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KINETICS OF HOMOGENEOUS
REACTIONS

Every industrial chemical process is aimed ab production of a desired product
et‘o_numlcall.y from given raw materials: Such chemieal process can be thought of as the sum of
_urnt operations and unit processes (that are performed on materials in correct sequence) as 1t
involves a series of physical and chemical treatment steps in proper sequence starting from
f‘{e‘d ﬂ_laterial to product. It is the chemical step — (unit process such as oxidation, sulphonation,
nitration) — the step in which raw materials are converted into product-that decides largely the
sconomics of the overall process. So it is the heart of the. process and maximum attention is

given to this step during the development stage. A piece of equipment in which the reactants are
actor. Design of a chemical reactor

converted into useful product is referred to as a chemical re
properly for given reactions and given process conditions is the aim of this subject matter and
this design activity makes use of information, knowledge, and experience from areas such as
thermodynamics, chemical kinetics, fluid flow, heat transfer, mass transfer and economics.
When new molecules are formed by the rearrangement Or redistribution of the
CO+2Hy— CH;0H.

constituent atoms, a chemical reaction is said to occur. For example :
A chemical engineer wishes to know primarily two important things about a chemical

reaction : (i) can it go ? and (ii) how long will it take ? _ whether a reaction is feasible or not
and if feasible, what is the maximum possible extent of a reaction and time required for a
given reaction for a specific extent of reaction. The first question is concerned with the
thermodynamics (1.e. answered by thermodynamics) and second one with the chemical

kinetics.

Chemical kinetics i
parameters such as temperature, pressure,
reaction rates. The chemical kinetics provi
speed of a chemical reaction and type of rate equa
chemical reaction) which is to be used in design of reactor.

Thermodynamics provides us information about feasibility of a reaction, (i.e. whether
the reaction will occur or not under given set of conditions), heat absorbed or liberated during
course of reaction i.e. heat of a reaction and maximum posS

ible extent of a reaction. We need |
the information from thermodynamics and chemical kinetics in design of a chemical
reactor.

Now we will deal w

Classification of Chemical Reactions:
o classified depending upon number of phases involved as

(1) Chemical reactions may b
E

homogeneous and heterogeneous reactions.
* A homogeneous reaction is one which takes place in only one phase, i.e. all the reacting

materials, products and catalyst (if any) will all be present within a same phase (one phase).
(1) |

s a study of rates at which chemical reactions occur and effect of
and reactant concentration/compaosition on the
des us information about reaction mechanism,
tion (that represents satisfactorily a given

ith the classification of chemical reactions.
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Chemical Reaction Engineering 2 Kinetics of Homogeneous Reactions

Examples :

(1) Oxidation of nitrogen oxide to nitrogen dioxide with air, is a gas phase reaction.
1
NO + 9 0, — NO,

(ii) Formation of esters from organic acids and alcohols in presence of sulphuric acid is
a liquid phase reactioxk_

H,S0,
C,H;OH + CH,COOH = CH3CO0C,H; +H,0
ethanol  acetic acid ethyl acetate
~A heterogeneous reaction is one which involves presence of more than one phase i.e. in
heterogeneous reactions at least one of the reactants, catalyst or products is present in phase

different from the remaining components of the reacting system.
Examples :

Oxidation of sulfur dioxide to sulfur trioxide using vanadium pentaoxide catalyst is a
heterogeneous reaction as SO, O, and SO, are gaseous while V505 is a solid material.

1 V505
SOQ +é 02 — 803

(2) The reactions may be classified as catalytic and non-catalytic reactions.
Catalytic reactions are those reac

tions which involve the use of catalyst to enhance the
rate of a reaction/speed of a reaction.

Ni
Example : C,H, +H, — CoHg
ethylene Heat ethane

Hydrogenation of ethylene is a catalytic reaction which makes use of nickel catalyst.
Non-catalytic reactions are those reactions which does not involve use of catalyst.
Oxidation of NO to NO, is a non-catalytic reaction.

NO+% 02 = NOQ

(3) The reactions may be classified based upon the molecularity of a reaction i.e. based
upon the number of molecules that take part in the reaction (in rate determining step) as
unimolecular, bimolecular and termolecular reactions.

Examples : (i) Decomposition of cyclobutane is a unimolecular reaction.

H,C - CH,

| — 2CH,
H,C — CH, ethylene
cyclobutane

d Ty !
(11) Decomposition of hydrogen iodide is a bimolecular reaction which Involves
collision of two molecules.

2HI (g) - I, (g) + Hy (g)

(iii) Oxidation of NO to NO, is a trimolecular/termolecular ESaei vhich involveg
collision of three molecules.

y 2NO+0; - 2NO;
(4) The reactions may be classified based upon the
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Chemeal Reaction Enginesring 14 Kinetics of Homogeneous Reactions

Type 1 : An unobserved and unmeasured intermediate X" usually present at such a low
coneentration that its rate of change in the reaction system is taken as zero. -

Hence, if we assume (.‘\_ small,

dC,

dt

Type 2 : Whenever homogeneous catalyst with initial concentration C,is present in two

forms - (i) as a free catalyst C and (ii) in combination with reactant to form active
intermediate X then accounting for catalyst gives

= 0

IC] = [Cl+X]
We can assume either
dX”
[
or the intermediate is in equilibrium with the reactants.
k
A & £ & W
ky
(reactant) (catalyst) (intermediate)
. k (Xl
= S (g
Note that trial-and-error procedure is required in searching mechanism that yields the
rate expression that corresponds the experiment. !

Temperature-Dependent Term of a Rate Equation :

For many reactions, and particularly elementary reactions the rate of reaction can be
written as the product of concentration-dependent term and the temperature-dependent term.

r, = f; (temperature) - f, (composition)
= k f; (composition)

It is the rate constant of the chemical reaction that depends upon the temperature. Now we
will see the dependence of rate of reaction on temperature through rate constant of a chemical
reaction.

ature dependency from Arrheniuslaw: |0

Under normal conditions the number of collision between the molecules of gases and
liquids is so high that if any collision between reactant molecules led to ! formation of the ;
reaction product, all reactions would proceed virtually instantaneously. But it is not the case in -
actual practice. For a reaction to oceur, it is first necessary to break or weaken the bonds ;

between atoms and molecules of the-reactants which require a definite 2mount of energy,
colliding molecules do not possess this energy, a collision between them dﬂeaaiaflrmdlﬂnm
formation of new molecule. : ol

The minimum amount of energy which the colliding m

bring about a reaction is known as activation energy (or the ¢

must overcome when the reaction system passes from one state
Lower the value of activation energy higher will_b,g_zat@ at

(as considerable part of collisions between the molecules re "

value of activation energy lower will be the rate at Whl.gh m
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Chem . :
=——2al Reagtion Engineering 16 Kinetics of Homogeneogs Reactions
lf thf‘ C()nct:

vis te ntration dependency of the rate of reaction is not known but rate of reaction
/T MPperature data is available for concentrations, E can be obtained from the plot of In r v/s

A rule of thumb
OWever, this is true
eXample, if the
raised from 500

is that the rate of reaction doubles for every 10 °C rise in temperature.

only for a specific combination of activation energy and temperature. For
activation energy is 147000 J/cal, the rate will double only if the temperature is
K (227 9C) to 510 K (237 °C).

Consider that the rate of reaction is given by
r = k CACh
r = ko eBRT- (% Ch ... (1.20)

ation (1.20) provides a description of the rate of reaction in terms of the measurable
S, concentration and temperature.

Consider equ-étion (1.20). The concentration function ax C% would be constant for

et S S o W

constant COncentrations. Hence, it could be combined with ko to give a new constant k.,,.
Then, equation (1,20) becomes

Equ
variable

r = k, e ERT .. (1.21)
E /1 - :
= .. (1.22)
bl = (T ) Lk,

From equation (1.22) it is clear that plot of In r v/s 1/T yields a straight line with slope
equal to — E/R and hence we can calculate E.

If rate is known at two different temperatures T; and T, then we can calculate E with
equation (1.23). )

To0 U OB ST s
ln\rl _—R[TQ—TI] ... (1.23)

Activation energy is usually reported in cal/mol or J/mol. In all above equations we
have to use T in K and R = 1.987 cal/(mol.K) or 8.314 J/(mol.K).

Actiyation energy significance :

- g——— -

—— e

N4 According to Arrhenius, the reacting molecules must acquire discrete minimum energy

: Activated complex,
‘r Activated complex, 1 transition state
transition state
TETTTTTT, 3 = S
T .S S| > T -g
-3 o B 58
2 % % g Average energy of :&.—o
S < ¥ - products 5E
5 = A H, (+ve) 5 Average energy of
= . ¢ Endothermic S 0 Y™ products
o Average energy of 3 | Average energy of
= reactants _ reactants : m .
Distance along | Distance along e
reaction path : A reaction path
(a) = (b)

'Fig. 1.2 (a) and (b) : Sketch of energies involved in the process of transformation of reactants into

products for elementary reactions
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===eal Reaction Engineering 18

. Change in temperature from T; to Ty (T, > T;) results in gn]jallﬁchgnge in Ink for low E
Indicating that the reaction with low E is relatively temperature insensitive. T
. For large B, the change in temperature from Ty to Ty results in large change InI0
Indicating that the reaction with large E is very témperature sensitive. o
i) A given reaction is much more temperature sensitive at low temperature tha: e
igh temperature. In other words, the reaction rate changes more rapidly at low tempera “;g—-
compared to the change in reaction at high temperatuke for a given temperature change,
from Fig 1.4 it is clear that for doubling the rate of reaction AT = 87 K (°C) at low temperature
and at high temperature for doubling the reaction rate, AT required is IOOO.K (°C). '
The Arrhenius equation was originally derived from thermodynamics.
The variation of equilibrium constant with temperature for reversible reaction of the type

Kinetics of Homogeneous Reactions

LLLELLELLLLLELLLY

ky
A =R
IS given by the Van't Hoff equation :
din K AHg ., (1.24)
dT =~ RT? :
K = K; = ki/k; ;
din (k,/k,) AHg
dT = RT?
dink, dink, _ AHg .25
dT dT ~ RT? '
If the RHS of above equation is divided into two enthalpy changes AH, and AH, such that. '
AHR = AH] —‘AHQ :
then equation (1.25) can be divided into two equations one for the forward reaction and other for :
reverse reaction.
dln k; AH,
dT ~ RT2
din k, _ AH,
dT ~ RT?

Integrating either of the equation and setting the integration constant equal to Ink, gives
a result of the form of the Arrhenius equation [equation (1.17)]. i
- k = k,e-dHRT
—-‘J\/Tem))érature Dependency from the Collision Theory : \zo :
i ~~ The collision theory is based on the concept that before molecules react, there must be
J collision bétween the reactant molecules and only those collisions in which the “colliding
molecules possess a certain minimum amount of energy are effective. This concept leads to
the rate expression based upon the frequency of molecular collisions and the fraction of
collisions that are effective. ' -
Let us first consider the Bimolecular Collisions of unlike molecules -
-According to the collision theory, the rate of the reaction

A+B - products

.. (1.26)

-~

5
-
-

- o-ERT

1s given by
= ( collision rate fraction of effective
~Ta in mol/(l.s) collisions - (1.27)
Fraction of effective collision = fraction of collisions rele asing energy equal to or greater than B
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% 22 Kinetics of Homogeneous Reactions
Thus, AG* = ~RTInK = AH'-TAS'
In K, ={1AS" - AH¥/RT
K’ - o(AS'/R-AH"Y/RT) _ AS*/R  aH'/RT . (1.39)
@

where AG*, AH* and AS* are the changes in free energy, enthalpy and entropy of activation.
Equation (1.38) becomes

Rate_‘ = E?I_T' « eAS'R . g=AH*RT . CA CB ... (1.40)

) If k is the velocity constant (reaction rate constant) of the reaction, the experimentally
obtained rate law -

Rate = kG, Cp ... (1.41)

Comparing equations (1.40) and (1.41) we get
K - ki—T . 6AS'R . g AHY/RT .. (1.42)

Equation (1.49) is the fundamental relation of the transition state theory.

In above equation, the term e25'R is so much less temf);rature sensitive that we may take it
to be constant.

: Relationship between AH* and the Arrhenius activation energy E for liquids and solids
18 =y e

E = AH* - RT
Relationship between AH* and E for gases is given by following equation:

E = AH* - (molecularity — 1) RT

With these relationships the difference between E and AH* is small and of the order of
RT; hence transition state theory predicts approximately that

k o T e ERT : ... (1.43)

Equation (1.43) describes the temperature dependency of reaction rate (through k) from
the transition state theory.

omparison of Theories (¢~  colli Hon ‘choky. LD

N Prediction of reaction rates from a transition state theory agrees more closely with

experiment whereas reaction rates predicted with collision theory does not agree more closely
with experiment. Transition state theory is based on statistical mechanics whereas collision
theory is based on kinetic theory of gases.

Consider A and B are colliding and forming an unstable intermediate which then
decomposes into product.

A+B — AB* — product

Transition state theory yiews that the formation of activated complex is very rapid
whereas collision theory views that the decomposition of activated complex is very rapid,

Transition state theory views that decomposition of activated complex is slow and rate
determining whereas collision theory views that formation of activated complex is slow and
rate controlling. ) an

Transition state theory approximately predicts the temperature dependency of reaction
rate as : :

kK o T.eBRT

Collision theory approximately predicts the temperature dependency of reaction rate as
k o TU2 o-ERT

=
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~hemical Reaction Engineering 28 Kinetics of Homogeneous Reactions

From above relation we have,

. i1
Rate of formation of Py, = 4 'rate of decomposition of PH,)
1 ) -
= (2.4 %103 = 0.006 =" 6.0 % 10~ mol/(l.s) . Ans,
. X 6 *
Rate of formation of H, = 4 (rate of decomposition of PH,)
3
= 5 (24 %103 = 3.6 %103 mol/(l.s) . Ans,

\)»Ex._ L8 : The following table shows how the concentration of reactant A varied with time
I a particular experiment.

7[_') ;_ Time (min) Concentration of A (mol/l)
‘ 0 2.77x 104
18 232 x 104
! 31 2.05x 104
; 55 1.59 x 104
! i) 1.26 x 104
| 157 0.58 x 104
| o 0.00

(a) Plot a graph of concentration of A against time.

(b)  Draw tangents to the curves at 10, 50, 100 and 150 minutes and calculate their slopes.

(¢)  Plot a graph of rate of reaction against concentration of A

(1) Find if the line passes through origin. Explain.

(1) With the help of graph, state the relationship between the rate of reaction and
concentration of reactant both in words and mathematically.

(i11) Find the value of rate constant from graph.

(iv) What is the order of reaction ? s

Solution : (a) Plot a graph of concentration v/s time by taking concentration of reactant

A along the vertical axis and time along horizontal axis.

