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Objectives

After completing Chapter 3, reader will be able to:

j

Write a rate law and define reaction order and activation energy.Write a rate law and define reaction order and activation energy. 
 Set up a stoichiometric table for both batch and flow systems and 

express concentration as a function of conversionexpress concentration as a function of conversion.
 Calculate the equilibrium conversion for both gas and liquid phase 

reactionsreactions. 
Write the combined mole balance and rate law in measures other 

than conversionthan conversion. 
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Reactor Size
Design Equations
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If we know the molar flow rate to the
reactor and the reaction rate as a
function of conversion, then we can
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Design Isothermal Reactor
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3.1.1    Relative Rates of Reactions

If the rate law depends on more than one species, we MUST relate the 
concentrations of different species to each other. A stoichiometric table presentsconcentrations of different species to each other. A stoichiometric table presents 
the stoichiometric relationships between reacting molecules for a single reaction.

aA + bB cC + dD (2 1)

In formulating our stoichiometric table, we shall take species A as our basis of 
calculation (i e limiting reactant) and then divide through by the stoichiometric

aA  + bB                   cC  +  dD (2-1)

calculation (i.e., limiting reactant) and then divide through by the stoichiometric 
coefficient of A. In order to put everything on a basis of “per mole of A.”

dcb D
a
dC

a
cB

a
bA  (2-2)

The relationship can be expressed directly from the stoichiometry of the reaction.

rrrr DCBA  (3-1)

The relationship can be expressed directly from the stoichiometry of the reaction.

dcba 
(3 1)
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3.2   Reaction Order and Rate Law

Let take A as the basis of calculation 
a species A is one of the reactants that is disappearing as a result 
of the reaction Th li iti t t i ll hof the reaction. The limiting reactant is usually chosen as our 
basis for calculation.

The rate of disappearance of A, -rA, depends on temperature and 
concentration and it can be written as the product of the reaction 

t t k dconstant k and 

)()()( CCfTkCT ...),()(),( BAAA CCfTkCTr 

Rate raw (Kinetic expression) : the algebraic equation that relates –rA to the species 
concentration 

Seoul National University



3.2.1 Power Law Models and Elementary Rate Laws

The dependence of the reaction rate r on the concentration ofThe dependence of the reaction rate –rA on the concentration of
the species is almost without exception determined by
experimental observation.

The order of a reaction refers to the powers to which the
concentrations are raised in the kinetic rate law.

 BAAA CCkr (3-3)

 order with respect to reactant A
 order with respect to reactant B
n (=) : the overall order of the reaction
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Unit of Specific Reaction Rate

The unit of the specific reaction rate, kA, vary with the order of the reaction.

A   products

sdm
molkkrorder-Zero AA 3)(
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 (3-4)

kCkrorderFirst

sdm

1}{:

)(

 (3 5)

d

s
kCkrorder-First AAA

3)(

}{:  (3-5)

smol
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s
moldmkCkrorder-Third AAA
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Elementary and Non-elementary Reaction

Kinetic rate rawKinetic rate raw

“Elementary reaction” Non-elementary reaction

2/3

CO + Cl2  COCl2O + CH3OH   CH3O + OH

1st order w r t atomic oxygen

2/3
2ClCOCO CkCr 

1st order w r t carbon monoxide

-rO = k CO CCH3OH

1 order w.r.t. atomic oxygen
1st order w.r.t. methanol
overall is 2nd order reaction

1 order w.r.t. carbon monoxide
3/2 order w.r.t. chorine
overall is 5/2 order reaction

In general first and second order reactions are more commonly observedIn general, first- and second-order reactions are more commonly observed.
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Determination of Reaction Rate Law

It is important to remember that the rate laws are determined byIt is important to remember that the rate laws are determined by
experimental observation! They cannot be deduced from reaction
stoichiometry.

They are function of the reaction chemistry and not the type of
reactor in which the reactions occur.

