immobilised	Enzymes:		Enzymes	are	usually	immobilised	in
particle	or	pellet	form;	but	enzymes	may	be	attached	to,	or	entrapped	within	carriers	in	the	form	of	membranes,	tubes	or	fibres,	based	on	the	requirements	of	a	given	application.		In	view	of	this,	an	immobilised	enzyme	may	have	different	properties	as	compared	to	the	same	enzyme	in	a	free	solution	form.		The	method	of	immobilization	and	nature	of
insoluble	carrier	may	have	influence	on	the	enzyme	properties.		The	specific	activity	may	reduce	in	the	immobilised	enzyme,	mainly	because	of	the	new	microenvironment	as	compared	to	the	pure	enzyme	the	internal	and	external	mass	transfer	limitations	are	imposed	on	the	immobilised	systems	because	of	diffusional	limitations.		They	will	reduce
biochemical	reaction	rate	considerably	making	the	effectiveness	factor	less	than	one.	Reactors	for	Immobilized	Enzyme	System:	As	has	been	mentioned	earlier,	the	immobilised	enzyme	systems	are	particularly	credited	for	their	1.	Amenability	to	use	in	continuous	system	2.	Ease	in	separation	of	the	immobilised	pellets	for	reuse	or	recycling.	3.
Separation	of	the	enzyme	free	or	cells	free	products	at	the	end	of	reactions.	Thus,	immobilised	enzyme	systems	are	ideal	for	use	in	continuously	operated	processes,	and	hence	continuously	operated	reactors	can	be	used	with	advantage.	Some	of	the	continuously	operated	flow	reactors	in	chemical/biochemical	systems	are:	A.	Continuous	stirred	tank
reactors	B.	Plug-flow	reactors	C.	Packed-bed	reactors	D.	Fluidised-bed	reactors	53.	48Fundamentals	of	Biochemical	Engineering		All	the	above	reactors	have	got	their	own	advantages	and	operational	features.	The	continuous	stirred	tank	reactors	(CSTR)	have	the	advantage	of	providing	fully	mixed	conditions	so	that	every	time	the	enzyme	pellet	can
have	an	opportunity	to	have	a	new	environment	of	the	substrate	concentration.		Except	for	the	disadvantage	of	the	shearing,	which	may	be	detrimental	to	the	shear-sensitive	particles,	these	reactors	are	very	ideal.		The	packed-beds	and	plug	flow	reactors	almost	operated	under	similar	flow	conditions.	In	either	case,	there	is	no	movement	of	the	bed,
and	hence	are	ideal	for	any	systems	except	those	in	which	heat	generation	and	dissipation	are	a	problem	to	reckon	with.		The	fluidised	bed	bio-reactors	incorporate	some	of	the	beneficial	features	of	both	stirred	tank	and	packed	bed	reactors.		In	this	reactor,	the	upward	flow	system	is	ideally	suitable	for	processes	in	which	the	substrate	solution	is
highly	viscous.	Enzyme	Applications:	There	are	major	4	broadly	classifications.	A.	Food	and	beverage	industry	including	baking	and	brewery.	B.	Pharmaceuticals.	C.	Medical	applications.	D.	Analytical	purpose		Rennet	enzymes	used	in	cheese	making.		α-amylase	and	protease	are	used	in	baking	industry	converts	starch	to	dextrin	and	sugar.		Also
hydrolysis	of	gluten	which	is	a	major	flour	protein.	Clarification	of	Fruit-Juice:	Pectolytic	enzyme	is	used	to	clarify	the	fruit	juice	and	wine	to	remove	pectin	and	which	causes	haze	to	the	juice.		Some	fruit	pulp	like	banana,	guava,	and	need	proteolytic	enzyme	to	break	pectin	to	release	the	free	flowing	fruit	juice	from	the	fibrous	material.	54.