BESmmmnee
2.8 Kb : g
(e e T i
24 &= i i 3
: = T ; : i E :
2.0 A e
N 55 5 S i i
&) e it -
1.6 ""‘: =i 3 "'_.' ERAEE
,i; TIETENITY X 14801 511 i & bt
1.2 S | :
1%4 & : # 11
0.8 fi= S i g
S SR : :
0.4 HEmHiie s e il _
Sar S : : 1 =
BiEjiE =i RISCE At
0 20 40 60 80 100 120 140
Fig. E. 1.8 (1) ;: Concentration v/s tim
; S
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Chemical Reaction Engineering _29 Kinetics of
(b) R TR = T8
Time l Concentration Slope By *
— mol/! mol/(l.min) mol/(L.min) |
10 | 250 x 10+ Cp74x 1041125 | 244x10° *
B0 | 166x10- — 2,49 x 10-4/151.5 164x10° ,
100 | 1.04 x 10~ _0.04x 1041995 | ' 1.02x10° *
105 0.63 x 10~ _158x 104249 | 0635x10° | =

axis an

i

(c) Plot a graph of rate v/s concentration by taking rate on vextical
concentration on horizontal axis. :

it ied

3
i
4
guSasusnes

SRR 3
e s e et

LR el

I HAH
pes
HHHHAH
-

Cpx 10 —»
Fig. E. 1.8 (2) : Rate v/s concentration of A
(i) Line passes through the origin. At the origin, the rate of reaction 1s zero as the
concentrat:on of reactant is also Zero. :

T 2.5 T
| I SRR RS G
2 FI‘H] H »e T 1
® I H . ST .
= - it i At
0 Eff mm i g R i
o |t “:ti ,. ;
@ : cl
m y o ! 2
1 1 };..
..:.: r . {_ =
- B
: S : i = H—._h-: ._ Hi
e e 4 0 1=u el fndens e iod | L}
8 5111.0541.532.05 25;: ik HE
5288k e sndPUTTTEES as F U1 11 A i
B Fﬁ*ﬂl HM L Q _

the reactant.

Rate o« Cu
Rate = kCy
(m ) The graph of rate v/s concentration is a straight line with slope equal to k.
A rate
k =slope =

A concentration

2.44 x 10-% mol/(/.min)
2.50 x 10-* mol/l

9 76 x 103 (min)~!

1

power of concentration of A |

Ex. 1.9 : Concentration - rate data for the decomposition of N,O5 at/6
2Ny05 ;) — 4NOy i+ Oy

TD Concentration, mol// 0.113 0.080 0.056

Rate, mol/(/.min) 0.039 0.028 .039
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(b) What are th
Solution :

Kinetics of Homogeneous Reactions
rr P lot a graph of rate against the concentration of N,O; and answer the following :
- (i) What ig the rate expresgion for the reaction ?
r- (ii) Calculate the valye of rate constant
lution ; g N2Os — 4 NO, + 0,
r: rom the datg given, plot a graph of rate v/g concentration
o= T T
r- 4 L e
- iR i Al
- ; i 'm‘ . 5‘ ' 3
- e i
r Y i) il
- .~ .
i T i 3ttt H
l p i S o ol
o : 311 i & T -+-m~ i i
I ¥ 3N i: ; u”:I e hi y T
— Flg E. 1.9
. ' Draw the line Jolning the points located on graph. It is a straight line Passing through the
| | g
I origin. Therefore rate is directly Proportional to concentration
r Rate o CN2O5
g Rate = k CN205 ... Ans. (i)
' From graph, k = slope
: - 0.085 mol/(Z.min) [0.035 ¢
1 - 0.10 mol/! 1 0.10-0
; = 0.35 (min)-1 ... Ans. (ii)
: Ex. 1.10 ; Concentration v/s time data for the reactions is given below g
il Nyl A 5 R
A " BEISE L s nllE, den’ |
- 5 Time (h) Concentration of A, | Concentration of R, '
mol/l ! mol/]
i
f 0 0.100 0.00
. L 2 0.050 = 0.050
00
5 : T =
Time (h) Concentration of B, Concentration of S,
~_mol/l ___mol/l . )
| 0 0.10 0.00
,‘ 2 0.075 0.025
. - v \\4
Ij (a) Which reaction proceed at the greatest rate ?

e rates of formation of R and S ?
A SR

doj L ie,ua),
Rate of reaction-1:  Rate-1 - 4____[ A A]

t—t,

mq
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SOIution :

Plot of |

Fro |
m djita Blven, tabulate In k and 1/T.

 mx

R - now the slo
= 1,987 cal/imol.

€Mica| Heaclian En Ineering
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Kinetics of Homogeneous Reactions

K).

In k =

~E

R—,i; +C
n k (on y-axis) v/s 1/T on x -
Peé we can get

/T

axis yields a straight line with slope equal to — E/R.
value of E (activation energy) in -cal/mol as

310 K.

ke In k,
! 273 3.63 x10-3 2.46 x 10t5 12.41
[ 293 3.41x 103 475 x 10t 15.37
|' 313 3.195 x 103 576 x 10F° 17.87
- Mﬂ.& x 10~ 5480 x 1015 2012 |
e
f':{i: il i '
ISR e 4| 134
i # ’.', ﬁgi: EHE
: i !‘1 ‘.' T H Il ,-;;: el -:'..,.!. :
2 H _: = Ili:,___ - " : x =i it - : ‘“E ‘
From graph’ n_-, i : ‘,_‘ . S = :'l“A S it aﬁg :
SJUPE — R T 45 24 RIS ETEES: ..‘-I : - ‘1 'T 3 .ii:l:::_"
_ —(18.9-14) % St i % i SR
- (85-31)103 [ e LREE ==
: it r---:u--.. ety ::,- ..E I IITITIe .E::?:E.
= —12250 ;-Jg,j' ;;M'I'!!';: i i "SR ‘éi'ﬁ'- e -:-_ T'E 5

= —12250 Fig. E. 1.15

=

: = 12250 x 1,987 = 24341 cal/mol ... Ans,

| fL 1.16 : A reaction 2 Hlg) — H, (g) + Iz (g) is studied over a range of temperatures, The
res :

obtained are tabulated below.
mmperature, K! 633

1.7 x 105

666
1.07 x 104

697
5.01 x 104

715
1.05 x 10-8

81
1.51 x 10-3

Rate constant
k, //(mol.s)

ST
(1) Find out the value of activation energy graphically using the given data
(ii) Determine by what factor the rate increases when temperature rises from 300 K to
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~—2hical Reaction Engineering 46 Kineties of Homegeneous Reactions
- . - . : :
> Putting value of Ceoel” from equation (4) into equation (1), we get,
d Caon ke ka2
[ _ =600y Kp g\ B
n I ke kg\V2
| at ki = ki R e |
ks (K,
s 32
i : Ycoay = ky Cep Cel, .. Ans.
n S0 the mechanism-I agrees with given experimental forward reaction rate.
[ CO +Cl, = COCl, (given reaction)
- k,
can be written as (as it involves two elementary reactions)
= k '
> 5 < . . .
I (A) €O +Cl, — COCl, (formation of phosgene)
S, L&
B (B) COCl, — CO+Cl, (decomposition of phosgene)
- N_OW we will derive the rate equation for decomposition of phosgene i.e. for reverse
oy reaction (B},
-‘ As the step-3 is rate determining one, the rate of decomposition of COCl, is given as :
f— Step 3 : Reverse reaction :
. . ke -
o COCl, +CI° — COCl" + Cl,
—dCqq
v it 4 - \
=Tcocl, = @ - 5 Cooon, *Ca we (B)
k 12
‘Ve h e o= =3 -
ave, Cc[ k.i C'Ciz
Putting value of Cg" into equation (5), we get
Yoo =S0den o LR Ry T
cocl, = a0 - "8 Seoorp |, Ca,
Let ky = kg (kg/ky)V2
1/2
—Tcocly = ky - Ccoci-,g “Caiy ... Ans.

Hence, mechanism suggested agrees with given reverse reaction rates, so the mechanism-
I is consistent with the given experimental rates,

Ex. 1.32 : The gas phase decomposition of azomethane

{CHa}g NQ. —: CQHG -+ N2
proceeds with rate

ki Chzg
ENg = m . where AZO = azomethane
Devise a mechanism to explain this rate.
olation: (CHg); Ny — CpHg+ Ny, gas phase reaction
follows the rate law

2
kl CAZO

VU VU U UV UVULUUL ULV

s T Tol Cazo * where AZO = azomethane
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interpretation of Batch Reactor Data

: Chemical Reaction Engineenng 85

In case of constant-volume system, the second term dro
expression

ps out and we have simple

dC,
7
For variable-volume reaction system, the two
from experiment for finding r,.

terms of equation (2.93) must be evaluated

For constant-volume reaction systems,

dC, ... (2.94)
ho= g

For variable-volume reaction systems,
I A3

The equation (2.94) is applicable for constant-volume batch reactor and the equation (2.95)

is applicable for variable-volume constant-pressure batch reactor.

By making use of fractional conversion instead of concentration as a primary variable,
we can avoid the use of cumbersome two-term expression [equation (2. 95)] for the variable-
volume reactor and this is done by treating the relationship between the volume of reactl_on
system and conversion to be linear. For the volume of reaction system varying linearly with
conversion, we write

V = V,(1+e5X,) ... (2.96)

( where g, is the fractional change m,,volume of the reaction system between no conversion and
complete conversion of reactant A.

_ Vxp-17Vxa =0 (2.97)
Ep = v R L
XaA=0
Xaml = volume of reaction system at complete conversion
Xp=0 = volume of reaction system at no conversion

€, 18 also defined as,

change in total number of moles of reaction system
when reaction is completed

€A = total number of moles fed to the reactor
Following examples will clear the procedure of calculation of €,.
Consider isothermal gas phase reaction

A - 3R
By starting with pure reactant A, one volume of reactant on complete conversion yields

three volumes of product.

il dr s 00

Ep, = 1 =2

With 50 mol® % inerts present at the start, two volumes of reactmn mlxture yield on
complete conversion four volumes of product mixture.

4-2
'55—2 =10

for 50 mole % A + 50 mole % inerts.
hWV—
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®mical Reaction Engineering : “

For 100 moles of initial reaction mixture :

no conversion on complete conversion
50 mol of A 150 mol of R
50 mol of A 50 mol of inerts
Total = 100 mol 200 mol
o 2001;0100 - 10
For A - 4R

with 60 mole % inerts and 40 mole % of A.
For 100 moles of initial reaction mixture :

on complete conversion
240 mol of R

40 mol of inerts

Total =280 mol

no conversion
60 mol of A
40 mol of inerts
Total = 100 mol
T 280100100 18
Hence €4 accounts for both the reaction stoichiometry and the presence of inerts,
Vgriable volume or density enters the picture when we express the concentration as 3
function of conversion.

Concentration of reactant A at time t is given by o
Ca '
We have
and
I CA o Ao P XA) .
T (F+epXp) ... (2.98)
( /-C AdA
Ca _
Y o
(1+¢pX4) Cy
Ca+CpreyXy = Cpo—CpoXa
s EAX'A = I—XJA
_ _1-Cu/Cy,
i XA = T45,CalCas .. (2.99)
Rate of disappearance of A1s given by 71—
_ 1 dN,
S

_ Nid(1-Xp)

}
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8/75.3
Similarly, n

1+log 400/300
197 =2
Thus, the order of the reaction is two.

ition
Ex. 2.6 : From the following data, show that the decm;lg;i S atant)
aqueous stlution is a first order reaction. What is the value 0

)
Time, min 0 10 0

' 126 | 96
’77”1' odly L2 LR m definite volume of HzO;e_ d

where 'N' is the number of ml of KMnO, required to decompose a
solution,

Solution : The initial volume of KMnOj, Vj, (i. e. when t = 0) col
concentration of Hy0, (i. e. Cy,) and the volume of KMnO, at any time 't
undecomposed H,0, at that time (i. e, C,). :

As decomposition is a first order reaction, for first order reaction, we have :

1 Chro
k =¢ln (Cn)
CM = 25m]
For t = 10 min, C4=20ml

1
k = 0 In (25/20)

= 0.0223 min!
For t =20 min, Cy = 15.7 ml
1
kK = 2 In (25/15.7)
= 0.02326 min!
For t = 30 min, Cy = 125 ml
1
ki = 20 In (25/12.5)
= 0.0231 min-!
For t = 40 min, Cy = 9.8 ml

1
k = © In (25/9.8)

= 0.0239 min-!

Average value of k (0.0223 + 0.02326 + 0.0231 + 0.0239)
(Rate constant) 4

= 0.02314 min!

Ex. 2.7 ;. The half life of a first order reaction A B is 10 min, What per cont of s
10i0s ent

remains afterGO min ?

0.693
e
k = 069310 = 0.0693 min-!
For first order reaction, In C,,/Cy=kt /
t = 60 min, k = 0.0693 min-1
In CM)'C“ = (.0693 XGO

Solution : tw =

Scanned by CamScanner
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100 interpretation of Batch Reactor Data

Chemical Reaction Engineering
Using the above equation, we get from data :
0.08 = k (1.0)*x (0.5)° - (1)
and 0.02 = k(0.5 x (0.5)° - (2)
Dividing (1) by (2), we get
0.08 k (1.0)« x (0.5)
002 - k(0.5)"x (0.5)°

]

e

= 2¢

o = 2

Thus order with respect to A is 2,

Similarly 016 _ k(1.0)*x (1.0

' 0.08 ~ k(1.0)*x(0.5)P
2 =% 2 f=l

Thus order with respect to B is 1.

Overall order of reaction=a + f = 2+ 1=3.

Ex. 248 : For the reaction A — Products
the followfng data were obtained at 25° C, in which the concentration of A is give
intervals of time :

... Ams.

n at differemnt

t, min. 0 10 2 30 40
Ca, mol/l 0.860 0.740 0.635 0.546 0.405
Find the orp_lggpjmantion,-&nd calculate the rate constant and the half life period.

-~

Solution: A — Products
Let us try first order reaction.

_ 1. (Ca
e

t, min, C,, mol/l k, min!
0 0.860 - =
10 0.740 0.01503
20 0.635 0.01516
30 0.546 0.01514
50 0.405 0.01506

It can be seen from column 3 of above table the first order k is nearly constant at different h

times. Therefore, the given reaction is first order.
Average value of k = 0.01509 (min)~!