Even though a number of reactions follow elementary rate laws atEven though a number of reactions follow elementary rate laws, at
least as many reactions do not. One must determine the reaction
order from the experiments or from literatureorder from the experiments or from literature.
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Example of Rate Law
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Example of Rate Law
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Example of Rate Law
A. First Order Reaction

B. Second Order Reaction
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3.3 kA: The specific reaction rate (the rate constant)

The reaction rate constant k is not truly a constant, but is merely
independent of the concentrations of the species involved in theindependent of the concentrations of the species involved in the
reaction.

The quantity k is also referred to as the specific reaction rate
(constant). It is almost always strongly dependent on temperature.
In gas-phase reactions, it depends on the catalyst and total pressure.
In liquid systems, it depends on the total pressure, ionic strength
and choice of solventand choice of solvent.

These other variables normally exhibit much less effect on theese o e v b es o y e b uc ess e ec o e
specific reaction rate than temperature does with the exception of
supercritical solvents, such as supercritical water.

In this text, it will be assumed that kA depends only on temperature.
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Arrhenius equationq

Specific reaction rate (constant)

Activation energy, J/mol or cal/mol

E


RT
A AeTk


)(

1903(44) :
Nobel Prize in chemistry
for ionic theory

A )(
frequency factor

Absolute 
Temperature, K

frequency factor

or

pre-exponential
Gas constant
8.314 J/mol · Kpre exponential 

factor mathematical number
e=2.71828…

1.987 cal/mol · K
8.314 kPa · dm3/mol · K
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Activation energygy

Activation energy E :
a minimum energy that must be possessed by reacting
molecules before the reaction will occur.

E The fraction of the collisions between
l l th t t th h thi i iRTe

 molecules that together have this minimum
energy E (the kinetic theory of gases)

Activation energy E is determined experimentally by
carrying out the reaction at several differenty g
temperature.





EAk 1ll 








TR
AkA lnln
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St i hi tStoichiometry 

Seoul National University



Reactor Size
Design Equations
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Design Isothermal Reactor
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Example 3-5: Determination of Cj=hj(X)
for a Gas Phase Reactionfor a Gas-Phase Reaction 

Isothermal




















T
T

P
P

X
XabCC B

AB
0

0 1
)/(

  TPX 01

Seoul National University



Stoichiometric Table

If the rate law depends on more than one species, we MUST relate the
concentrations of different species to each other. A stoichiometric table presentsconcentrations of different species to each other. A stoichiometric table presents
the stoichiometric relationships between reacting molecules for a single reaction.

aA + bB cC + dD (2 1)aA  + bB                   cC  +  dD

rrrr DCBA

(2-1)

(3 1)

I f l ti t i hi t i t bl h ll t k i A b i f

d
r

c
r

b
r

a
r DCBA 





(3-1)

In formulating our stoichiometric table, we shall take species A as our basis of 
calculation (i.e., limiting reactant) and then divide through by the stoichiometric 
coefficient of A

db D
a
dC

a
cB

a
bA  (2-2)

In order to put everything on a basis of “per mole of A.”
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3.5   Batch System

t = 0
N

t = t
N

NA0
NB0
N NA

NB
N

NC0
ND0
N NC

ND
NDdCcBbA 

Ni0

Ni
D

a
C

a
B

a
A 

Batch reactors are primarily used for the production ofc e c o s e p y used o e p oduc o o
specialty chemicals and to obtain reaction rate data in order to
determine reaction rate laws and rate law parameters such as k,
the specific reaction rate.
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3.5   Batch System

t = t

t = 0
NA0
NB0

At time t=0, we will open the reactor and
l b f l f i A B t  t

NA
NB
NC
N

NB0
NC0
ND0
Ni0

place a number of moles of species A, B,
C, D, and I (NA0, NB0, NC0, ND0, and NI0,
respectively)

ND
Ni

DdCcBbA 

p y)

Species A is our basis of calculation.
D

a
C

a
B

a
A 

NA0 is the number of moles of A initially present in the reactor.

NA0X moles of A are consumed as a result of the chemical reaction.

NA0-NA0X moles of A leave in the system.