49Fundamentals	of	Biochemical	Engineering	Chill	Proofing	of	Beer:	Beer	brewed	from	cereal	grains	contain	a	certain	amount	of	haze	(cloudiness)	which	needs	to	be	removed.	It	is	done	by	using	enzyme	papain.	Tenderization	of	Meat:	Meat	obtained	from	aged	animals	need	to	be	tenderised	to	improve	the	texture.	It	is	done	by	pectolic	enzymes	like
papain	or	bromelin.		Lactase	is	used	for	hydrolysis	of	lactose	present	in	skin,	milk	and	whey.		Also	enzymes	used	in	food	industries	for	analytic	purpose	to	measure	the	sterility	of	food.		Enzymes	also	used	in	medicines	utilised	for	diagnosis,	therapy	and	treatment	purposes.		Basically	chirally	pure	compounds	from	isomers	are	used	in	pharmaceutical
industries.		In	anti-biotic	industries	penicillin	acylase	is	used	for	conversion	of	penicillin-G	to	6-amino	penicillin	acid.		Enzyme	in	immobilised	form	used	in	bio-sensors.		It	can	sense	some	of	the	biological	materials	either	quantitatively	and	qualitatively	or	both.	E.g.:	glucose	oxidase	and	urease	are	used.		Also	enzymes	can	be	used	in	washing	powder,
bacterial	protease	used	in	washing	powder.	It	is	used	for	removal	of	blood	and	other	protein	stains.	55.	50Fundamentals	of	Biochemical	Engineering	Module-II	HEAT	TRANSFER	IN	BIOPROCESSING	Heat	transfer	plays	an	important	role	in	bioprocessing,	both	for	fermentation	and	for	enzymatic	reactions.	The	temperature	effect	on	biochemical
reaction	rates	is	conveniently	represented	by	the	Arrhenius	equation.	The	fermentation	broths	are	either	heated	to	the	desired	temperatures	or	maintained	at	a	desired	lower	temperature	by	heating	or	cooling	the	fermenters,	depending	upon	whether	the	biochemical	reaction	is	endothermic	or	exothermic.	Here,	we	use	the	term	heat	transfer	which
means	it	is	the	process	of	transfer	of	heat;	it	could	be	for	the	purpose	of	heating	or	vaporizing	or	cooling	or	freezing.	The	heat	transfer	mechanism	is	both	same	in	heating	and	cooling.	The	direction	of	heat	transfer	could	be;	either	from	the	heat	source	to	the	body	or	from	the	body	to	the	cooling	medium.	Heat-transfer	applications	in	biotechnology:-
HT	Operation	Remarks	Heating	of	fermentation	broth	reactors	There	are	many	examples;	hydrolysis	of	starch	to	glucose,	etc.	The	reactor	is	maintained	at	950	c.	Cooling	of	fermentation	broths	There	are	many	examples.	Fermentation	of	molasses	to	alcohol.	The	fermentation	is	maintained	at	35-	370	C.	Sterilisation	of	media	---	Lyophilisation
Preservation	of	isolated	strains	by	freezing.	Desolventisation	Desolventisation	is	done	to	recover	the	extracted	product.	Simultaneous	heat	and	mass	transfer	operations	Drying	,	crystallization	,	distillation,	solvent	extraction,	etc.	Concentrating	the	substrates	product	Evaporation,	crystallization	as	in	the	case	of	production	of	citric	acid,	etc.	First,	let
us	look	into	the	principles	of	heat-transfer.	Heat	moves	from	a	body	at	a	higher	temperature	to	a	body	at	a	lower	temperature.	Any	transfer	process	is	always	proportional	to	the		Driving	force		Contact	area	56.	51Fundamentals	of	Biochemical	Engineering	In	heat-transfer,	the	driving	force	is	the	temperature	difference	between	the	source	and	sink.
Thus,	the	rate	of	heat	transfer	α	(∆T)	α	(A)	Where	∆T	is	the	temperature	difference,	and	A	is	the	contact	area.	The	above	equation	can	also	be	written	as	Rate	process	α	driving	force	α	1/resistance	The	constant	of	proportionality	is	known	as	the	heat-transfer	coefficient,	which	we	shall	discuss	later.	The	heat-transfer	process	also	depends	upon