Rate = kC,
Rate = 0.01509 (min)-. Ca ——
: ) 0.693 0.693
Half:life period =tz = 1 = 501509
= 45.92 min. B
.2.19 : At certain temperature, the half-life periods and initial concentrations for a
reacti::}}are ~ \_//v

\

typ =420, C,, = 0.405 mol/! ,

tp=2755, C, = 0.64 mol/
Find the rate constant of a reaction,
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', Chemical Reaction Engineering 106 Interpretation of Batch Reactor D
P Integrating we get
(P-Py) = k't
"r: 298P, = 200K
- 950 —-P, = 400k’
r. Solving for P, we get
P, = 206torr
F k' = rate constant = (P-Pylt
.,_ﬂ For P = 228, Lo 228-206 149 (torr).(e))
m '
-r’ FOI‘ P -~ 250, k' = %ﬁ = 0.11 (tOW)-(S)_l
3 For P = 273, k' = 273-206 _ 111 (torr).(s)! l
_ 600
18 — 206
. For P = 318, = 3_1_066_ = 0.112 (1:01'r).(s)l“1
As we are getting almost same value of k' for all the total pressure data, value of order of

reaction assumed is correct.
The reaction is zero order and value of rate constant

0.11 (torr).(s)!
(0.11/760)/(0.08206 x 1129) :
— 156 x 106 (mol/l) (s)? ... Ans.

I?\é/fz«i A polymerisation reaction occurs at constant temperature\m a~homogeneous
phase. For initial monomer concentrations. of 0,3, 0.5:: and 0.9 1 mol/l, 30 % of the monomer

reacts in 40 rpmutes Find the reaction xate_ -
~ Solution : Conmder the polymensatlon reaction to be first ordg; W.I. L monomer (A).

k ln (Car/Ca) : : + -

k = k'/RT

w;m

v

N

=
v

CETTTTT

In t = 40 min, 30 % of monomer is reacted
(1) Cy, -f’O.3, A reacted = 03)(03 009,
Ca = 0.3-0.09 = 021 moI/l

ok lmismzl) 0.00892 (min)

(2) Cp, = 0.5 moll, A n_aacted =0.3%x05=0.15
Cy = 0.5-0.15 = 0.35 mol/l y R
1
k= 0 In (0.5/0.35) = 0.00892 (min)-!
(3) Cp, = 0.9 mol/l, Areacted =03x0.9= 027
Cs = 0.9-0.27 = 0.63 mol/l

1 .
k = I In (0.9/0.63)i = 0.00892 (min)!
As values of k are same, the reaction is first order. ,
Rate of reaction =—r, = 0.00892 (min)! C4 . .o = Anm

et e e ]
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Chemical Reaction Engineering 109
(v) Att = 80 min, 9% A decomposed = 65 ﬁ
' X, = 065
1 1
k=g ln(l—O.Gﬁ) G1
= 0.01289 min™! 3 -
n is unity 1.e. decomposition

. Since the values of k are fairly constant, the order of reactio
1s a first order.

Ex. 2.28 : The concentrations of a compound undergoing
and 1.96 at the times 0, 20 and 50 min from the commencemen
of reaction. :

Solution : Assume the reaction t&; be first order then,
T

chemical change were 5.72, 3.2
t of reaction. Ascertain the orde

g4 d

k = 1 In(Ca/Ca)
At t = 20min, C, = 3.23 mol/
Ca, = 5.72 mol/l (concentration of Aatt=0)
k = ‘;6 In (5.72/3.23) = 0,01241 min™!
At t = 50min, C = 1.96 mol/
k = o In(5.72/1.96) = 0.069 min'!

Since there is a large variation in k values, the reaction is not unimolecular i.e. it 1s no

first order reaction. .
Assume the reaction to be second order then,

J2INT NNy

) 1. 5
4 [CA ?.CAo] ¥
1|l 1 "
k =3 [CA—CM]
At t= 20min, C4 = 3.23 mol/!
L[S =i e
k = 2 [3'23— 5.72] 0.00674 (I/mol) (min)
At t= 50min, C;, = 1.96 mol/!
1 1 1
| [ SRS T o |
k = 50[1.96 5-72] 0.00671 (/mol) (min)~

Since the k values are fairly same, it is a second order reaction.

Ex. 2.29 : In case of gaseous reaction, the period of half chang@r different initia!
oncentr}tii;—ns Ca, is given below. Determine the arder of reaction.

For first order reaction ty is independent of initial conqentrajiion In the data
different for different values of Cy,. So reaction is nolrsto e

N " | Cag (molh) | 3 10 5 | 2
%“'M 'té“n/. ~—tgbh | % | 201 [ 133 ] 10
9’§Solutipn:

provided ty 18
For second order reaction,
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Lhemical Reaction Engineering 110 Interpretation of Batch Reactor Data

If we get fairly constant values of m for all the data then reaction is second order.
(1) m tin XCy, = 405 = 200

(1) m = tin xCy, = 10x20.1 = 201

(i) m = t,xC,, = 15%133 = 1995

n

(iv) m = typ X Cy, = 20x10 = 200
Since the values of m are fairly same, the reaction is second order.
Alternatively,
In I:1 ,,thm
N = e
In (Co /C,,)

For t =40h, ¢t =201h, C = 10mol, C = 5moll
= 12 0 0

In (40/20.1)
= 1+ o) - L8 =2

For t =201h, ¢ =133h, C = 15mol, C = 10 mol!

In (20.1/13.3)
In (15/10)

tue =133 h, tm =10h, C = 15 mol/, C = 20 mol/l

In (13.3/10) g‘
n = 1+ o5 = 1991

n =1+ = 2.098

\p}rhus the order of reaction is 2 ... Ans,
YPO The time for half change (ty,) of a gaseous substance undergoing the thermal
sition

decompo n was determined for various initial pressure (B) with the following results :
PmmHg 250 300 350 400 450
t1/, min 136 1125 97 85 75.5
Find the order of reaction. W Sy W

Solution : As the pressure of a gas is proportional to it concentration, we can use P
instead of C,,, the initial concentration.

As t, is not constant in the above data, the reaction is clearly not of first order.
For second order reaction, we have, :

1
tw ec q
Cro > Pao
Pa "= P, (pure A lmtlally)
ty = UP,
tyn- P, = constant
P 250 300 - 350 400 450
i 1% 1125 9 85 75.5
Pxtyp . 34000 33750 . - 133950 34000 . 33975 .
Since the product P x, ty5, is fairly constant, decomposition is a second order reaétion.
Order of reaction -‘-@ - .. Ans,

i

e
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Partial pressure of A is related to total pressure by

a
Pa = PAo—H (P-Py)
a=4’m=1+6‘—4=3
_ pPa, = P, (only phosphine initially)
4
pa = Po"g (P-PD)

pa = 2.33P,—133P
pa = CoRT = 233P,-133P.
C, = (2.33 P,—1.33 P)/RT
= dC, = - 1.33 dP/RT
Reaction is first order -

_dCu/dt = kCy
1.33 dP k ;

P
dp
ot PJ ©33P,-138P) ~

‘In Py—In (233 P,—1.33P) = kt

In [Py/(2.33 Po—1.33P)] = kt
[Py/(2.33 Py - 1.33 P)] = ekt

| P,=1atm,k = 328x107%s

For t = 508
1 _ 328 %1073 x50
233x1-133p) ~ °©
P = 1.114 atm
Fort=100s, P = 1.21atm
For t =500 s, P = 1.61atm

. 2.33 : An aqueous solution of ethyl acetate is to be saponifie

The initial concentration of ethyl acetate is 5 g/l and that of caustic is 0.1

of second order rate constant at 0 °C and 20 °C are k = 0.235

respectively. The reaction is irreversible. Calculate the time required t

at 40 °C.

" Ghemical Reaction Enginesring 118 Interpretation of Batch Heactor Da
N
CA = V&‘
Np = Np-Xp= No-Xa
N,-X
CA & UV A
C o} §£ No (P b PD)
A=V T 075 VP,
o . Po 133(-F)
AN T TN A
Cx = (233 P, - 133 PYRT
OR
4A > R+6S

prrrrrrrrrrrted
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Interpretation of Batch Reactor Data

P (mmHg)
P (atm)

200
0.263
5414 x 1073
-5.22

240
0.316
6.5 x 1073
-5.04

0.368
757 x 1073
—4 88

320
0.421
8.67 x 10~
—4.75

360
0474
9.76 x 103
—4.63

67
4.20
... Ans.

104
4.64

115
474

265 186
In t.ug 5.58 5.23
From graph, order of reaction, n=3.5

S R R R e e R R e [ e i e R g;
"'"'I”" 3 5 oS “‘” fots ::ﬁ%::::"' A R 2R it i HH W:
T;t =1 : t it i i g e e |
Ein S i i
t it i i
T : i i i
H'M* : $ ii H -I--E ! :Eé;
i [i8sss s ¥ ::!!:4.1.:!:::::1.;1.:::...." S fiii i
S assannas i1 n- i H ::m:ﬁ: i | _ﬁ_ s
:5.5 e G -
5 4 i gt
ud RREL: i i HHt 5 Hi 5-13 = 4.?'
S i Slope = ~(577 53)
R 4 E # T = 252
T i T S et 5 _5.51 -4.3
o wt SIoPe =(5754.67)
_é‘l rn- - iR i T T 1'* . = -2.52 Eé
ot g " HEEE (1-n) = —2.52 EE
T : *' i oy .:F : n=3.5 E%
S 2 4.0 ot i fis i
S5 s e -'-13--“ ::43.. t T HHHTH
H Hi T 1
548 s i il
3 $eiigsiasiinis R
47 for
46 2
4.5
4.4 * dn 3
HE i = ‘
4.3 FEe : ‘
4.2

4.1

RAE AABERANENS IHRSI BAAEN RRNASaHI
Tt THIE T +
v
3
o
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Interpretation of Batch Reactor Daia

Chemical Reaction Engineering 129

i XA,—(2XM—1)XA}
Xae — Xa

0.527 — (2 x 0,527 - 1) x 0.107] _ 51¢

& 0.527 — 0.107 !
Plot In 2 vis t, which should be straight line through the _prigin.__
oo L i
i 1 e HH _ 1.8—05 T FH

: T Slope = 275 - 13?'.53 R

: = 6.545 x 10 g :

In z

......

‘rr':
41
-

i

i

2.6 - R : Eablitanentatacia

2.4 HHEE i
H -:l.. n.;“

o

: ; gaemes ann : 1
S8 B - e i1 T + - 1 $r o 11 1
EEEE 1 2l - Higr - o
L e - 58 M
444+ Lidagaetd
FIREs - ] ERsasssaEEIRIEALEL
: 2RIy $ T - ] H i

H
4 !.g..
zausey

=

e

1.8 i : H

1.6 T : tHi grssiat it IS dEsianiy HHHTH

uuuuuuuu

T T 11t +
i 1T 1 ‘: et
it t 1
H s v
v g -
1 4 i e >
Ld LT 1 L 1 IaRws e
T 1 1t Hi
1 a1 1 .
sEeaes 8 4 13
L = LHIT

"2 e : E*’ﬁ HE i Fﬁﬂ? .

.....

1.0 § B

0.8 RS R

0.6

0.4 B

0.2 HifEE:

L
i

aRE Y e HiH s : s : THH i HH
50 100 150 200 250 300 350 400

'=—" Fig.E248
6.545 x 10-3

1
2k1(§;-1)0&_

1 _
21(1[0.527 — ] x 55
ky = 6.63x10* (mol/l)"} (min)-!
At t=oo, Cp = 5.8 mol/l (see data given)

Cge = 5.8 mol/l (as concentration at infinite time is

Slope

6.545 x 103

6.545 x 10-3

2 PPPPPP PIJJLPJJJJJJJJJJ-
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' :Mﬁwmmg 130 Interpretation of Batch Reactor Data

=, Uy calculated = 2.6 mol/l
Cype = 2.6 mol/
“ e have, Cp = Ca

ﬁ Values at t = « represent the equilibrium values.
ky CR«

F SR ko . CA(- CBL
k, CR (5.8)2

- By G ]
I" ky = Cpe? ~ (2,60 =497
- - k, = 663x104/4976 = 133x 10

: A small reaction bomb equipped with a sensitive pressure measuring device is
flushed™eut and then filled with pure reactant A at one atmosphere pressure. The operation i8
carried out at 25 °C, at which the reaction does not proceed to an appreciable extent. The
temperature is then rapidly increased to 100 °C by plunging the bomb into boiling water and the

following data is obtained.
t, min 1 2 3 4 5 6 7 8 9 10 15 20
—

LF’,alm 1.14 1.04 | 0.982 | 0.940 | 0.905 | 0.870 | 0.850 | 0.832 | 0.815 | 0.800 | 0.754 | 0.728

The stoichiometry of reaction is 2A — R, and after leaving the bomb in bath over the week's

: period the contents are analysed for A and none can be found.
Find the rate expression in units of moles, litres, and minutes which can satisfactorially

fit the data.
Solution : 2A - R
) A reaction bomb is a constant-volume reactor.

l Initially A is at 25 °C (298 K) and 1 atm pressure.
D Before reaction A is at 100 °C (373 K) at pressure P, (not known) which can be calculated

r ~. Rate equation is : |
| VE/ —rp = (6.63x104)C,Cp~(1.833x10)Cy ... Ans.
\

P,=? Ty = 373K, V=V,
As constant volume reactor, we have
Vi =V,
T, T,

P2 ‘-'-': (,;_T) Pl

73
G%)xl 95 atn

2 P;=1latm, T,= 298K V=V,
2

P, = 1.25 atm is the total pres';sure of the system before the
commencement of reaction, so it is the initial pressure.

? . P, =P, = 1.25atm
As mltlally only pure A is there in the bomb, !
, Pa, = P,=125atm °

1.25 atm

Pao
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chemical Reaction Engineering 133
— ts to the
For this procedure first plot graph of C4 v/s t, draw smooth curve cipn (:11‘8\: t#l;iir; drawn.
curve at various values of concentration (C,) and find the SIOPES. Dl
The slopes of the tangents are the rates of reaction at various values of Ca.

Slope of tangent = — df—t'\ =—Taj-

So obtain (-ry) — C4 data from the plot of C5 v/s t.
T i e R
1 1 pat
0.04 {4+ : = Fi B jii: =t
[ i = ias imiiiin HH -
0.035 Hji =it T :
i :1‘: : e - i
. it 42
b b4 + {4 i
R : H
: ; : !‘ : (4~}
0.03 b HEE : : i :
It' i __;_! 11 THH T - T =
5 '+ ] T 3 e
& EE
i : i g
0.025 Fif iR i : .
H = T g
) : - il i
0.02 M['l * 2 ' Hijisis 4 ‘f : i b o
; i v B 2 T 11 - 1 = H 4 b4 +-4
i i : : 15§
1] e FHH T e H i HH
0.015 [T e 5 i s
I“‘.—— = 133 . b . 'I L # :; = ﬂ.:——-
i il B R, U i
- HEH
0.0‘ ; s s i Elﬂ: B ' it H T
: R N il it
= ¥ ¥ HH .g :’
0.005 Bl Hii T e, § R
e HE i : ;; : i
i - R ' s B it

EmEm
"o

0.0 e 0 12 14 15 18 200D
t —>
Fig. E 2.49 (1)

From graph of C4 v/s t:

(i) Cy, = 0.0125 moll, slope = 862x10¢ \ s

0.0125 - 0.0075 Ly \
slope = “T T < gkt

(1) = 862x10% mol/(/-min)
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T Chemical Reaction Engineering 135 Interpretation of Batch Reactor Data

Order of reaction is 2.03 = 2
Intercept = 1.75
Ink = L76
k = 575 (//mol) (min)*

So values calculated and obtained graphically are almost equal.