The number of moles of A remaining in the reactor after conversion X

N N N X N (1 X)NA = NA0 - NA0X = NA0(1-X)
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Determination of the number of moles of B

To determine the number of moles of
i B i i t ti t ( ft N X

DdCcBbA 

species B remaining at time t (after NA0X
moles of A have reacted). For every mole
of A that reacts, b/a moles of B must D

a
C

a
B

a
A ,

reacted;

The number of moles of B remaining in the system, NBB

moles of A reacted

XNbNN ABB 00 
a ABB 00

moles of B disappearedmoles of B initially
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Stoichiometric table

To determine the number of moles of
h i i i f

db

each species remaining after NA0X
moles of A have reacted, we form the
stoichiometric table (Table 3 3)

D
a
dC

a
cB

a
bA 

stoichiometric table (Table 3-3).

This stoichiometric table presents the following information

Column 1: the particular species

This stoichiometric table presents the following information.

Column 1: the particular species

Column 2: the number of moles of each species initially present

Column 3: the change the number of moles brought about by reaction

Column 4: the number of moles remaining in the system at time t.g y

Seoul National University



Stoichiometric Table for a Batch System 

Remaining               Change   Initially    Species

0000 )( AAAAA XNNNXNNA
(mol)                     (mol)         (mol)              
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The total number of moles per mole of A reacted

DdCcBbA 
aaa

The total number of moles in the system, NTy , T

XNbcdNN 1
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mole of A reacted
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3.5.1.  Concentration of each species
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3.5.1. Concentration of each species
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3.5.2  Volume as a function of conversion

 )/()/()( XbNXNbNXN  
)(

)/(
)(
)/(

)(
)( 000

XV
XabN

XV
XNabN

XV
XNC BAABB

B







We need V(X) to obtain C =f(X)We need V(X) to obtain CB=f(X)
- For liquids, volume change with reaction is negligible
when no phase changes are taking place (V=V0)when no phase changes are taking place. (V V0)

- For gas-phase reactions, the volumetric flow rate most
often changes during the course of the reaction due to aoften changes during the course of the reaction due to a
change in the total number of moles or in temp. or pressure.
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3.5.2  Constant-Volume Batch Reaction Systems

Constant volume system (=constant density system):

(1) The lab bomb calorimeter reactor: the volume within the vessel
is fixed and will not change. V=V0is fixed and will not change. V V0

(2) A constant-volume gas-phase isothermal reaction occurs when
th b f l f d t l th b f l fthe number of moles of products equals the number of moles of
reactants. (Ex: water-gas shift reaction, CO+H2O  CO2+H2)

(3) For liquid-phase reactions taking place in solution, the solvent
usually dominates the situation. As a result, changes in the
density of the solute do not affect the overall density of thedensity of the solute do not affect the overall density of the
solution significantly and therefore it is essentially a constant-
volume reaction process: Most liquid-phase organic reactions,
except polymerization.
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Constant Volume Batch Reactor
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Constant Volume System

For Liquid phase reactions (or isothermal and isobaric gas-phase
reactions with no change in the total number of moles)reactions with no change in the total number of moles)

D
a
dC

a
cB

a
bA 

aaa

BAAA CCkr -rA = f(C)

 b

Eq. (3-26)







  X

a
bXCkr BAAA )1(2

0-rA = f(X)

Levenspiel plot
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Example 3-2: Liquid-Phase Reaction

Soap consists of the sodium and potassium salts of various fatty
acids as oleic(C18=), stearic(C18), palmitic(C16), lauric(C12),
and myristic(C14) acids. The saponification for the formation of
soap from aqueous caustic soda and glyceryl stearate is as followsoap from aqueous caustic soda and glyceryl stearate is as follow.

3N OH (C H COO) C H 3C H COON C H (OH)3NaOH + (C17H35COO)3C3H5  3C17H35COONa + C3H5(OH)3

Letting X represent the conversion of sodium hydroxide (the
mole of sodium hydroxide reacted per mole of sodium hydroxide
i i i ll ) i hi i bl i hinitially present), set up a stoichiometric table expressing the
concentration of each species in terms of its initial concentration
and the conversion of Xand the conversion of X.