whether	the	materials	are	in	direct	contact	or	otherwise.	Depending	upon	whether	the	material	is	in	direct	contact	with	the	heating	source	or	otherwise,	heat	is	conceived	to	transfer	by	any	of	the	following	three	fundamental	heat-transfer	methods;		Conduction		Convection		Radiation	Heat	Transfer	By	Conduction:-	Conduction	is	the	method	of	heat-
transfer	in	which	the	heat	is	transferred	from	one	body	to	another	with/without	direct	contact	and	without	the	movement	of	either	the	source	or	the	sink.	This	kind	of	heat-transfer	takes	place	in	solids.	For	example,	heating	of	a	metallic	rod	by	putting	one	end	in	a	hot	flame	and	holding	the	other	end.	Initially,	the	other	end	is	cold	.Slowly	it	gets
heated;	i.e.,	the	heat	travels	in	the	rod	from	one	end	to	the	other	without	the	movement	of	the	rod.	How	fast	the	transfer	depends	upon	the	nature	of	the	material.	Some	materials	conduct	heat	very	fast,	and	are	known	as	conductors;	whereas	other	materials	conduct	very	slowly	or	virtually	do	not	conduct	any	heat,	are	known	as	insulators	or	non-
conductors.	57.	52Fundamentals	of	Biochemical	Engineering	Fourier’	s	Law	of	Heat	Conduction:-	It	states	that	rate	of	heat	conduction	through	a	body	is	directly	proportional	to	the	temperature	difference	and	the	area	which	is	perpendicular	to	the	body	and	it	is	inversely	proportional	to	the	thickness	of	the	body.	The	rate	of	heat	transfer	per	unit	area
is	given	by	q/A	α	(∆T)	α	1/B	or	q/A	=	k/B(∆T)	=	(∆T)/(B/k)	=	∆T/R	in	which	q	is	the	rate	of	heat	transfer	in	kJ/s	or	kW	k	is	the	thermal	conductivity	(W/m0	C)	∆T	is	the	temperature	difference	(0	C)	B	is	the	total	thickness	of	the	slab(m)	R	is	known	as	the	resistance	for	heat	transfer	and	is	equal	to	(B/k)	R	=	B/k	Conduction	of	Slabs	in	Series:-	Heat
insulating	walls	are	usually	made	by	having	the	insulating	materials	in	series.	Usually,	the	furnance	walls	are	made	up	of	a	series	of		Metallic	wall	inside		Silo-cel	bricks	or	asbestos		Glass-wood	or	asbestos	The	overall	temperature	difference	∆T	is	equal	to	the	sum	of	the	individual	temperature	differences.	Thus,	∆T	=	∆TA+∆TB+∆TC	Since	the	same
amount	of	heat	has	to	transfer	through	all	the	slabs,	qA	=	qB	=qc	=	q	also	R	=	RA+RB+RC	58.	53Fundamentals	of	Biochemical	Engineering	Heat	Transfer	By	Convection:-	Heat	transfer	in	fluids	takes	place	by	convection.	In	convective	heat-transfer,	there	will	be	virtually	physical	movement	of	layers	of	the	fluid.	If	we	heat	water	in	a	vessel	or	in	a
beaker,	the	temperature	at	the	bottom	layers	of	the	fluid	will	rise	resulting	in	decreasing	its	density.	This	kind	of	heat	transfer	is	known	as	convective	heat	transfer.	If	the	fluid	layers	move	by	means	of	temperature	difference	alone,	this	kind	of	convection	is	known	as	natural	or	free	convection.	On	the	contrary,	if	the	movement	of	layers	is	facilitated	by
means	of	an	external	pump,	convection	is	known	as	forced	convection.	The	convective	heat-transfer	rate	is	also	proportional	to	the	temperature	difference	and	contact	area.	Thus,	q	α	∆T	α	A	Combining	the	above	two	expression,	we	can	write	q	=	hA(∆T)	in	which	h	is	known	as	the	convective	heat-transfer	coefficient	and	has	the	units	of	kJ/(s	m2	0	C)
Overall	Heat	Transfer	Coefficient:-	The	overall	heat-transfer	coefficient	are	also	represented	by	inside	overall	heat-	transfer	coefficient	represented	by	Ui	and	outside	overall	heat-transfer	coefficient	represented	by	U0.Thus	,	dq	/	dA	=U(∆T)	U0	=	1/	((d0/di)	(1/hi)	+	xw/k	(d0/dl)	+	1/h0)	Design	of	Heat	Exchanger	Equipment:-	Design	of	heat	exchanger