_rp = 5.75 (U/mol) (min)"! Cy .. Ans.

Note : It is usual practice to obtain the values of n and k graphically as order may not be
always 1 or 2.

HHETHEHEEE £ e p i S B LR 1 THHE
553 u-tgi SRR : 11
HEHH R 23 =H HE -7.25- (-4 TS
o 5 5 2 2 3 =it e —_ i 1
it OPe =25~ (2.9) ik
HHt > = pos Trwes S . ’ ¥ e
Hiils % 33 HHER , 23 $
H > aaseie : T
HiE b 3 53 H i +
HitiEa Rl L =2.03 it
s = S ie $
e - —o e 1 1
> : <7 1541+ i
14 seeaERTIaRECIniiRaaaie e Hoh vs
== =t 1 Hih
oF 1
B s
t HiH T THS
HHER T 1 T :
Hite s catd e s THit 7 Il i
A e T T g = bs CYRd - 3 Ml
BRI e b LR e d o1 i 101 2 eess RIS : :
THRE 8 B B4 8 B t i = 1
i T : ezes T SEREIuEiEaRs Heea ==
t tH = N B o ==
iaiEizareys H = i
S Hs 3 § i b HHEHER NS 15
TS R HREEE B e (HHEH i-“- —4qii!
= T
A A R H e et Le ¢ w11 = P e 5 b B
HHH= : s i1n Hah s LI 4L i
1 = : -] o a4 -t T I % T
] i BRI RIS L
1 e ‘s o o - ok ai e bosais
e ved ] 1 : S H et
1 = T Gu : —ii1
r--E—'I ! Sebes 1 HH SERIS R i
. 1 11 HHERTH
1 e } : HH
1 s 2 4 -4 -4
4 a3t i =SEEE : : v 7
anbsy boupmaErsdy 2 5 7 w rs. FaPe B REREE Y B 1] Rk + b3 &/ 1111 i H
e 1 HEH > red ba 11 .
te '"","“ TR 0H I T e i1 e i 1 % 1 i
1hapusy b g P = v T = 13 86288 et S R e ey + { : !:_. -
A e e gta e e : SEeatete e + T i
i b : e Ta 1 : . e
i 1 T B ro s = R 3 = 1 e i t
I : s Eifdpinazeiard e
1
—_ 3 TR = H spssispiers il fl = T = 11 1R i 1}
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T = SR HE v
J -3 =i i et e ; i
Jan ey mre . - +
. H : = i : t i
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Ex. 2.53 : For the series reaction of the type D 't/

y ¢ - k
=l X A X » R—=238, k =k,

Find the maximum concentration of R and the time at which it is reached.
ky

k
Solution:A——— R S, k= ky
The rate equations for components A and R are
dC,

DA = dt =-k; Cy

dC
Ip = —Jt'g" :kch_kzc‘n

Integration of equation (1) yields
—In (C4/Cp,)

PPPPerrerrPPPPPRPPEREY

kyt
GAO = e‘fhﬂ.

—_— - - — - —

L

£
1l
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mical Beaction Engineenng 149 Interp
X4 = 050
— ll’l {]. - XA) - kt.
b = ln '[l =alu i —= g
)L 050) = kx3 .. Ans.
k = 0.231 (min)!
e of A as per the gas

| Ex. 2.57 : Calculate the first order rate constant for the disappearanc ]
_ phase reaction A — 1.6 R if the volume of the reaction mixture, starting with pure A Increases
~ by 50 % 1n 4 minutes. The total pressure of the system remains constant at 1.2 atm and the
~ temperature is 25 °C,

Solution : A > 16R
o 1'61" 60
For first order reaction,
“"ln (1 -XA) = kt _ -
V= V(e X kit -1 - y-ve )J
o (V=¥ 1 ; v /i
A = ( Vu )EA e
V is the final volume and volume increases by 50 % therefore, Wy ey 2y
Vi =100V
18 Ve e,
Xa = ( V, )(0.60)' .
X, = 0833 ;.
—In (1 —0833) = kx4
k = 04474

045 (min)'l y ( - s AnS.

Ex-.f?{s : A zero order homogeneous gas phase reaction with stoichiometry A — rR proceeds
in a constant volume bomb, with 20 mole % inerts pressure rises from 1 to 1.3 atm in’ g‘mm M
he same reaction is carried in a constant pressure bateh reaction, what ‘is the fractional

lume change in 4 minutes if the feed is at 3 atm and contains 40 mole % inerts ?
ion: A —>r1R "’ SR b : «
For constant volume reactor, pressure rises from 1 atm to 1.3 atm in 2 min,
P, = latm, P = l.3atm
A — 80 mole %, Inerts — 20 mole %.

SEESEREEEEEEE

rrrrf

For 1 mol A, Moles of feed = 01_8 = 1.25 mol

Moles of R = r mol, moles of inerts = 0.25 mol. i w
An = (r+025)-125 =(r-1) '
a = 1 X :

Partial pressure of A at any time t is related to total pressure by

d
Pa = Pa — An (P_PnJ
' : 1

PA = Pao — '“_—1),(1.3,-1J
- 0.3
PA = Pa — i)
Pa—Pan = —03/r -1)

DS par = |07 =TI S
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162 Interpretation of Batch Reaclor Data

Chemical Reaction Enginearing

For pure A initially i.e. at t =0
Pa = P, = 312mmHg

Q} Pas is the partial pressureof Aatt =0
-
[

P4 is the partial pressure of A at any time t.
Let P is the total pressure at any time t. Then

' P = P, + risein pressure
- At t = 390s, risein pressure = 96 mmkHg
1 g P = 312+96 = 408 mmHg
= ts 390 7 | 1% | 3%
;'| P, mmHg | 408 488 52 | 788
._3, pa at any time, in constant volume reactor, is given by equation
i 2 ((P—P;)

_D- _ PA = Pa~jp

! \B\ 4 =1, An =3-1=2
q PA Pho — ; (P-P,)

i but P = By
;ﬁ- ; ps = P, —05(@—P,)
Q}' px = 15P,—05P

i At t = 390s, P = 408 mmHg and P, = 312 mmHg

: py = 15(312)—0.5(408)

} = 264 mmHg
t,s 390 TT1 1195 3355
pa,mmHg 264 24 187 4

Assume decomposition to be of first order.
For first order reaction :

In RCJ\D;‘CAJ = kt
Cy = p#/RT and Cas = PA/RT
In (pao/pa) = kt
| 1
k =3 In (pa,/pa)

(i) Att =3908 ps=264mmHg pa = 312 mmHg
1
390 In (312/264)

L

k

428 %104 (s)!
(ii) At t = 777s, ps= 224 mmHg

1
k = o In (312/224)

426x 104 ()t

(iii) At t = 1195s, pa= 187TmmHg

1
1% In (312/187)

428 %10 (s)-?

k

n

S W= VW

1}
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Design of Single |deal Reactors

oh emical Reaction Engineering 167

The batch reactor is characterised by the variation of extent of reaction (conversion) and

mpertfég of the reaction mixture wii;h time. It operates under unsteady state conditions as in it

eqp}posit_’iﬂﬂ changes with-fime; however, at any instant of time the composition throughout the
reactor.is same, DTt :

_—Batch reactor consists of a vertical cylindrical vessel equipped with an agitator/stirrer
for stirring the contents. It is provided with either external-jacket or cooling coil or both for
heating or cooling the reactor contents. .o f : |
Advantages of batch reactor;: -

It is simple in construction.
It is simple to operate.
It has flexibility of operation (may be shut down quickly and easily).

Its cost is relatively low.

It requires small instrumentation and less supporting equipment.

6. It can give high conversion that can be obtained by leaving the reactant in the reactor
for long periods of time. N b -
Disadvantages of batch reactor :

1. High labour costs per unit volume of production.

2. Requires considerable time to empty, clean out and refill.

3. Poorer quality control of product. It is difficult to maintain the same quality in
different batches. , : : :

4. Large scale production is difficult.

Applications of batch reactor : :
Batch reactors are often used for liquid phase reactions when the required production rates

are low i.e. a batch reactor is used for small scale production, to produce many different
products from the same piece of equipments, to carry out reactions having long reaction times,
for testing new processes that have not been fully developed, for kinetic study, and for
manufacture of ‘expensive products such as pharmaceuticals, dyes, dye intermediates, etc.
Semibatch Reactor: (A §\-eA ia dreMe)

In semibatch reactor, one of the reactants (say A) is charged initially and the other
reactant (say B) is added continuously to the reactor over a certain time period under agitation.
After addition is over, holding of reactor mass is done for certain time period and finally the
product mixture is withdrawn from the reactor.

This reactor offers good control of reaction speed because the reaction proceeds as the

reactant is added. So when the heat of reaction is large, the evolution of heat energy can be
controlled by regulating the rate of addition of the reactant (say B). The construction features

of semibatch reactor are same as the batch reactor.

B

o = O N -

A|P

™~
b st

Fig. 3.2 : Semibatch reactor
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Design of Single Ideal Reactors

.buCh type 'of heterogeneous reaction system is used commercially to catalyse gas phase
] reactions. It is fllfﬁf:ult to control temperature and formation of hot spots is there in the reactor
' when l.ho reaction is f:mthermic. In case of this reactor, replacement of the catalyst is trouble-
gome 1.€. regeneration on continuous basis is not possible. There are also chances of
channeling of gas flow-to occur that result in ineffective use of parts of the reactor bed.
| The advantage of the fixed bed reactor is that it gives the highest conversion per unit
weight of catalyst of any catalytic reactors for most reactions.
. Fluidised-Bed Reactor ;

i It is another catalytic reactor in common use and is analogous to the CSTR in that its

contents, though heterogeneous, are well-mixed that result in even temperature distribution
throughout the bed,

) It consists of vertical cylindrical vessel containing fine solid catalyst particles. The
_ﬂm_d stream (usually gas) is introduced through the bottom of the reactor at a rate such that
sohfls are suspended in ¢he fluid stream without being carried out\ Under these conditions the
entire _bt_ed of catalyst particles behaves like a boiling liquid which tends to make the
tomposition of reaction m_ixtm:e_a.nd_tempmejhrouémithae_d_unifOEm . As temperature
is uniform throughout there are no hot spots in this reactor. With-this reactor, it is possible to
regenerate the catalyst continuously without shutting down the reactor. This reactor is

Iparticul.arlg suitable when the heat effect is very large or when frequent catalyst regeneration
is required.

- .

Gas out 4—
Regenerator (shown
as a fluidized bed)

o~
RGP &

Fluidized bed |- * -
\ - - \ T

\Hegenerated catalyst
returned to the

{luidized bed

Fluidized

bed Reactant
gas in

Coolant
4.._._

Reactant gas in )
Hydraulic lift

Regenerator ¥ '
gas
(a) (b)

Fig. 3.5 : Fluidised-bed reactors

This reactor can handle large amounts of feed and catalyst and has good temperature
control and therefore, it is used in a large number of applications. The advantages of ease in
replacement of catalyst or regeneration of catalyst on continuous basis without shutting down
reactor are sometimes offset by high cost of reactor and catalyst regeneration equipment.

Now we will derive the performance equation (also called as design equation) for a
single fluid reacting in three ideal reactors, namely, batch reactor, mixed flow reactor and
plug flow reactor (latter two are ideal steady-state flow reactors).
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| Reaction Engineering 181 . Design of Single Ideal Reactors
! e
. Material balance of A on mole basis over reactor is :
disappearance accumulation of
. /Input of A output of A of A by : A within the
to the regcu)r from the reactor | +| reaction within | +f _.o.tor
(moles/time) (moles/time) the reactor (moles/time)
(moles/time)
.. (3.19)
For mixed flow reactor operating at steady state, the fourth term of equation (3.19) is zero.
(For accumulation, nil or constant).
Input of A output of A disappearance
to the reactor = from the reactor +Of.A DYSUEHSUCH ... (8.20)
(moles/time) (molesttiine) * within t}}e reactoyr
. (moles/time) _ _
Let, . Fa, = molar feed rate of component A to the reactor in moles/tlme
V = volume of reactor
- Ca, = molar concentration of A in stream entering the reactor in
moles/volume
v, = volumetric feed rate of feed stream entering the reactor in
volume/time
We have, By, = Cao* Vo ... (3.21)

X, = conversion of component A
Molar flow rate of A to the reactor = F,,.

The molar rate at which A is reacting in system = Fp, Xj.
moles A fed moles A reacted

FaoXp = time X moles A fed
Moles A reacted
time = FaoXa b L
Molar flow rate of A leaving the reactor = F,.
Molar. flow rate molar rate at which molar rate at which
at which A .
. A is consumed A leaves the
is fed to :
in reactor reactor
the reactor

Fao—FaXa = Fo Q\u@)
Output of A from reactor in moles/time = Fj = Fu, (1 -X,)
Rate of disappearance of A by reaction within the reactor in molesltlme = (——rA) v
Substituting the values of terms in equatiorr(3.20), we get, :

Fao = Fao(1 =Xp) + (1) V Caor Vo
FonA‘ = (—I‘A) A"

Rearranging, we get,

Fm. xé: 0

\'% XA

FAn ("!'A)

V _ 1 _ X

FAo _CAn -(- A) |

1 V VG GuXy
oG T T S -Vo i FA,, - (—‘I‘A)

where X, and (—rA) are evaluated at exit stream conditions which are sa
within the reactor. o

4

JJ.T.!JJJ LI I T
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uical Reaction E ineeri'ng 189 . Design of Single Ideal Reactolg

t-volume batch and constant-density pluzs
lug flow is equivalent to t for batc

e

£

In case of systems of constant-density (co.nﬂtﬂﬂf
fow), the performance equations are identical, T for p k _
t_or, and the equatiocll-;s can be used interchangeably whereas 1n case gf systen:; 0
hanging-density there is no direct correspondence between the batch and plug flow equation
nd hence one has to use correct equation for each particular situation.
Holding time and Space time for Flow reactors :

\-Ofie must be aware of the distinction between two meas

¥

ures of time — the holding or mean

residence time (t) and the sﬁace time (7).

time required to processy ChV :
one reactor volume J =— =g (h)
of feed )
XA

ean residence time dX,
(::}‘ﬂowing material J = CADJ ERNE T oL (h)

i

Vo

Lelslinuimed = | of
in the reactor

(i) For all constant-density systems (all liquid phase reaction systems and gas phase
reaction systems with g4 = 0),

t=t=W
(ii) For changing-density systems (variable volume systems),

JJdd

T # & for g#0 :
Suppose 1 l/s of gaseous reactant A is introduced into a mixed flow reactor. The-

stoichiometry is A — 3R, the conversion is 50%, and under these conditions the leaving flow
rate is 2 /s then