Stearic acid Seoul National University



Example 3-2: Liquid-Phase Reaction

(C17H35COO)3C3H5 Glyceryl stearate

C17H35COONa

Na

C3H5(OH)3
Glycerine=Glycerol
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Example 3-2: Liquid-Phase Reaction
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Example 3-2   Stoichiometric Table

3NaOH + (C17H35COO)3C3H5  3C17H35COONa + C3H5(OH)3

11

ionConcentratRemainingChangeInitiallySpecies

DCBA
3
1

3
1



3

)1()1()(

)(mol/m(mol)                     (mol)         (mol)              
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3.6   Flow Systems

FA0
F

FA
F

Entering Leaving

D
a
dC

a
cB

a
bA 

FB0
FC0
FD0
FI0

FB
FC
FD
FIFI0 FI

Molar flow rate

liter
moles

eliters/tim
moles/time




 A
A

FCDefinition of
concentration

for flow system
(3-27)

litereliters/tim
volumetric flow rate

00000 iiii
i

yCvCF


00000 AAAA
i yCvCF
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3.6.1    Equations for Concentrations in Flow Systems

Batch System Flow System
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Stoichiometric Table for a Flow System 

rate Effluent             Change          rate             Feed          

X)(FFX)(FFA 1
(mol/time)                (mol/time)           (mol/time)                

reactor from              reactor in            reactor to     Species

BABAABB

AAAA

X
a
bΘFFX)(F

a
bFΘFB

X)(FFX)(FFA

0000

000 1







 



CACAACC X
a
cΘFFX)(F

a
cFΘFC

aa

0000 





 



DADAADD X
a
dΘFFX)(F

a
dFΘFD 0000 






 



IAIAII ΘFFFΘFI(inert) 000 

XFbcdFFFTotal 1
  XF

aaa
FFFTotal ATTT 000 1







Table 3-4 XFFF ATT  00 Seoul National University



3.6.2   Liquid-Phase Concentrations

FA0
F

FA
F

Entering Leaving

D
a
dC

a
cB

a
bA 

FB0
FC0
FD0
FI0

FB
FC
FD
FIFI0 FI

)1()1(0 XCX
FFC AA  baCkCr 

)(

)1()1(

0

0
0

XbCC

XCXC

BAB

AA









 BAA CkCr 

(3-29)
)(0 X

a
CC BAB 

CA = f(X)

FA = f(X)
v=f(X)
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3.6.3   Change in the Total Number of Moles 
with Reaction in the Gas Phasewith Reaction in the Gas Phase

(1) Gas-phase reactions that do not have an equal number of product( ) p q p
and reactant moles. In flow systems where this type of reaction occurs,
the molar flow rate will be changing as the reaction progress. The
volumetric flow rate will also change due to molar flow change

N + 3H 2NH

volumetric flow rate will also change due to molar flow change.

N2 + 3H2 2NH3

(2) The combustion chamber of the internal-combustion engine

(3) The expanding gases within the breech and barrel of a firearm as it p g g
is fired.

breech : 포미 (砲尾)

barrel : 총신(銃身)
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Batch Reactor with Variable Volume )(
)(

XV
XNC B

B 

Individual concentrations can be determined by expressing the volume V for
batch system (or volumetric flow rate v for a flow system) as a function ofy ( y )
conversion using the following equation of state.

RTZNPV T (3-30)

T = temperature, K
P = total pressure, atm (kPa; 1 atm=101.3 kPa)
Z ibilit f tZ = compressibility factor
R = gas constant = 0.08206 dm3·atm/gmol · K

00000 RTNZVP T

This equation is valid at any point in the system at any time. At time t=0,

(3-31)

0 TNZTP 











Dividing (3-30) by (3-31) and rearranging yields

We need this!