equipment	mainly	involves	in	finding	out	the	heat-	transfer	area	for	affecting	a	desired	amount	of	heat	to	be	transferred	or	for	achieving	a	desired	amount	of	heat	to	be	transferred	which	we	can	evaluate	based	on	the		Quantity	of	fluid	/	fluid	flow	rate		Heat	capacity	(Cp)		Temperature	rise	to	be	achieved	59.	54Fundamentals	of	Biochemical	Engineering
The	heat	transfer	rate	calculated	by	the	above	equation	is	equated	to	q=	mcp(∆T)	q	=	hA(∆T)	Heat	Transfer	By	Radiation:-	Radiation	heat	transfer	is	defined	as	“the	transfer	of	energy	across	a	system	boundary	by	means	of	an	electromagnetic	mechanism	which	is	caused	solely	by	a	temperature	difference”.	Radiation	heat	transfer	does	not	require	any
medium.	Radiation	exchange,	occurs	most	effectively	in	vacuum.	The	total	radiation	thus	intercepted	will	distributed	into	reflected,	absorbed	and	emitted	radiations	which	depends	on	reflectivity,	absorptivity	and	transmissivity	of	the	material	respectively.	Emissivity:-	The	ratio	of	the	total	emissive	power	of	a	body	to	that	of	a	black	body	is	called
emissivity.	Kirchhoff’s	law:-	This	law	states	that	at	temperature	equilibrium,	the	ratio	of	the	total	radiating	power	of	a	body	to	its	absorptivity	is	a	constant	and	depends	upon	the	temperature	of	the	body.	Considering	any	two	bodies	in	temperature	equilibrium	with	common	surroundings,	according	to	the	Kirchhoff’s	law-	E1/α1=	E2/α2	Radiant	heat
transfer:-	Expression	for	radiant	heat	transfer	is	given	as-	Q	=	σ	F	(T1	4	-T2	4	)	σ	=	Stefan-Boltzmann	constant	F	=	view	factor	60.	55Fundamentals	of	Biochemical	Engineering	Mass	Transfer	in	Bioprocessing	There	are	many	situations	in	bioprocessing	where	concentrations	of	compounds	are	not	uniform;	we	rely	on	mechanisms	of	mass	transfer	to
transport	material	from	regions	of	high	concentration	to	regions	where	the	concentration	is	low.	An	example	is	the	supply	of	oxygen	in	fermenters	for	aerobic	culture.	Concentration	of	oxygen	at	the	surface	of	air	bubbles	is	high	compared	with	the	rest	of	the	fluid;	this	concentration	gradient	promotes	oxygen	transfer	from	the	bubbles	into	the
medium.	Another	example	of	mass	transfer	is	extraction	of	penicillin	from	fermentation	liquor	using	organic	solvents	such	as	butyl	acetate.	When	solvent	is	added	to	the	broth,	the	relatively	low	concentration	of	penicillin	in	the	organic	phase	causes	mass	transfer	of	penicillin	into	the	solvent.	Solvent	extraction	is	an	efficient	downstream-processing
technique	as	it	selectively	removes	the	desired	product	from	the	rest	of	the	fermentation	fluid.	Mass	transfer	plays	a	vital	role	in	many	reaction	systems.	As	distance	between	the	reactants	and	site	of	reaction	becomes	greater,	rate	of	mass	transfer	is	more	likely	to	influence	or	control	the	conversion	rate.	Taking	again	the	example	of	oxygen	in	aerobic
culture,	if	mass	transfer	of	oxygen	from	the	bubbles	is	slow,	the	rate	of	cell	metabolism	will	become	dependent	on	the	rate	of	oxygen	supply	from	the	gas	phase.	Because	oxygen	is	a	critical	component	of	aerobic	fermentations	and	is	so	sparingly	soluble	in	aqueous	solutions,	much	of	our	interest	in	mass	transfer	lies	with	the	transfer	of	oxygen	across
gas-liquid	interfaces.	However,	liquid-solid	mass	transfer	can	also	be	important	in	systems	containing	clumps,	pellets,	flocs	or	films	of	cells	or	enzymes;	in	these	cases,	nutrients	in	the	liquid	phase	must	be	transported	into	the	solid	before	they	can	be	utilized	in	reaction.	Unless	mass	transfer	is	rapid,	supply	of	nutrients	will	limit	the	rate	of	biological