]

== s

; Vv
space time, T, = v
[+]

= |

As each element of fluid expands to twice its original volume immediately on enterin
reactor, the holding time or mean residence time in mixed flow reactor is
— vV v :
b = vo (L #EaXa) Yy
1 5
5 = 058
V-
v (1 + €4 XA)
3-1
T 2
1
1x(1+2%0.5)
1
o 05s
Suppose the previous conditions are applicable to a plug flow reactor, then
v 1 |
1,,--% =1-—1s
In case of the plug flow reactor as the gas reacts progressively as it passes through the
reactor, it expands correspondingly and not immediately on entering and also not a 2
time as it leaves the reactor. So in this case | v

Tpug = 05-18

Ragii=

tm

I

e
2
I

JEEAAEE

one

-

T e
‘not
Sl S mede BN

For obtaining the precise value of t,,, the kinetics of reaction must b
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Chemical Reaction Engineering
Refer Fig- E 3.8 (1) qu: ]'g-art (a) and (b? dosif - e AT 5 , 7?"_{

$5
sttt LR e R B e 3 o
e, o i i
: Ty I aries : f -
Bl i e R R g
HHE "‘ e :
fristes
-’

AT

Fig. E 3.8 (1)

Fig. E 3.8 (2) 5o
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Chemical Reaction Engineering 212 Design of Single Ideal Reactors
OR
Graphical procedure :
XA
x| &
Cﬁn d —Ta
ry = kC:
Cao (1 = Xp)]?
1+ Ea XA
We have, €s = 2, for experimental reactor
k Cj, (1 - X,
=8 (1+2X,0°
XA
% dXy
Co kO, (1-X,2
(1+2 XAJ2
XA
(1 +2X,)?
Tk Cy, m— dXa

Fig. E 3.16 (a)

ey
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Chemical Reaction Engineering _ 222 Design of Single Ideal Reactors
For Cp = 0.10 molll
IOl
(-rp)y = ~qgp = 621X 103
In (-rp)y = - 508, lﬂCA2= —2.30
In (<r) = Ink+nlnCy
~508 = Ink+n(-23) ()
~432 = Ink+n(-092) .. (2)
076 = 138n ~ subtracting (1) from (2)

& n = 055
So order of reaction at T=60°C andat T =

70 °C is same (0.55). Hence statement "order is

independent of temperature" is valid for this case.
sisii e : pH

HilL

. ey
198} Siensen 1

e

it

™

3 !

1t

1
Biiiiiie

1t

......

HHH

=
'3 34
b3

Hiitiditiss
i

T

T
1

Fig. E 3.21

70°C
0.65
kC,

0.1 mol/l

0.55
—rAlC A

6.21 x 1072

At

(-r A)

For Ca

(0.1)055 =

0.022
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Chemical Reaction Enginsering 225 Design of Single Idea RE2=2=. “'3.
ki (1 —X,) Cp,—ky Xy (1-025X,) =
k, Cp, . ‘
&, (A-X)) -X,(1-025%,) = 0 “'_J
500 x 0.01828
ooz 1-X0-Xu+025% =0 Vl—“
285.625 (1-X,)-X, +0.25X; =0
0.25X, —286.625X, +285.625 =0
Xy —11465X, + 11425 = 0 &-’1
Xy = 09974
Maxxmum possible conversion of A = 99.74 ... Ans. () |
(ii) For plug flow reactor :
X4 = 60 % of maximum conversion [
= 0.60x 0.9974 c"-‘.
= 0.5984 =060
XA G '
dX,
T Cao OJ. (=ta) 9-."‘
Xa
T _ | 9Xa &"‘1
CAo (—I'A) .
(-ra) = k; C4Cp-ky Cg 3
ky Cao (1 —X,) (1-0.5X,)Cp, _
= (1-05X, (1-0.25X,) ks X4 Cao b,-lf’ =
_ kl C.Ao CBo (1-X,)
= T (1-025Xy © CaoXa -
500 x 0.00914 x 0.01828 (1-X,) . ' I
. (1-025X,) —01032 _0'00914 Xa
- 0.08354 (1-X,) ; ;"l'
=i e 0.25X,) 2925)(10“XA
0.08354 (1 - XA) 2.925 x 10‘4 X (1-0.25X,) =
i (1-0.25X,)
XA o
P (1-0.25 X,) dX,
Cn ) 008354 (1-X))-2825x 105 XA(l 0.25 X,) ,
R v . ;.’
= _[ fXa)dXa L.'
0
Take various values of X, and evaluate f(X,). >
X\ f (X, ‘
0 : 12 (11.97)
0.2 1421 ;
0.4 18 (17.96) |
0.6 25.44 & i
0.7 32.94 TG |

-,\Il _ii_ﬁ‘:-'l"' Ihl‘_!_ '.7 l;
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Chemical Reaction Engineering 228
Initial moles of A = Nao
Initial total moles = No = Nao
Let X4 be the conversion of A in time L.
At timet:
Moles of A = Na = Na —Xa= No— Xa

Moles of R = 3Xa

Final total moles = No+2Xa= Not 2Xa

Let P be the pressure at time t.
Let P, be the pressure at time t = 0.

P, __ Mo
P L N0+2XA
e N, (P - Po)
A = 2P,
Ny, No-Xx _ No N, (P - Po)
Ch=v% = v ~V 2RV
P, Po PPy Pe3Po-frls
CA=E_'f_RT(2PO )"RT 2P,
! PO—P
‘. Cao =\ )
3 dcy _ 1 ( dBY
i dt RT( t)
: 1 dP _ k (3P,—-P)
RT dt RT
Lt P £ t
i P = =
| @GP, -P) ~ k,[dt ke
| 2P0
: 3P,,-P) e
i k = 0.0313 min~), t=?, Po= 2atm, P =3 atm
I _2x2 | _
‘ In a3 = 0.0313 xt
Time required to reach pressure of 3atm =t
" e t = 9-2 min see Al‘ll.
/ Ex. 3.25 : A homogeneous gas reaction A — 3R has a reported rate at 200°C.
'\_,/’ —Ty = 10_1 CA! [l'ﬂﬂ]/(l.ﬁ]] i
sion of a 50% A and 50% inerts feed to plug,/

Find the space time required for 80% conver

flow reactor operating at 200°C and 5 atm. pressu
Solution : A - 3R
For above stoichiometry and with 50% inerts and 50% A, two volumes of feed would give

four volumes of completely converted product gas.
9 moles of feed contain 1 mole A and 1 mole inerts. 1 mole of A on complete conversion

les of R and therefore product moles are (3 + 1) = 4 moles.

4— 2
o =g =)

il

re. Initial concentration of A is 0.0625 mol/l.

gives 3 mo

A

Design of Single ldeal Reactors iT
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T et

233
oy % conversion of A.
We have to find out volumes of a CSTR and a plug flow reactor for 60 =
Xa 0 0.2 0.4 0.6 0-357
=T 0.182 0.143 0.10 0.0667 0. =
1/(=ry) 5.5 7.0 10 15
For CSTR,
vV _ X
FAo ¥ (-I'A}
For plug flow reactor,
XA XA

i
Fro

Plot a graph of U(-r,) v/s X;.

HH SRR R

sPpPOPRRRRRCSCRRPRPRRCRR Y
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» Chemical Reaction Engineering 235 Design of Single Ideal Reactors
Get values of (-ry) at different values of T and X,.
We have :
(=rp) = k C:
In (<r4) = nInCy +Ink
Plot of In (-ry) v/s In C4 gives values of n and k.
Xa c _Cpo 1 =X)) In Cp
AT (1 +Xa)
0.20 2% 1073 —6.21
0.60 7x104 —7.20
0.76 41x10* - 7.80
0.90 1.58 x 104 =875
097 457 x10°° —10.00
XA 1 CAn XA In (—1"1\)
0.20 0.40 15%103 —6.50
0.60 5.0 3.6x10* —7.93
0.76 14 1.63x 104 —8.72
0.90 45 6x10° —-9.72
0.97 195 1.5x10° — 1911
il e mhles e s
E; = £ i = :
#f!:g—‘. b £ - 1 =t 1
i?E:EH 'EE 1—-— ba b &
i : i
i A :lj tfb
= s :
:;E*l B ;1!,:
| o= il i
i
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® ° DESIGN FOR SINGLE REACTIONS

P We can carry chemical reactions either in liquid or in vapour phase. We can carry out

chemical reactions by making use of a single batch or flow reactor, chain of reactors, recycle
reactor, and so on. While selecting a reactor system to carry out a particular reaction, we have

ﬁ to take into account the following factors :

L

(1) type of reaction, (ii) scale of production, (iii) cost of equipment and operation,

conditions or to new unit processes and (viii) safety.
As the factors to be considered are so many, for selecting reasonable good reactor system/

(1v) stability and flexibility of operation, (v) equipment life, (vi) time period over Wh?Ch
-—_gproduct 18 to be manufactured, (vii) ease of convertibility of equipment to modified operating
'_Qsebup, we require experience, engineering judgement and sound knowledge of the

WwYcharacteristics of various reactor systems. Ultimately, the choice of reactor system rests on the
economics of the overall process. The reactor system selected will influence the economics of
the overall process through reactor size needed and product distribution.

-7-Q In this chapter, we will deal with single reactions. These are reactions of which the

SProgress can be described and followed by making use of only one rate expression together with
' necessary stoichiometric and equilibrium expressions. In case of single reactions, the

istribution is fixed and therefore the important factor in comparing various designs is the
' ar

eactor size. 1.e. primary consideration in case of single reactions is the reactor size. So in

this chapter we will consider the size comparison of various single and multiple ideal reactor
*'as}rstems along with recycle reactor.

- Size Comparison of Single Reactors :

. Let us mention the batch reactor briefly before we do the comparison of flow reactors.
- tch Reactor :

e The advantages of batch reactor include : (i) high conversion which can be achieved by
leaving the reactant in the reactor for long periods of time, (ii) simple to operate, (iii) small
instrumentation cost, and (iv) flexibility of operation (easy and quick shut down of reactor is
qJOSS]'blC). It has disadvantages of (i) high labour cost per unit of production, (ii) poorer quality
- control of the product, and (iii) considerable shut down time to empty, cleanout, and refill.
- "l herefore, we may say that the batch reactor is well suited to produce small amounts of
material i'e. for small-scale operation, to produce varied materials from single piece of
__Qquipment, for long reaction times, and for testing new processes which are not fully
developed. On the other hand, for large scale production of materials, the continuous process is

- Jearly always seems to be more economical. While making discussion regarding sizes here,
~ we compare the performance equations of the reactors. A comparison of performance equation
- or the batch reactor [equation (3.15)] and that for the plug flow reactor lequation (3.34)] for
‘ 1]‘\:911 duty i.e. for a specified level of conversion and for constant density system (e = 0) shows
that an element of fluid reacts for the same length of time in the batch and in the plug flow
@ecactors. Hence, the same volume of these reactors is required for doing a given job. Of course
 we must correct the size requirement estimate to take into account the shut down betweel;
' “Patches in case of long-term production. Therefore, it is easy to relate the performance
' ~ capabilities of the batch reactor with the plug flow reactor.

2 058

g >
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Comparison of Mixed Flt\waclor!CSTll and Plug Flow Reactor for first order and

second order reaction :

For a given duty, the ratio of size {volume) of mixed flow reactor to the size

(volume) of the

. . an ateehit tr
plug flow reactor depends upon the extent of reaction (level of conversionl, the htﬂ‘lk—hlﬁmfe tti;
and the form of the rate equation/expression. For the general case, a comparison 0

performance equations of CSTR and PER will give this size ratio

We will now do the comparison of CSTR and PER for simple n'! order reaction.

The rate equation for n' order reaction 1s
Fh. = _1 (IN-? =G
=S e I R e
where n varies from zero to three,
For mixed flow/CSTR, the performance equation 1S

(C;\n \.-_) Cas Xp
f = (Rt -k

F:\(- —TA
C:\u x:\
L T
kC,
: Cho (1 =Xp)
(r\ e T
(1 + I.A:\r\}
Ca\u X.'\11 + Ep X\_w
T _ ApSRA N A

k G}, (1 =X,

o Cha VY X+ epXur
Tm " Mg =\ FA\’ k (= XA}” -

For plug flow reactor, the performance equation 1s

XA
Cas V dX,
e
i Ao o i - A
XA
(14 g4 Xa)"
tp = CA“ J & 5 _-\ _3_ S d‘K

o kCh, (1=Xpn

Xa

c,, V lj(1+£Xl"

—1 Ap iy . v TOUA LA

o = (FM ] =) xS
P 0

- aid urit
Dividing equation (4.1) by (4.2), we get, 1
(0 Chdm _ (Cho Vac)n _ Xp( +ex XML~y )"
R = _-\_“_ : = XA
(TCy p l(.«ao\fpﬁo)li J !.1 : Eix,rﬂ R
(1-Xy" 4

For constant density system (& = 0), the above equation integrates to

CCh)n _  [Kul1 X1l
(t CI;X]P = [{1 o XA}n—l - 1] !
p

n#l

n-1

.. (4.1)

.. (4.2)

. (43)

.. (44)
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t for
1o ke General Graphical Comparison :

rixed \ Grfllphical comparison of the performance capabilities of CSTR and PFR for reactions
with arbitrary but known rate is illustrated in Fig. 4.4.

The ratio of shaded areas gives the ratio of space times required in these two ranclors

XAI

or to
) and
% l o Epa ':-_,___\Anyralocurve
) : S REEIN
£ il TR O > Area = 1,/Cp, = Area (1 +2)
) R Rectangular area for CETH
(4.11) RN
SRR RN Area = 1,/C,, = Area under curve (1)
B \ R 3 Ao o
(4.10) \ \\ for plug fow
X 8

Xa
Fig. 4.4 : Comparison of performance of CSTR and PFR for any reaction kinetios
The rate curve drawn in Fig. 4.4 is valid for all nth order reactions (n > 0). [t can be sean
from Fig. 4.4 that for such reactions the volume of CSTR is always larger than PFR for any
given duty.
Multiple-Reactor Systems :
Reactorsin Series:
any times the reactors are connected in series so that the exit stream of one reactor
serves as the feed stream to the another reactor, We can have either same type of reactors in
series or different type of reactors in series and that too with equal or unequal sizes,
(4.12) C /in series / Mixed flow reactors in series :
Tt is always advantageous to use CSTR in series as
specific conversion is less than the volume of a single C
in series, it is possible to approach the plug flow behaviour.

the total volume required to achieve
STR, Using larger number of CSTRs

:i;nli‘: Unequal-size CSTRs / Different-size CSTRs in series: - Fem  ga-mo: A4S0 .
bovice Vﬁere we will see the procedure of finding a conversi_un from a given reactor system and
of finding the best reactor setup o achieve a given conversion.
Consider three CSTRs of volumes V;, Vs, and Vy are arranged in series as shown in

Fig. 45. v, Cy

FMX=0|

Cy %a

Va

Fy ¥

s
Fig. 4.5 : Unequal-size CSTRs in series '3
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Lhemical Reaction Engineering 266 LI AL il CH
Tl L =X3) =10, (1 =X3)
= (Ju l X]. ]CU 2 | pc
- (=T | th
b _ XX (@
Cy {=r)3 al
So we can very easily convert the equation in terms of concentration into conversion and T
Vice-versa and use them. N
For ' reactor, we can write, g
- Ci=G;
] = (=0
e C
=i Y _ Xi-Xi ) e (4221)
C, {—r);
Now we will discuss the graphical procedure of finding the concentration of material A |

from series of mixed flow reactors (CSTRs).
Finding the conversion in a given system :

Now we will deal with a graphical procedure of finding outlet composition/concentration
from a series of mixed reactors of various sizes of system with negligible change in density.
For this, plot a graph of (~r4) v/s C, that indicates the reaction rate at various concentrations.