000

0
0

T

T

N
N

Z
Z

T
T

P
P

VV 














 (3-32)
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Stoichiometric Table for a Batch System 

Remaining               Change   Initially    Species

0000 )(
(mol)                     (mol)         (mol)              

AAAAA XNNNXNNA 
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dd
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a
cNC 
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NNNinertI

XN
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dNNXN
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dND





00)( III NNNinertI

XN
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b
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c
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aaa 

XNNN ATT 00 
Seoul National University



Volume as a function of conversion
variable-volume batch reactor

The total number of moles in the system, NT

XNNN  (3 33)XNNN ATT 00 

We divide through by NT0

(3-33)

XXyX
N
N

N
N

A
T

A

T

T  111 0
0

0

0
(3-34)

where yA0 is mole fraction of A initially present. If all the species in the
generalized reaction are in the gas phase, then

(3-35)
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01 A
A y
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a
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d

( )
 0TNaaa

Eq (3-32) now becomes

 )1(
00

0
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 (3-37)
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Volume as a function of conversion
variable-volume batch reactor

In gas-phase systems that we shall be studying, the temperature and
pressure are such that the compressibility factor will not changepressure are such that the compressibility factor will not change
significantly during the course of the reaction; hence Z0~Z. For a batch
system the volume of the gas at any time t is

0 )1( TX
P

VV 



 (3-38)

0
0 )1(

T
X

P
VV 







Eq (3-38) applies only to a variable-volume batch reactor. If the reactor
is a rigid steel container of constant volume, then of course V=V0. For ais a rigid steel container of constant volume, then of course V V0. For a
constant-volume container, V=V0, and Eq. (3-38) can be used to
calculate the pressure inside the reactor as a function of temperature and
conversionconversion.
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Volume as a function of conversion
variable-volume flow system

To derive the concentration of the species in terms of conversion for a
variable-volume flow system, we shall use the relationships for the totalvariable volume flow system, we shall use the relationships for the total
concentration. The total concentration at any point in the reactor is

PF (3-39)
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Taking Eq (3-40)/Eq(3-39) and assuming Z~Z0, 
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Concentration as a function of conversion
variable-volume flow systemvariable-volume flow system

We can express the concentration equation of species j for a flow system in terms 
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The total molar flow rate is just the sum of the molar flow rates of each of the 
species in the system and is
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Concentration as a function of conversion
variable-volume flow systemvariable-volume flow system

One of the major objective of this chapter is to learn how to express
any given rate law –rA as a function of conversion. The schematic
diagram in Figure 3-6 helps to summarize our discussion on this

i tpoint.

The concentration of B expressed as a function of conversion inThe concentration of B expressed as a function of conversion in
both flow and batch systems, for various conditions of temperature,
pressure, and volume.
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Expressing concentration 
as a function of conversion
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Volume as a function of conversion
variable-volume flow system

From Table 3-3, the total molar flow rate can be written in terms of X

XFFF ATT  00 (3-43)
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Volume as a function of conversion
variable-volume flow system

The concentration of species j is 
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Concentration as a function of conversion
Multiple gas-phase reaction and membrane reactorMultiple gas-phase reaction and membrane reactor
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Substituting for Fj and FT in terms of conversion in Eq. (3-45) yields
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Dividing numerator and denominator by FT0, we have
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Concentration as a function of conversion
Multiple gas-phase reaction and membrane reactorMultiple gas-phase reaction and membrane reactor

Recalling y 0=FA0/FT0 and CA0=yA0CT0, then

(3 46)

Recalling ya0 FA0/FT0 and CA0 yA0CT0, then

  



 TPXvC jjA0 (3-46) 
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where vi is the stoichiometric coefficient, which is negative for 
reactants and positive for productsreactants and positive for products. 

For example, for the reaction

D
a
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a
cB

a
bA 

vA = -1,  vB = -b/a,  vC = c/a,  vD = d/a, and j=Fj0/FA0. 
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Concentration as a function of conversion
i bl l fl tvariable-volume gas flow system

Table 3-4
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Example 3-4: Manipulation of the Equation Cj=fj(X)

Show under what conditions and manipulation the expression for CB forShow under what conditions and manipulation the expression for CB for 
a gas flow system reduces to the following equation in Table 3-5.
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Example 3-4: Manipulation of the Equation Cj=hj(X)
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Example 3-5: Determination of Cj=hj(X)
for a Gas Phase Reactionfor a Gas-Phase Reaction 

Isothermal
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Example 3-5: Determination of Cj=hj(X)
for a Gas Phase Reactionfor a Gas-Phase Reaction 
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= 227+273
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Concentrations as a function of conversion

Li iti t tLimiting reactant
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Reaction rates as a function of conversion
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