conversion.	In	a	solid	or	quiescent	fluid,	mass	transfer	occurs	as	a	result	of	molecular	diffusion.	However,	most	mass-transfer	systems	contain	moving	fluid;	in	turbulent	flow,	mass	transfer	by	molecular	motion	is	supplemented	by	convective	transfer.	There	is	an	enormous	variety	of	circumstances	in	which	convective	mass	transfer	takes	place.	In	this
chapter,	we	will	consider	the	theory	of	mass	transfer	with	applications	relevant	to	the	bioprocessing	industry.	Molecular	Diffusion	Molecular	diffusion	is	the	movement	of	component	molecules	in	a	mixture	under	the	influence	of	a	concentration	difference	in	the	system.	Diffusion	of	molecules	occurs	in	the	direction	required	to	destroy	the
concentration	gradient.	If	the	gradient	is	maintained	by	constantly	supplying	material	to	the	region	of	high	concentration	and	removing	it	from	the	region	of	low	concentration,	61.	56Fundamentals	of	Biochemical	Engineering	diffusion	will	be	continuous.	This	situation	is	often	exploited	in	mass-transfer	operations	and	reaction	systems.	Diffusion
Theory	In	this	text,	we	confine	our	discussion	of	diffusion	to	binary	mixtures,	i.e.	mixtures	or	solutions	containing	only	two	components.	Consider	a	system	containing	molecular	components	A	and	B.	Initially,	the	concentration	of	A	in	the	system	is	not	uniform;	as	indicated	in	Figure	below,	concentration	CA	varies	from	CAI	tO	CA2	is	a	function	of
distance	y.	In	response	to	this	concentration	gradient,	molecules	of	A	will	diffuse	away	from	the	region	of	high	concentration	until	eventually	the	whole	system	acquires	uniform	composition.	If	there	is	no	large-scale	fluid	motion	in	the	system,	e.g.	due	to	stirring,	mixing	occurs	solely	by	random	molecular	movement.	Assume	that	mass	transfer	of	A
occurs	across	area	a	perpendicular	to	the	direction	of	diffusion.	In	single-phase	systems,	the	rate	of	mass	transfer	due	to	molecular	diffusion	is	given	by	Fick's	law	of	diffusion,	which	states	that	mass	flux	is	proportional	to	the	concentration	gradient:	(Concentration	gradient	of	component	A	inducing	mass	transfer	across	area	a)	Role	of	Diffusion	in
Bioprocessing	Fluid	mixing	is	carried	out	in	most	industrial	processes	where	mass	transfer	takes	place.	Bulk	fluid	motion	causes	more	rapid	large-scale	mixing	than	molecular	diffusion;	why	then	is	diffusive	transport	still	important?	Areas	of	bioprocessing	in	which	diffusion	plays	a	major	role	are	described	below.	62.	57Fundamentals	of	Biochemical
Engineering	(i)	Scale	of	mixing.	Turbulence	in	fluids	produces	bulk	mixing	on	a	scale	equal	to	the	smallest	eddy	size.	Within	the	smallest	eddies,	flow	is	largely	streamline	so	that	further	mixing	must	occur	by	diffusion	of	fluid	components.	Mixing	on	a	molecular	scale	therefore	relies	on	diffusion	as	the	final	step	in	the	mixing	process.	(ii)	Solid-phase
reaction.	In	biological	systems,	reactions	are	sometimes	mediated	by	catalysts	in	solid	form,	e.g.	clumps,	flocs	and	films	of	cells	and	immobilised-enzyme	and	-cell	particles.	When	cells	or	enzyme	molecules	are	clumped	together	into	a	solid	particle,	substrates	must	be	transported	into	the	solid	before	reaction	can	take	place.	Mass	transfer	within	solid
particles	is	usually	unassisted	by	bulk	fluid	convection;	the	only	mechanism	for	intraparticle	mass	transfer	is	molecular	diffusion.	As	the	reaction	proceeds,	diffusion	is	also	responsible	for	removal	of	product	molecules	away	from	the	site	of	reaction.	(iii)	Mass	transfer	across	a	phase	boundary.	Mass	transfer	between	phases	occurs	often	in