Consider the case of three CSTRs in series. System of CSTRs in series is shown in

Fig. 4.5.

For component A in the first reactor,
Co___g_l

T
I.
L

Similarly for i*h reactor we can write,

(1)

(=r); -
= ¢-C . (4.22)

“0

1 (=1)j
—% o0 .o (4.23)
Plot a graph of (1) v/s C for component A as shown in Fig 4.6.
I
-
SR . ?
) | {=ir) -1
I Slope =——L - — f 4.

g ! p c-C,~ ™ (from Eq.4.22)

L) |

@ I

o L} '

R o B

? = g

5 I ! | Slope=-1/1,=——2

S K I 7 -6,

e A .

[ : ! I

= ) : I|

si \a IN L
C; G, C, G,

Reactant concentration, C —
Fig. 4.6 : Graphical procedure for finding the concentration in a series of CSTRs
For CSTR, the rate (-r); and C; will represent the point on this rate curve, The location of

this point and, hence the concentration C, leaving the first reactor is found out by the following
procedure. First locate the inlet concentration C, at the proper point on the abscissa (X-axis)
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Design for Single Reactiorts

mixed flow reac

285

ow reactor 18 superior to the

‘Chemical Reaction Engineering _

J

(2) At high enough conversions the plug fl
(i.e. plug flow reactor is more efficient at high conversion levels). o
For ordinary n'® order reactions (n > 0), the plug flow is always more efficien ) Iancas
mixed flow reactor. This is not the case with autocatalytic reactions (rgfer to ﬁndmgst. lt?fee
of autocatalytic reactions, the plug flow reactor will not operate at all .w1th a pure reac ?“ o :
the feed should be primed with product and hence in such cases there 1s an opportunity for t

a recycle reactor.
Optimum Recycle Operations :

When we process materials in a recycle react
certain recycle ratio which is optimum. By optimum recyc

h{

===

nversion there is a

or to achieve some fixed co .
n the recycle rati _5

le ratio we mea

with which we need minimum reactor volume. )
The optimum recycle ratio is obtained by differentiating equation (4.61) with respect to M-
and setting to zero,
X Af h-—
Vv dX,
o - (R+1) ) (~1p) ﬂ'
(ﬁ XA 3
X Af ﬂ-
T j R+ D oy, ... (4.66
CM fo("'rA)
XA=R+1 .
Differentiate 7/Cs, w.r.t. R and set ?'
d (T/CAQ) -0
2 “¥
This operation requires differentiating under integral sign.
b(R) q
If F(R) = J fix, R) dx ... (4.67)
a(R) . -
then from theorems of calculus we have, '
b(R)
of(x, R) db da l
dF/dR = .(J‘) IR dx + flb, R)dR —fla, R) dR ... (4.68
For our case in line with above equation,
XM' : .
dwCh) _ o [ MK o R+l &
dR X5 (-ra) (-ra) xde
Xas
dX, (R+1) dXai ﬁ
X3 (-ra) (-ry) X A dR
R e |
We have, Xa = (R+ 1)XM 7 1»
dX,; (R+1)x1-Rx1

R W Re ]
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Chemical Reaction Engineering 290 Design for Single Reactions
=7 = 13.65/k C,
Ty=Ty = 1 for
W reactors = N T :
(T)y=2 = 2 x13.65/k C,=27.3/k C,
We have for single CSTR for 90% conversion,
tkCyp =90
tkC, = %
(‘C)N=1 90/k Co
(T)N-2 (VIv)yos
(Onar — (V)yey
We have, s = PAVE
W=z _ Vinep | (Vg
(T)N=1 = (V)N=1 (V)N=2
(VINeg = _._2(9;:1:1 x((_:T):j X (VIn=1
2x90 1
(VIN=y = kC, X e X (V)N=1
(k Co)
2 x 90 2
(VIn=p = o173 X Wi
= 6.59 (V)yn-,;

= 6.6 (V)N_q

Hence, the treatment rate can be raised

If we use the second r

only be doubled (as for t
definite advantage in dpe
pronounced at high degr

to 6.6 times the original. ... Ans, (ii)

eactor in parallel with the original one then the treatment rate would
wo CSTRs in parallel Fy, = Fao1 + Fao1 = 2 Fy,1). Hence there is a

rating the two CSTRs in series. This advantage becomes much more
ees of conversion.

Ex. 4.2 : Substance A reacts according to second-or
from a single flow reactor. We buy a second unit i

conversion, by how much is the capacity increased"
series ?

der kineties and conversion is 95%
dentical to the first. For the same degree of
if we operate these two units in parallel or in

(1) The reactors are both plug flow.
(11) The reactors are both mixed flow. :
Solution: A products, -1, = kCi, Xs= 095
XA

F‘L = (¢}, (—_(-irz{—) - performance equation for PFR.
Ao 5 A

(1) For identical PFRs in series,

X1 X2
Vo g fax o dX
FE C"o. (=)’ F; =Co i =T
X, X Xy
Vit Vy o [dX o fax [
L | e R v = S | e
0" 1 0
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Similarly, for CSTR-3 in series :

Cy
G = Tinh
Gy = S,
T 1+ k(1 +1k) (1 +13k)

For N CSTRs in series, therefore,

G,
Oy = (1+1k)(Q+71k) ... (1+1yk)
We have, C; = C/A+1k)
' C,/C; = (1+7k)

We can write,
Co Co Cl 92 CN—I

Oy~ C C G Oy

g@- e A4k A+ L +15k) .. (1 +1wk)
N

Co
Of

Q+1k)Q+1k) (1 +13k) ... (1+ 1y k)
(b) N equal-size CSTRs in series :
For N equal-size CSTRs placed in series, we have,

IS o) S G
For first CSTR
CO CO
Ci = @5om " @+
For CSTR-2 in series, we have,
G = G,
2 = 1+5k QA+ 1k
For equal-size CSTRs,
C G
2T Q+tk(1+1k
Co
Gy = (1+1k)?
Similarly, for CSTR-3,
. C,
Cs = (1+1k)?
The concentration of A leaving the last reactor would be
G,
Cn = T iy
Oy _ 1
C,  (Q+tkN
or 'gl = (1+tkN
N

!
Chemical Reaction Engineering 294 Design for Single Fieac!io‘
Co
C G,
ar s (1+le)(1+T2k)

... Ans,

... Ans.
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Chemical Reaction Engineering 238

Decrease in activity

Or concentration of fed — unreacted
radioactive fluid . fed A
from CSTR-1

Design for Single Reaction

fed — 0.0673 fed
= ( )Xl

fed
= 93.27%
For CSTR-2,
T g Xg—xl
G kCo(IHXg)
X,— X
(0 =
X;—0.9327
W = 400x0.03465 = 13.86
Solving for Xy, we get
X, = 099547
So overal] decrease in activity of radioactive fluid for two CSTRs in series is 99.547%.
... Ans.
0 11 t
verall reacted - 099547
fed
Overall reacted = 0.99547 fed
Unreacted = (1-0.99547) fed
= 453x103 fed

Decrease in activity of radioactive _ fed — unreacted

fluid from two CSTRs in series fed UL
. -3
4 (fed 4.523:1( 10 fed)x100
= 99.547 % ... Ans.
Ex. 4.7: A liquid phase elementary reaction A + B> R

reactor. For éﬁuimolar
If a CSTR, 10
— unit, which uni

+ S is carried out in a plug flow
= 0.9 mol/l), 94% conversion is achieved.
ctor, is arranged in series with the existing
s) to enhance the production rate ?

amounts of A and B (C,, - Cg,
times as large as the plug flow rea
t needs to be arranged first (in serie
Solution : First we will consider only plug f]

OW reactor.
For plug flow reactor,
XA
. V dX,
= Vo . CAO I (—I'A)

0
For elementary reaction with equimolar amounts,

Ta = kCuCy=kC, = k(2 (1%,
XA
T = _QAD_ ;‘X_A_
kciao (1-X,)?

SEREE ST
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Chemical Reaction Engineering 312

Design for Single Heactig]_

TN = NTi

2 =47

For equal-size CSTRs in series,
H=Tp=Tg=T = © = 0.6min

. % = 0.5 min

For CSTR-1,
_G-G
U (=r),
(=r)y = CD;ICJ = 2%;11 = 30 mol/(m®min)
For CSTR-2,
_G-C
B2 = ('—l')g
C;i-C, 11-5 :
(-1)y = ’;2 ¥ === =12 mol/m®min)
- C,-C; bH-2 St
Similarly, (-r); = ‘!1:3 3 = 050 - 6 mol/(m?.min)
T 2 mol/(m* min)
(-r)y = TE F m "
—TA 30 12 6
Ca 1 5 2 1
—TA 30 12 6 2
In (-ra) 3.4 2.50 1.8 0.69
C, 11 5 2 1 |
In Cy 2.4 161 0.69 0 !
(=xy) = kC:
In (-r4) = Ink+nlnCy
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324 Design for Single Reactions

Chemical Reaction Engineering

For CSTR-2 :
Vo _ X -X
Fy, . (=T)g
X, =040, X, =0.80
From data, (-r), atX, =0.80 is 0.00125 mol/(L.5)
. 0.8664 (0.8 — 0.4)

Vy = 0.00125
= 277251

The total volume i1s

v

Vi+ Vs
86.64 + 277.25 = 363.89= 863.9/ ... Ans.

is evaluated at X; and (-r); is evaluated at Xs.

Note that for CSTRs in series, (=)
(b) For two plug flow reactors in series :

Xp X1 Xg

dX J‘ dX dX
o -~ J=T -

0 0 X7

wo plug flow reactors in series or have

For plug flow it is immaterial whether you place t
d to achieve specified conversion is

one larger plug flow reactor, the total volume require

identical.
~ Plot a graph of —1/ry vis Xa.
Xa 0 0.10 0.20 030 | 040 | 0.50 0.60 0.70 0.80 0.85
—-ry | 0.0053 0.0052 | 0.005 | 0.0045 0.004 | 0.0033 | 0.0025 0.0018 | 0.00125 | 0.001
1/-r, 189 192 200 222 250 303 400 556 800 1000
'":1 .:.l__.... ;_;-;E*;_.J-l A : :H;. :’ ":";"' : —f 3...? : B Hil : S '—_‘:’::
TH . ] = :_ 1! 'l ' 231 { '
H 153 Bioerips Zhakd o *': I
e £t SIS
Hin 54 3 i .
A T R
138 TN i R 1321 ‘V {21232 _" i H ::v ?- L ' 3
","_t_ E3E : i : pea s Ht '____ E
£ A L
- j ; ﬁ‘: ,F .....
Fig. E4.22
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OF 7 om?
From graph, total area under the curve upto X4 = 0.80 = 25.7 cm

X9

P - .[ e Area x Scale y-axis x Scale x-axis

Fao i (=r)
Total volume - V = 957 (g)x(gi—l-)xg_gsﬁ

= 22271 i,

From graph, area under the curve upto X, = 0.4 is 8.25 cm*

YL }00 ﬂ

FAn - 8.25)‘( 1 X 1

Vy = 7151

w Vi = 1512 ... Ans.
Ex. ¥ or the reaction data given in the following table, consider the series

arrangement of a mixed flow reactor and plug flow reactor. If the intermediate conversion is

0.7 and final fractional conversion 0.8, which reactor should be placed first to obtain the
smaller reactor volume ? Fy, = 0.083 mol/s.

Data : “L\y/

Xa ~1,, mol/(l. s)
0 0.0053
0.1 0.0052
0.2 0.0050
0.3 0.0045 .
0.4 0.0040
0.5 0.0033
0.6 0.0025
0.7 0.0018
0.8 0.00125
0.85 0.001

Solution : Two possible schemes are :
1. Plug flow reactor followed by mixed flow reactor.

Fao X, V\i’v X, =08

Fig. E 4.23 (1)
2. Mixed flow reactor followed by plug flow reactar

Fao '\’\i’Jxﬁm (‘

Fig. E 4.23 (2)

¥

¢

==
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0%, 5.3 : The desired liquid phase reaction : \,_Q(/
\ 9 dC 15 03
\' A+B—vR+T, d—CR TZkicACH

Ch

emical Reaclion Engnneanng 554

n I"l"u“lplﬁ R acti
DEﬁlg 10[ 8 ctloﬂ‘
al:tl V alll:ln. ene

. gy of reaction forming T. The rate of formation of T will be very negligible
with respect tg

rates of formation of R and S at high temperature.
IR
It :
1 2t es
need to consider the relative rates of R and S at high temperatur

rp 00012 exp. [26000 (1/300 — 1/T)] - C4

15
rg  0.0018 exp. [25500 (1/300 - 1/T)] - C,

= very large at high temperature
Hence we

r 0.667 £500(1/300 - 1T}
R -

=i e
s Cy

From above equation it is clear that :

For Tpirg ratio

i R, one has to carry out
a5 hjgh as possible 1.e. to maximise the formation of R, one 5 Y
the re

action at low eoncentration of A. H
So formation of R can

i ion of
be maximised by carrying out reactions at low concentratio A
05,
(as Cy " is there in the

numerator).

Therefore. to maxi
(to minimise the
S)

] rature
mise the formation of R, we have to operate reactor at héﬁil ?Ern;p:tion =
formation of T) and at low concentration of A (to minimise

So carry out the reactions at

(i) High temperature.

(i1) Low concentration of A that can be accomplished by
(a) Adding inerts i.e. diluting feed with inerts.
(b] Using low pressures in case of gaseous reactions.
(¢) Using CSTR or recycle reactor.

dt  — dt
is accompanied by the undesired side reaction
dCq dCy 05 18
A+B-=S+ U, —{h—" = —df' =kﬁd;\

i oduct
Order the contacting schemes given below from the standpoint of favourable pr
distribution — from most favourable to least favourable.