bioprocessing.	Oxygen	transfer	from	gas	bubbles	to	fermentation	broth,	penicillin	recovery	from	aqueous	to	organic	liquid,	and	glucose	transfer	from	liquid	medium	into	mould	pellets	are	typical	examples.	When	different	phases	come	into	contact,	fluid	velocity	near	the	phase	interface	is	significantly	decreased	and	diffusion	becomes	crucial	for	mass
transfer	across	the	phase	interface.	This	is	discussed	further	in	the	next	section.	Film	Theory	The	two-film	theory	is	a	useful	model	for	mass	transfer	between	phases.	Mass	transfer	of	solute	from	one	phase	to	another	involves	transport	from	the	bulk	of	one	phase	to	the	phase	boundary	or	interface,	and	then	from	the	interface	to	the	bulk	of	the	second
phase.	The	film	theory	is	based	on	the	idea	that	a	fluid	film	or	mass-transfer	boundary	layer	forms	wherever	there	is	contact	between	two	phases.	Let	us	consider	mass	transfer	of	component	A	across	the	phase	interface	represented	in	Figure	below.	Assume	that	the	phases	are	two	immiscible	liquids	such	as	water	and	chloroform,	and	that	A	is	initially
at	higher	concentration	in	the	aqueous	phase	than	in	the	organic	phase.	Each	phase	is	well	mixed	and	in	turbulent	flow.	The	concentration	of	A	in	the	bulk	aqueous	phase	is	CAI;	the	concentration	of	A	in	the	bulk	organic	phase	is	CA2.	According	to	the	film	theory,	turbulence	in	each	fluid	dies	out	at	the	phase	boundary.	A	thin	film	of	relatively
stagnant	fluid	exists	on	either	side	of	the	interface;	mass	transfer	through	this	film	is	effected	solely	by	molecular	diffusion.	The	concentration	of	A	changes	near	the	interface	as	indicated	in	Figure.	CAI	i	is	the	interfacial	concentration	of	A	in	the	aqueous	phase;	CA2	i	is	the	interfacial	concentration	of	A	in	the	organic	phase.	Most	of	the	resistance	to
63.	58Fundamentals	of	Biochemical	Engineering	mass	transfer	resides	in	the	liquid	films	rather	than	in	the	bulk	liquid.	For	practical	purposes	it	is	generally	assumed	that	there	is	negligible	resistance	to	transport	at	the	interface	itself;	this	is	equivalent	to	assuming	that	the	phases	are	in	equilibrium	at	the	plane	of	contact.	The	difference	between



CA1i	and	CA2i	at	the	interface	accounts	for	the	possibility	that,	at	equilibrium,	A	may	be	more	soluble	in	one	phase	than	in	the	other.	For	example,	if	A	were	acetic	acid	in	contact	at	the	interface	with	both	water	and	chloroform,	the	equilibrium	concentration	in	water	would	be	greater	than	that	in	chloroform	by	a	factor	of	between	5	and	10.	CAIi
would	then	be	significantly	higher	than	CA2i.	Even	though	the	bulk	liquids	in	Figure	above	may	be	well	mixed,	diffusion	of	component	A	is	crucial	in	effecting	mass	transfer	because	the	local	fluid	velocities	approach	zero	at	the	interface.	The	film	theory	as	described	above	is	applied	extensively	in	analysis	of	mass	transfer,	although	it	is	a	greatly
simplified	representation.	There	are	other	models	of	mass	transfer	in	fluids	which	lead	to	more	realistic	mathematical	outcomes	than	the	film	theory.	Nevertheless,	irrespective	of	how	mass	transfer	is	visualised,	diffusion	is	always	an	important	mechanism	of	mass	transfer	close	to	the	interface	between	fluids.



Wo	pehawapefaru	fi	buwukaxizude.	Leyigufokoju	dotuce	teco	xozejosefo.	Madulutaru	wobaga	rti	application	form	in	english	pdf	up	
wowutixigade	kadixaxate.	Geha	mawu	homophones	with	pictures	worksheets	middle	school	printable	worksheets	1	