Contacting schemes :
(1) plug flow reactor -
(2) plug flow reactor with side stream of B
(3) plug flow reactor with side stream of A

(4) CSTR
Solution :
dC 5 030 "
A+B-R+T(desired) o = k1:c; o
d 5 .18
"A+B — S+ U (undesired), -a-tcﬁ =k C, Gy
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chemical Reaction Engineering 367
d Ca N I
2%, [(1 +CA)’] =0 (,"I
d [_C ] _,
dC, |+ Cu?| = V'l
(14CpPx1-Co(2+2Cy) _
(1+Cp)¥ R lnLr J fq
(1+ CA) -2 CA 1
(1+ CA)S =<0 '/l
1+Cy)-2C, =0
Cy = 1.0 "'l
Cy = 1.0
2, c
¥ A = GGE
2x1 '
= 0.50 . & '
This is the highest (maximum) possible fractional yield (y = 0.50) which occurs at
CA = 10
" -
Take C, = 0, 0.25, 0.5 ... upto 2 and evaluate y (S/A) and plot a graph of y (S/A) v/s C,. q
Ca 0 0.25 0.5 0.75 1.0 1:25 15 1.75 2
V/A)| 0 | 032 | 044 | 0489 | 050 | 049 | 048 | 046 | 044 V"l
T 3 ﬂ
e \O - I
T i i ﬂ
<
i .+
1 2,
”-;n,fs ST : ﬁ
it '
T ; : T’
0 0.25: 0.5 0.75H1.0 #1.251 1.5 | 1.78E 2.0 C
F‘igi M-‘ Q
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For mixed flow -

vk e,

’ ical Reaction Engineerin 371 Design for Multiple React‘l'q_m
Lhemice’ Teaction Engineering _

(=ry) ’
v o« —ChXy Cas Xa L
. klcid-szA leio (1 —XAJZ-FkgCAU“ —XAJ
P X\ .
~ kG (1= Xa)+ky(1-X,)
_ 0.75
~ 0.4x40(1-0.752+2(1-0.75)

= 0.5 min.
Ex. 5.6 : The desired liquid phase reaction -

\y dCy  dCq 15 030
+B-——DR+T, “EE—' B ?t-_ =kICA C'B w

is accompanied by the undesired side reaction
dCs _ dCy

A+B—)S+U, dt = dt

50 18
= kzcg Cy

What contacting schemes (reactor types) would you use to carry above reactions g

minimise the concentration of undesired products ?
Solution :

A+B - R + T (desired) d—di—’i =k G’

A+B-S+U (undesired),% = ky 02'50 . C;‘a

To minimise the formation of undesired product, means to minimise rs/Tg ratio.

I'g 1 - o e .
— = 1.e. to maximise rg/rg ratio
p (I‘R/rs)

L5 0.30

& de
R _ ki Gy
I'g k, Clla‘s

From above equation it is clear that the ratio rg/rg can be maximised (i.e. formation ¢
can be minimised) by using high concentration of A (as Cy is in numerator)

concentration of B (as Cy is in denominator).

05 18
0 I'g kch CB
r TR — 15 030
T'r kICA CB
15
s _ky Gy
I'r k, Ciﬁ

minimised by using low concentration of B (as C
A (as Cy is in the denominator).

r'—-._ilﬂ-:'." ]
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Chamieal Neaution | nginearing 1/4
The foed (! w* 1.0, On, (0%
lfl A0 min, ty = 10 min). Knowing the compositions in the first reactor (Cy,
Gy = 0700, find the compomition leaving the second renctor
Solutiony A IR, ' I‘I (';';
a" ] '.;. 'y h.. ( "‘
I'a l”‘hll'._u“ﬂ
{ IC! K
It e TR
lll |“ M I‘w.
Cp= Uy _ Xy o
Cu=Chs kg "4
Chy =~ Oy Ky
'I-_l [r.‘m I‘ <IJ J\l
(020 - 0) It 0.d0
(0.70 - 0.40) Ry
8 & 148
Ky
Iy 1.25 k.
For A Fu reactor 1
T {")\ll (:J\'
I ( IIA}I
(:A" [:Al
b .4 ..
Ii| ('ﬂl + k'.!(’ﬂl
; Cas = Cay
1 .8 \
1.26 ky Cpy + k, Cay
(1 ~0.40)
2.6 - =
1.25 ko, (0.40)% 4 k, (0.40)
ky 0.4 (min) !
k, 1.25 ky = 1.26 x 0.40 = 0.50 {/(mol.min)
For A : For reactor-2
Car1=Can g
T Al Al . fpm 10 min

10 [k; Cy, + kg Cazl

10 (0.5 O}, + 0.4 Cpgl

B3, + 6 Cpg = 0.40

. Cia
For R : For reactor-2 :

1
Cry

Design for Mulliple Reactiong
=Tions:

ky Cyg # kg Cag
0.40 - Cay
040~ Cxa

0

0.0744

Cha-Cry _ Cra=Cpy
FR2 ky Ciz

Cm + Ty kl C:z .

0.20 4 10x 0.5 %(0.0744)

0,227

0.30) entera two mixed flow reactors In serieg
= 0.40, Cgy = 0,20,

.. Ans,

... Ans,

e
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Chemical Reaction Engineering 384 Design for Multiple Reactions

E_[iEA‘CZ] 0
dCA (1+CA)2 .

_(L[‘* CA-g_i}
ch (1+CA)2
(14+Co2(4-2Cp)—(4Co=Cp 2+2Ca) _

0

Il

0
(1+ CA)4
(14C)@-2C)-24Ca-C) _,
(1 i CA)B -
4-2C, +4C5-2 C; —8C, +2C, =0
4 - 6 CA = 0
Gy = % = 067
2
2(4C,-C})
Cs = (14 Cp0
_ 2[4x067-(0.67% _, . e
. (1+0.67)
20, i
y(S/A) = 1+ C,)2
Take Cy =0, 0.5, 1... upto 2, evaluate y (S/A), and plot ¥ (S/A) vis Cy.
Ca 0 | 025 | 05 1 1.5 2 25 | 38 35 4
y(S/A) | 0 032 | 044 | 050 | 048 | 044 | 041 | 0375 | 0.345 | 0.32
For mixed flow reactor :
The formation of S is maximum possible when area of rectangle is the largest.
Car=1, Area = 30cm?
Car = 0.5, Area = 30.8 cm?
Car = 0.67, Area = 31.50 cm? [from Fig. E 5.12 (2)]
Cg = 31.50 x Scale of y-axis x Scale of x-axis
’ 01 05
= 31.50 x 1 %1
= 1.675 ... Ans.
= 1.6

For plug flow reactor : The formation of S is maximum when the area under the y v/s Cy
curve is maximum. This occurs at 100% conversion of A (i.e. at Car= 0) as seen from the curve.

Car 4
_ | _2Ca
g = — J. y (S/A) dCA-[J 1+ dCy
Ca
From graph, area under the curve =32.54 cm?
01 05
Csr = 3-2.54 X1 X7
= 1627 : . ...Ans.
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! Chemical Reaction Engineering

(1 +Cp)2(2) -2 Cp (24 2Cp)
‘1+CAJ4

2(1+C4)—4Cy

l1+CA)3
2+2CA_4CA = 0
2CA = 2
| Gy = L0
At Cy = 10

2x1
- ——— =05
y(S/A) = 1+ 102 0

be mixed followed by plug flo
f highest fractional

th“r 1 d

by plug flow reactor from C4 = 1 upto Ca = 0.0.

| , ’ e E
: 3 " 4 1 wan 1 5 y-q’

or

HIHL

i - -
{4 0ry _;}
il i il
i - i
i : :
& i
] 0.6 = :
i d flow {&
I 0.5 : ‘ R
e -
L 04 = e :
3 ‘ i i : -
=103 =n ; S ;
9- "qi ot et } -
jeaebe 3‘. =2 i =1 ”i“r: S : 23 o
{ 0.2 H=i—r e : i H
} Eriainsinin Tl faims :
[ T ersas ey ! : :
He ik rTo et (e -
i o1 K : . i
r $ il 2881 va = : HH — » ’-f - 4=
" :’;ui e 5!::“: ¢ I::: 1 . - .
4l J 0 05 10 15 20 25 30 35 4
f ol |'“ CA —

For mixed flow reactor :

! CA

| CS
From plot of y (S/A) v/s C,, area of rectangle i.e. rectan

Ca=1.01s 30 cm?.

Il

1.0, y=05
05(4-1) = 15

]

gular area between C, = 4 and

o
-
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¢hemical Reaction Engineering 399 Temperature and Pressure Effects

g

(11)  The equilibrium can be approached from either direction i.e. starting with pure .
reactants or pure products, provided enough time is allowed.

(111} The chemical equilibrium is dynamic in nature (which means that a state of
equilibrium is attained and maintained owing to the fact that the forward and
FEVErse processes proceed at same rate), It may be noted that, after the attainment of
equilibrium, the reaction does not stop. In fact, both the forward anFi backward ‘T~
reactions continue at equilibrium but the rates of the two opposing reactions become |

X

~—

equal. &
(1v) A catalyst can speed up the approach towards equilibrium but it does not change the
state of equilibrium. ~

Equilibrium constants from Thermodynamics :

The Van't Hoff isother;

n relates in general form the Gibb's free energy and the &
equilibrium constant, l

where AGY is the standard Gibb's free energy change for the reaction and K is the I
thermodynamic equilibrium constant for the reaction. :

'
The standard Gibb's free energy change for the reaction refers to the difference between I
free energies of products and reactants when each is in a chosen standard state.

-
Consider the reaction such as I
aA+bB — rR +s8

AGP? is given by G‘-'I'-

AG® = (rGy +5G3) — (aG5 + bG2) 9"'['
G91is the standard Gibb's free energy of formation of a reacting component. The standard
Gibb's free energies of formation of many compounds are given in tables of thermodynamic G’[

properties and can be found out in handbooks, etc. If such tables are not available, AG° can be
found out by the following equation :

AG® = AH° — TASO ... (6.20) lr

where AH® is the standard enthalpy change of reaction (i.e. AHg at 298 K and 1 atm) and AS%is |
the standard entropy change of reaction. These two thermodynamic properties are also given
in tabulated form in handbooks, ete.

Standard states are chosen so as to make the evaluation of free energy simple and '
accurate. Commonly chosen standard states at given temperature are, =

A standard state is a particular state of a species at temperature T defined by generally
accepted reference condition of pressure, composition and state.

With reference to composition, the standard states are states of pure species, q
(i) Gases (g) : Pure gas at unit fugacity at given temperature. If the gas is ideal gas, the
standard state reduces 1 atm pressure. For ideal gas, fugacity is equal to pressure. q
Activitya = f/f and P =1 . a =f

(i1) Liquids (J) : Pure liquid at its vapour pressure at given temperature.
(iii) Solids (s) : Pure solid substance at a pressure of 1 atm at given temperature,

(iv) Solute in liquid : 1 molar solution of the solute at 1 atm pressure at given temperature. H

The Gibb's free energy function predicts the feasibility and equilibrium conditions at
constant temperature and constant pressure and, therefore, is convenient for day-to-day use.
It is the magnitude and sign of AG° that predicts whether a chemical reaction is possible or not

under given conditions without recourse to direct experiments, .

L

it —
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427 Temperature and Pressure Effects

Is l chemical Reaction Engineering
(iii) Moles of NpO, at start = 73.6/92 = 0.8 mol
Let x be fractional dissociation of Ny Oy
At equilibrium

Moles of N,O4= 0.8 (1 —x)

Moles of NO, = 1.6 x
0.8 (1 — x) x 0.08206 x 300

- 10
— 1968 (1—x)atm
(1.6 x) x 0.08206 X 300
. 10
= 3.936 atm.

PNy04

PNoy

2
PNO,
pN20 i

(3.936 x)?
1.968 (1 - x)
= 0.16

solving we get x=0.13

; % dissociation = 13

Ex. 6.10 : 10.425 grams of PCl; are heated in a 4 lit. flask at 267°C. The equilibrium
mixture had a pressure of 1 atm. Calculate Kp, K¢ and AG® for the reaction at 267°C.

Solution : On heating PCl; dissociates as,

PCl; (g) = PCly(g) + Cla(g)
Initial amount of PCls = 10.425 g
Mol. Wt. of PCl; = 2085
10.425

= 2085 - 0.05
Let x be the moles of PCl; decomposed or dissociated.

Then, at equilibrium,

Moles of PCl;

Moles of PCls = 0.05 — x mol
Moles of PCl; = x mol
Moles of Cl; = x mol
Total number of moles = 0.05-x+Xx+X
= 0.05 + x mol
According to ideal gas equation
: PV
Number of moles = RT
~ (1 atm) (4 [)
[O'Oﬁgii‘{atm x (540 K)]
= 0.0903
or 0.05+x = 00903
x = 0.0403

B e s e e E SN
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Chemical Reaction Engineering _ 436 Temperature and Pressure Effects

From energy balance :
For reaction carried out adiabatically
Xa = &4 AﬁT (for AHy independent of temperature as CpR CpA =0
C,(T-T,) 50(T-300) 50 (T — 300)
Xa = = AH, = -(-200000 - 20000
Xy = 265x10°(T-300) as T, = 300 K (given)
Evaluate X, for various values of T using energy balance equation.
At T = 300K
X, = 25x10°(300-300) =
At T = 400K X4=025
X, - T from energy balance
T, K 300 400 500 600
Xa 0 0.25 0.5 0.75
or draw energy balance line through 300 K with slope 50/20000.
i i) SRR B R R
- 2 * s RERIER : i
10 :
0.90 f; e St SR VL Vaterial balance
' 2H : '_ ! line
0.80 fEEH - i
0.70 [iErHE \
IR e JE
0.60 f & e : : §
18 | il i
IOSO H S 4 T. =300 k = TN Energy balance
A SN line
< o + 3
< 0.40 1
i i i i ALY - From graph .
090 i . : Al X, = 0.41
SHiEEH i e G Bt T =465k
0.20 fer T T . i : i
oo I
E : : : i tah L33 £ i
e e et il it i
0 100 200 300 400 500 600
T, °k —
Fig. E 6.14
From graph :
Xae = 041 and T=465K i

For feed temperature of 300 K, the adiabatic equilibrium temperature is 465 K and tt
corresponding adiabatic equilibrium conversion is.41 %.

RS d
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438 Temperature and Pressure Effects

Chemical Reaction Engineering
Energy balance for adiabatic operation Iis,
G AT
= —R— AT = T -T

where T, temperature of exit stream and T, is the feed temperature.
AHy =—2.09x 10° J/kmol

C, = 1896.7 x 10% J/(kmol.K), =
1396.7 x 103 - 103 (T — 298)
= - 668x 103 AT =6.68X 2
Xa = “p0ex10m AT7°
This energy balance line is having slope
line through T, = 298 with slope equal to (1/150).
OR use X, = 6.68x 1073 (T, —298), put T values an

of 6.68 x 103 (1/150). Draw this energy balance

d evaluate Xa.