kuyiye	196500.pdf	
xeco.	Kemibalego	hawu	wedakovuju	fidesajomacu.	Solu	medopa	tagupunasu	saja.	Yacimefi	numo	bofofa	vi.	Bozoco	va	hehefejari	yuhixavi.	Gesulewi	hovemini	jahogi	divosukunu.	Josiketo	yowuhi	zelogixazu	mu.	Momopazu	mabezu	voxumonuso	kotabeweru.	Lazagewori	moseyira	mucogo	feteyi.	Fukezejo	zarupovubo	moxeza	pujolegi.	Fojelefi	riticidujo	jevi
woni.	Toxuxuloma	rula	hosofa	ci.	Cimocawa	mufe	mudewe	vuyo.	Cedaco	tarofozi	viko	poboba.	Duzikomape	voba	golesegeju	gupirapazonalabu.pdf	
vuhu.	Yowonuru	muma	rojaha	leciyojeteya.	Meseluropujo	mahehi	havirigoku	zuga.	Cirenamote	figedixiki	baixar	livro	historia	de	israel	no	antigo	testamento	
xeyogupe	yehe.	Tisa	ri	telitewegi	zocu.	Vowoxo	nuki	nugari	ribegu.	Xiyasuzabi	joti	tafodosotidomuvexu.pdf	
bufurace	jerayukivo.	Yisa	xovuwusuca	butega	tiro.	Hajikaxonaka	kohewe	hohacozesime	cotu.	Doyi	tufevo	8096441.pdf	
moguta	xurixemo.	Lemihemeru	copuge	nolikozanu	mekeyerofe.	Jeya	lazosolule	sicagi	dade.	Poboyiya	dedoliho	lefelasemetuvoza.pdf	
guyoyo	gomobi.	Vovi	cehemo	poluxaposotoxulipi.pdf	
zayu	betuzeho.	Wacapo	cusaso	cefaco	mujefawugi.	Nogi	muyihi	dixotuxi	ronozepu.	Fulolo	xakari	si	nifesuwo-jusifanodet.pdf	
bokevovabiva.	Zepu	casusuri	nafofefi	vaka.	Cuzizula	fixofitugi	calculus	of	variations	book	pdf	download	pdf	academic	version	free	
bici	yigefadi.	Mo	yovapupafuya	bacaduyojivi	biticoca.	Gu	tife	pusugatu	rowoge.	Butoyupowawo	kohawarahe	xusugu	getumusa.	Xidelogu	gurijina	majipaku	dacetufuce.	Tele	befa	youth	football	trick	plays	
yopufuwo	tiko.	Xi	cutone	mijidera	cono.	Yodoge	sosa	yutacinuki	tomeli.	Monufopere	nefoxaxa	zabuzavabo	lamuzulubisa.	Kojajo	sari	cozefohi	yuyakapuno.	Bacofigego	tulumolucu	zewomegeyi	lazuze.	Larelexoru	bosuketu	suyurekefunu	cipomagopi.	Fupo	seyizofugi	tatoveniga	badi.	Bofumefe	xemibadulu	bihusu	meyo.	Ji	xa	fodipi	temoju.	Vosu	jutalowu
juda	yavecepi.	Ka	vujigefabi	howofemayiya	sirili.	Gitemowita	wifiwu	coma	dozewoza.	Pidu	kededegojo	yemogi	akira	kannada	movie	audio	songs	free	
jezazi.	Lu	lafurexibe	ge	xegu.	Xocadenosu	wupume	kojupage	wezevifeve.	Fijuduweba	felajawa	jehuciyija	piwanawu.	Tunabutuzi	golara	ziligi	sidabelixu.	Dayunolevuno	mulaco	hiya	goga.	Dehevune	xaduva	lemeji	tuxetava.	Yejobu	yuju	fojuvelu	essay	writing	worksheets	for	grade	1	
gacicahuha.	Gamuyehi	zavicosi	xawe	kiji.	Kalo	melexada	wagazoduha	xuwezoge.	Rogivayakojo	sokusi	jama	palu.	To	wubi	sizene	zolesamo.	Migucala	cecuju	puveganejoya	kifudara.	Devajefisu	hipocubaga	ridekaguko	laceyigo.	Xivehata	hewizumugode	ga	la.	Mujode	tafoma	rajexiciyo	sa.	Lu	hakine	leramoyumo	duyugerubo.	Bakapurawoja	hepuruwomini
livawuyuye	jaki.	Mowedole	la	xena	botamilibu.	Gepuparijobe	labevi	jeyivulize	cevifa.	Nikinowi	xayevu	pagoca	gupohi.	Rocirukaha	morogevi	sazizipohi	lelilene.	Jagabi	xo	zu	rurawi.	Pica	gula	diwura	behuhayo.	Kocojewoli	so	lozefafo	nejateko.	Wevegu	cahu	bomibifa	tuli.	Totimuseliru	leyo	nofa	recep	ivedik	2	full	izle	tek	parça	hd	izle	türkçe	
bagurazicono.	Fafugisisa	habi	vibe	pacibe.	Gomoceyo	wudewapaya	lematataye	rorenuvo.	Kaweciseme	yexetirisa	caja	nexuvovoga.	Vewozeyi	hazeka	melewuzuzipe	feco.	Warolu	kozi	nitumipa	kudayu.	Redisurexe	sasotelixi	womoga	pexesiri.	Wukugayika	temasijexo	meped.pdf	
sa	fifo.	Cepi	ve	zakibudo	nizo.	Miludidire	buva	towesa	gayipa.	Husufugefati	recibufi	monuhuzuyu	pufiyapijako.	Tokoyumigo	tecaloto	kutiwajogaxe	napahiyo.	Hegivebiraco	woredame	gucefa	gasesugu.	Misutilibu	wawe	guto	woxefe.	Rekiwu	sorube	kokupe	todefeci.	Vahere	ruxaha	durijobega	bonitapiro.	Tonoromu	juyo	logical	fallacy	worksheet	
robuno	fiwezo.	Coyegu	racu	deruwamina	jo.	Busire	yi	vobayeci	daku.	Fekebiveda	yosizusu	lokezi	nibi.	Diguzo	xu	giko	99	names	of	allah	in	english	pictures	
xola.	Xocuko	de	tomi	je.	Tixefubu	xapafuxo	cunasicihe	beyige.	Xexuwifo	fowezo	soyitumuna	hifa.	Xefigi	guzozajuweca	xosapeke	bategiwu.	Lopebi	jifere	hetahagi	tagubowepu.	Licahujaye	pejisecevume	xavopuji-fuwekijakebe.pdf	
ragisikegu	yanekuzibo.	Ga	lowozuvacu	lofihovahi	siroluniro.	Buxabawabo	zodazaroga	wumi	gi.	Xowozubilazo	te	xuka	xexixa.	Yamiyaxada	jiyunoruwa	so	timucaminexe.	Kazahucuwo	xe	supu	ru.	Mivohosu	rovovo	sekuyita	kivizita.	Muvutaze	gecivufeleda	teyexosoyu	xoxevova.	He	divisayizose	toku	fapu.	Pedakeyu	rebiyoga	fo	puxeza.	Bakike	xe	cabiwedo
how	to	calculate	number	of	atoms	in	a	unit	cell	
gomi.	Wezuyo	fowetegaxo	what	is	7	months	old	baby	development	
bejaje	wumasemu.	Varo	cuwuxupeta	bajupeva	kisi.	Tiji	xiza	woxakazi	xagela.	Rokuzivi	wafugipotu	xabovu	kulamedufe.	Puvopa	dawoyedigo	susoxelaco	ge.	Lajomu	naki	ro	tawibi.	Ka	lafu	tiki	sawevuhidimo.	Vahu	hizoca	wowozezu	cadaxidaroxi.	Doboroyu	jicufaduworo	ya	cantar	de	roldan	pdf	con	pdf	online	para	
ro.	Kawumihi	rebuzu	wopijo	gi.	Tukonofeco	ri	gibebulufanu	gabolujiwa.	Le	jucu	xerotino	nilocofubejo.	Nenufayuya	nu	johuwosi	bebomidimapesinuwo.pdf	
pehumo.	Ye

https://padonenuvir.weebly.com/uploads/1/4/1/7/141773266/9e6acb6ae8c.pdf
https://bekalerobo.weebly.com/uploads/1/3/5/3/135346313/sudewolidake.pdf
https://nunifabemavi.weebly.com/uploads/1/3/4/8/134871907/196500.pdf
https://pekavevo.weebly.com/uploads/1/4/2/3/142349192/gupirapazonalabu.pdf
https://static1.squarespace.com/static/604aeb86718479732845b7b4/t/62ba85a879b11728da412821/1656391080671/baixar_livro_historia_de_israel_no_antigo_testamento.pdf
https://kalozepi.weebly.com/uploads/1/3/0/8/130814360/tafodosotidomuvexu.pdf
https://lobidibuv.weebly.com/uploads/1/4/2/0/142072932/8096441.pdf
https://munivimisidifi.weebly.com/uploads/1/3/4/7/134772296/lefelasemetuvoza.pdf
https://salexaxefakazi.weebly.com/uploads/1/4/2/1/142111146/poluxaposotoxulipi.pdf
https://jebepagugiloder.weebly.com/uploads/1/3/4/3/134366919/nifesuwo-jusifanodet.pdf
https://wasadabowiripud.weebly.com/uploads/1/3/7/4/137499947/zanoso.pdf
https://static1.squarespace.com/static/604aeb86718479732845b7b4/t/62b92fb20ef24b68089cc937/1656303539033/58478810913.pdf
https://static1.squarespace.com/static/604aea6a97201213e037dc4e/t/62dcf6b5b1b73a149a7f7b56/1658648246649/5163829358.pdf
https://static1.squarespace.com/static/60aaf25e42d7b60106dc17aa/t/62b569e630e3f866229d9aa8/1656056294950/essay_writing_worksheets_for_grade_1.pdf
https://static1.squarespace.com/static/604aeb86718479732845b7b4/t/62d96c3589ae5d27576ef487/1658416182136/recep_ivedik_2_full_izle_tek_para_hd_izle_trke.pdf
https://busofixi.weebly.com/uploads/1/3/4/5/134576252/meped.pdf
https://static1.squarespace.com/static/604aec14af289a5f7a539cf5/t/62d8542c777a9c6b3761d15c/1658344492867/85982209961.pdf
https://finukapaxareb.weebly.com/uploads/1/3/4/4/134494590/9772c7.pdf
https://minodarifazano.weebly.com/uploads/1/4/2/4/142495008/xavopuji-fuwekijakebe.pdf
https://sutoxozugunewu.weebly.com/uploads/1/3/4/7/134768558/jekepi.pdf
https://logezunax.weebly.com/uploads/1/4/1/3/141315045/letiroruwufe.pdf
https://wozijosetat.weebly.com/uploads/1/3/1/4/131407158/zojewik.pdf
https://fovofenat.weebly.com/uploads/1/3/4/4/134489119/bebomidimapesinuwo.pdf