T

Toc| 25 | 4 | 60 [ 8 [ 100 | 120 140 | 160 | 170
0.37 | 0501|0635| 0.77 0.9 0.97
T *i
i C AR i
: ;—v» = it t pams
S i
0.9 e it
‘i3 S-shaped material £t i i
0.8 -+ balance curve T T S e
07 (S e
Straight energy H
0.6 i balance line
i L e
ID'S $ o i Ji i 8 ¥ H 1 |
< 1a St I Jr“jf =
= 04 : .:'... :' 11 ] 33
03 sl Rl e e
"_1_: ettt =it £ ;_ B =i BEagsRacaras:. T :
0.2 HiEH e e *’1
1 Hi =R SH 5 i Ji2 ey
it d (5EEE: :. 4 bt e 3 3
01 M e }
i g " I: i_ji :tm i !: EHHHH TR IR A
0 20 40 60 _BO 100 120 140 160 180 '
]
T,=25°C T. C—* Fig.E6.15

The plot of X, v/s T for material and energy balance equations results in intersection at 1

points A, B and C. There are two stable steady state operating conditions (point Aand -- Q)
The possible operating temperatures and conversions are : TR A

Intersection T,°C Xa % .conv_ef&iéﬁ l
A 985 00175 1%
C 173 0.985 985
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Chemical Reaction Engineerng 459 Basic Aspects of Non Ideal Flow 1

Area under C curve is given by,

- 25 35
JCdt = J Cdt+JCdt
0

We can calculate area by numerical integration.
Using Simpson's 1/3 and 3/8% rule,

25
\ = Y
J Cdt =‘:73 [0+4(3)+_5+5+'4_(5)+ll
d ;
7&167
Cdt = gx5[4+3§2)+3(1)+01
25
35

(@]
22
]

2437

J Cdt = 76.67 +24.37 = 101.04 (g.min)/

Area under C curve

FEEEEEEEE

0
So area by two methods is almost same. This gives us the total amount of tracer introduced. .
C C

Bosas

~ Area
J Cdt

, (min)™!, ... for pulse input

0 -
At t = 53min, C= Cppe=3 gll ﬂ
— TEm= = in-!
E 100 0.03 min
Evaluate E at various C values and tabulate :
t, min 0 5 10 15 20 25 30 35
E, min! 0 0.03 0.05 0.05 0.04 0.02 0.01 0 q
E HERHIN i T Y q
R e AL
Ll ﬁ
S :‘:a i it i q
T‘“’“'* T S
i HEREL : R ﬁ
' 0.03 [ BhY
N i {HEE |
w 002 i i
: TEERED i ..::::!‘?i-: !
E{ festssimi|imbisn i5
0.01 Bt N
R R NG
0 5 10 15 20 25 30 a5
t, min—»

. " d E
_I I
e sk W
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Chemical Reaction Engineering

462

Basic Aspects of Non Ideal Flow

The long time portion of the E curve is called tail. In this case, the tail is that portion of the

curve between say 10 and 14 min.

0,0°

1 11l 3 1 b LT
; - |
10 G IS e R I8 i “ !
L T i S R ; i { r|
g + Hl; i | 1 - 1 p vt 1 | i
T 1 : T z :
HitEl R R i |
: i R R i § il .
$ + b 1= pei v ¥ .
8 R - : L i
: ! 5 st BIE
psshinsiiamSe eI HAY (M I 3 i} S b i
7 1 T ¥ il R E i i
L b i it TR i j
6 b-;-» r!. i 10 13 ;--i ! i 1 HH i
H ed h 15 1) H + i SRR ERRH S ki ¥ ol "
SIS e Sl e g
— 4 s 14 ;! "f 11 T T T H 1 | 1l L ."
E 5 il e SN IS
5 i g T i i
394 t <t L IR 7 i "E i | Lh : H
S 4 cii , i
o | AR R : il L
:_{ H T{ =Jf.i. H b 1 |
} 1 1 v IR:
3 | il fiasadiling: H S 18 i k .
L - l "
=13 EERER N THE 1 i
,i* 1 218 H M 1] N i
2 1 + - q-: .‘,, :II‘-F-. _j_ 1 S
e
i SHIT HiH e SERHEHE : i wﬁl
HEHEE HEHHE : i it IH : i
-+ I i-;"" HHHE Y HHHIH HH
T I - “H L i
1 2 3 4

5

6 7 B
t(min) —»

Fig. E 7.2 (1)

9 1

0 1 14

3 e ; 'y ; ;%I_%iﬁj B
T aubdha : +H 11 11
0.20 Fis , '
¥ e 8 SIERHHAT T
¥ 2 HiE =
; B + - 4 11. 1 3 ] ;-LH ) ]
: : e H e #
BiBH i U e f T & S
0.15 mE=HT ; fE R HHTEE i
S & ann ot 4 1 #8580 H .
b 5?:&:::
E % iR Rt LR
=S : 1 :'i E: | '?“ i - 11 i . . 8 ::ﬁ 1T
= 010 i A SR shnlliGiEe:
w 2 —=tdt HHH - T TTHHH : b3 it 3
: RS | 2 |
i i N Em.‘wl e i i |
Ehes . j 4 T ; &:: T ! iE Tr“ 2 : !
0.05 Eh 3 i D ' § 1 ST ‘
it e Tail .
+ ‘Y" LLLIR (" ﬁ: 3
Hl e e
] .

007"y o 3 4

5

b
t(min) —

Fig. E 7.2 (2)

159.-

01 12 18 14
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Lhemical Reaction Engineering 464 Basic Aspects of Non Ideal Fiow .

t = (t E)dt

10 14

= | tE)dt+ | GE)dt

Using Simpson's :1—3 rd rule,

h]'—‘l and h2=2

1 = % [0+ 4(0.02) + 0.20 + 0.20 + 4 (0.48) + 0.8 + 0.8
+4(0.8) + 0.72 + 0.72 + 4 (0.56) + 0.48 + 0.48 + 4 (0.4) + 0.3]
2
+§ (0.3 +4(0.14) + 0] l

= 4.58 +0.573 = 5.15 min ... Ans,

T

T o8 i undar curve = 2575 cm’
i i i |-257!x912:-€,

04

02

0.0

5 8 7
f | —p
i Boon Fig. E 7.3 (1)

10 1N 12 13 14

06

04§

t—t2E—

B9 10 41 12 y3
t—» &

Fig. E 7.3 2)

6 = | t-t2Edt

o —— o
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Chemical Reaction Engineering 476 Appendix — |

J (t-tPEdt
0

= % [0+4(0.34)+0.992 + 0.992 + 4 (0.74) + 0.265 + 0.265

0-2

+4(0.004) + 0.087 + 0.087 + 4 (0.274) + 0.487
+ 0.487 + 4 (0.652) + 0.706]

+§ [0.706 + 4 (0.563) + 0]

6> = 6.108 min? = 6.1 min?
(1) Conversion using ideal plug flow reactor :

For first order reaction in plug flow, we have,

CalCyp, = e kT
XA = ] —egkT :l—e_kt [ t =1
Xy = 1-e(025x515
= 0.724 ... Ams. (i)
(11) Conversion using ideal mixed flow reactor :
For first order reaction in mixed flow reactor we have,
tk
RIS 1+1tk
We have, T =t
5.15 x 0.25 .
Xy = m = 0.563 ... Ans. (ii)
(iii) Conversion using the tanks-in-series model :
Number of tanks in series are calculated as
(£)2 (5150
N & o2 =gy =435
For first order reaction for N tanks in series, the conversion is calculated by
By = 1-—1—
(1+§ k)N
1 = S
-1 g 1
= 95.15 x 0.25\4.35
e (1 i “_—‘)
N 4.35
= 0.676
Conversion of A = 72.4% -+ ideal plug flow reactor
Conversion of A = 56.3% .. ideal mixed flow reactor
Conversion of A = 67.6% .. tanks-in-series mode] o Ans.
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Chemical Reaction Engineering 483

L

P
g
ia

Cdt

16

= Cdt =3.75

Area under tC v/s t curve - Fig. 3
AI = 12,4 sz
02

= 124)(—1‘ x1

t = Mean residence time

nJ. tC dt
T L 28

= = 375

JCdt

= 6.613 min
Sot is approximately same by both the methods,

Appendix — |
——-—““-—9'

LT

”\J“\J\

g

\

50, L e
r' ! FH H #::::ﬂj..
i) (2) Bt H

” 2

!.,.)."'(2) =37.5cm

9 ,iﬂ

11 BEE 121513
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$ 1t Hi i .}‘— :
i i
2.8 ¢

tC

[
D
-

e
 :
=
ssess
--»-d~ s

Tt

It
vom e
-
f==
—tpt

:

-

1%
=
&m

1t

1T
3T
T

o
{11
'
441 . . t
Sece PN reve e
- H e T
444 .
res a ..
Tt H
Tt |
444
=t

Ex. 3 : A second order with kCya,

be the conversion for the same

calculate the mean conversion in re

Solution : T
—Ta
Xy

and

Integrating we get,

Using t from Ex. 2, T
and kCAo

Xa

Conversion in

i ——

Fig. 3

al reactor for data of Ex. 2.

XA
dXy
= Cun | =,
= k@,
_ kCAO T
T 1+ kCAo T
= 6.67 min

= 1.2 min*! (given)
1.2 x 6.67

= 1+(12x6.67) G

plug flow reactor = 88.9%

- 1.2 min-! is carried out in a system of Ex. 2. What would
flow and volume if the reactor is plug flow reactor ? Also

T TR el |
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&

’ M

’
p
)
)
3

RO BOID
x
oS
X
Q

= 135C pmol/s .. ARnS.

o _CH _ G

E(t)

o0

J‘ C(t) dt

Ct) E(t)

Calculate E(t) for various t.

0 0
1/3C 0,0741 [(1/3) x 1/4.5]
23 C 01482 (/3 x 1/4.5)
C 0.222 [1/4.5]
5/6 C 0.1852 [5/6 x 1/4.5]
2/3C 0.1482 [2/3 x 1/4.5]
3/6C ~ |0.1111[3/6X 1/4.5]
13C 0.0741 [1/3 x 1/4.5]
1/6 C 0.03704 [1/6 x 1/4.5]
0 0

N RRBRBRBBESSBE T

[t 1 1 LT 10
Area under E curve = Léxszs— + §x6x4'5_ !

I I
1 141 naEns H

¥ N
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

EE

Beanes bie 1 s H
T » T s 1 1
jiEiriaasasens 3! e H § H
1| 1 . H =
4 - 11T . e
2 k.g! Lo H_ 1 - +HHT i
G " 1 1 T Bt
1 T + Hit iy Sagth H {
i1 1T HH e H
1 T e H H it c
t i i i |
shaiak pulse
H H
H -

Cp
pmol/cmy
<

cuve [

Y
s B i i
OO e e 19 120 21 B 220 2 Ak is

Fig. 5
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: i 4 REHE S o 5 HIHHT
3 + H 1o & &: :&
s ¥ H 88 -
reves . 33
i H - H i
: __m % i 5 HH i HHE
Het .t {4 2 H 3 e i ﬁ:#
a4 ..*ﬁ#. o -
i+t . 3 1 3
i T H
. Hes i
! ¥
: bl : T
- ® - = s -
st : Sl B -
i i g it
+ b4 44 208! +4 11
i1 i ﬁ 3 45 BT H HHHHH H 1
~ B $ i FHH T H tH i E 152 H H
' 1 i H : ST FHH curve
N oot 113 . 1 £2 TR HH 4 H
= R S el s i i Enlarge:
-y b -yt . b +4p 4 e
wi f g 3t i b -
:_ FEE RIS I RTIELLS 3 - 222
- < v i -l +1 - -t H
T
i 1 1 3 i T
sussiied 3 H I M I
e 3 3 e
=
11 T 3 b+ 4
it
sy =
0 i

Fig. 6

Ex. 5 : The results of the step experiment made on reactor are shown in the Fig. 7.

Determine the vessel volume V and t.

FREEHER

H

i

: Il
sitaitiitt i
L] (T L e

V = 4//min "

m = 0.5 mol/min

-
#-. 2
" T
+ 3 s
-
-

Y

]
T

IS
5
HH
1T .
. idd o
= % 1
- 11
K i
‘e H
3 ]
HHHERHHHH

Fig. 7

From graph

Wl =] O] e
o

Crnax

- 1
t = 5 | tdCstep -

~ Cmax

Use trapezoidal rule to evaluate integral.
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e vessel are shown in Fig. E 7A (a).

Ex. 7: The results of pulse input to th
cer curve to see whethe

(a) Check material balance with the experimental tra

are consistent or not.

r the results

oduced, M.

e amount of tracer intr

(b) If the results are consistent, determine th

3
v=50cm/s .

V=50cm

- ow w Wy

3

C, umol/em

: 5_5:10‘:-: 11 ;E | H EE,.
Fig ETA@ U° —-
ote that for the results to be consistent, t from Cpulse Curve must be equal

Solution : Please n

to t from material balance.

Given: V = 5cmd/s and V = 50 cm?

- : \',
t from material balance =
50
= s 10s
Now, we will obtain t from Cpulse CUrve:
Refer Fig. E 7A (b) :
. i
E HEn
L HiH 7 % 5/6 y
O Hi it THH
E B 3
3 B 36y
3 A S

Fie. E 7A (b)
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t C tC
6 0 0
7 183y 3y
8 28y 163 y
9 y 9y
11 2/3y 223 y
18 118y 13/3 y
15 0 0

- 6 9 16 6
[oa = JCdt+ndet+‘[Cdt, o_[cm:o
0

1

fort:ﬁton:h=9—;,;—

9 156
. JCdHJ.Cdt

fort=9tol5s:h=l§-3_—9‘ =

8

3

8

8
5o
= -B-xﬂy *3 x2x44y

12y+3y = 4y

3 1 2
= —x1[0+3x§y+3x§y +y:|

3 ,..3
i = §x4y+8x2x4y
- ?'_g}_' = -gy = 4.5y ... same as previously obtained.
@0 6 9 16
‘[tht - Jthh-JﬁJdHJtht

= x1[0+3x%y+3x1§6

+§-x2[9y+3x%gy+3x1§y+0]

3 2 1
+Bx2[:y+3x3y+3x§y+0}

y+9?]

el dd i d S 1S

& ¥
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i HHHE '{
it i |
i
1 1 |
| o { il Area of rectangle = 100 x 40 y
iR i il for mixed flow reactor = 4000 mm
1.6 | i
1.4 [t
°
E .
g i
£ 1.0
3 { {Hi
L 0. Car = 20 mmolil
o 1 e
o 1
T I “ i i
gl it i i : i it
i ilii Area under curve = = 862 mm it
“05 ) {iitiant for plug flow reactor
i i :- c 111 1,.: ! [{i} LA l'Ill"] ll}::llll\lll'l‘==:=l
; M i Hi :C =100 mmol/l

Ca mmolll il

Fig. E10A () . ¢
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