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KINETICS OF HOMOGENEOUS
REACTIONS

Every industrial chemical process is aimed at production of a desired product

et‘o_numlcall.y from given raw materials: Such chemieal process can be thought of as the sum of
unit 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
fged material 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
es:onnmics of the overall process. So it is the heart of the process and maximum attention 18
given to this step during the development stage. A piece of equipment in which the reactants are
converted into useful product 1s referred to as a chemical reactor. Design of a chemical reactor
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 OT redistribution of the
constituent atoms, a chemical reaction is said to oceur. For example : CO + 2 Hy — CH;0H.
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 is a study of rates
uch as temperature, pressure,
s. The chemical kinetics provi
tion and type of rate equ
is to be used in design of reactor.
ation 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 possible 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,
action is one which takes place in only one phase, i.e. all the reacting

catalyst (if any) will all be present within a same phase (one phase).
(1) '

at which chemical reactions oceur and effect of
and reactant concentration/composition on the
des us information about reaction mechanism,

parameters s
ation (that represents satisfactorily a given

reaction rate
speed of a chemical reac
chemical reaction) which

Thermodynamics provides us inform

ith the classification of chemical reactions.

* A homogeneous re
materials, products and
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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.

NO+;O,_. — NO,

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

H,S0,
C,HsOH + CH,CO0H = CH43CO0C,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 S0O,, O, and SO; are gaseous while V505 is a solid material.
1 V505
802 +§ 02 —— SO3
(2) The reactions may be classified as catalytic and non-catalytic reactions.

Catalytic reactions are those reactions which involve the use of catalyst to enhance the
rate of a reaction/speed of a reaction.

Ni
Example: C,H, +H, — C,Hg
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 N O, is a non-catalytic reaction.

NO+% 0, — NO,

(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,

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

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

2HI(g)— I, (g) + Hy (g) _— ‘

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

3 2N0+02 — 2NO;

(4) The reactions may be classified based upon the

ner
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: . Chemecal Reaction Engineering 14 Kinetics of Homogeneous Reactions

Type 1 : An unobserved and unmeasured intermediate X" usually present at such a low
concentration that its rate of change in the reaction system 1s 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

C) = [Cl+[X"
We can assume either
dX”
F
or the intermediate is in equilibrium with the reactants.
k,
A & C+ X
ky
(reactant) (catalyst) (intermediate)
. k (Xl
- 5 . AN .

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 Arrhenius law: |_{J

Under normal conditions the number of collision between the molecules of gages and
liquids is so high that if any collision between reactant molecules led to ! format; on of the :
reaction product, all reactions would proceed virtually iqstnntaneous_;jr. But it is not the case ir |
actual practice. For a reaction to oceur, it is first necessary to break or weaken the bonde
between atoms and molecules of the-reactants which require a definite manfmﬂ'@Iffh“’a .
colliding molecules do not possess this energy, a collision between them dﬂeanaﬁresﬁlfinm
formation of new molecule.

The minimum amount of energy which the colliding mole
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 which *nbe ult in.
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\R_e_%?ﬂ‘i'l_f{lg@nng 16 Kinetics of Homogeneogs Reactions

If . el a
vis the Concentration dependency of the rate of reaction is not known but rate of reaction
S lemperatype

1/T data is available for concentrations, E can be obtained from the plot of In r v/s

A rule of thumb s that the rate of reaction doubles for every 10 °C rise in temperature.

OWwever e S ke ; ) : s ‘
» this is true only for a specific combination of activation energy and temperature. For

exg s 1 . . . .
r' "\mpl" if the activation energy 1s 147000 J/cal, the rate will double only if the temperature is
aised from 500 K (227 °C) to 510 K (237 °C).

Consider that the rate of reaction is given by

k Cich
ko. e-ERT- (R Ch .. (1.20)

i Equation (1.20) provides a description of the rate of reaction in terms of the measurable
ariables, concentration and temperature.

r

1l

r

Consider equ-e‘xtion (1.20). The concentration function 05 C% would be constant for

tonstant concentrations. Hence, it could be combined with ko to give a new constant k,,.
Then, equation (1.20) becomes

r = k,e ERT .. (1.21)

E /1 : |
Inr = - ﬁ.('F) + Ik, .. (1.22)
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). T :

e EE s '
ln\ % = —R[Tg —Tl] .. (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 :

———— e de

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

. Activated complex
4 Activated complex, 4 == J
r transition stafe ! transition state
g " e
w
T = S|z T 5
-— O .t-U. — s g
gg % § Average energy of -0
=83 < ¥ . products 2E
l%’ o [ 4 H, (+ve) cg Average energy of
8 Endothermic gl 0 e products
= Average energy of @ | Average energy of
Distance along | Distance along e
reaction path Ny 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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~8Mieal Reaction Enginesring 18 Kinetice of HOMEIERs

. Change in temperature from T, to Ty (Ty > T;) results in small change 1n Ink for low E
Indicating thgy the reaction with low B is relatively temperature insensitive. '
For large E, the change in temperature from Ty to Ty results in large change 1
ating that the reaction with large E is very temperature sensitive. : .
.. Uit A given reaction is much more temperature sensitive at low temperature tha: ae
high temperature. In other words, the reaction rate changes more rapidly at low tempera Ué‘a,
tOmpared to the change in reaction at high temperatuke for a given temperature change. i
from Fig 14 it is clear that for doubling the rate of reaction AT = 87 K (°C) at low temperatur
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
ky :
A =R
: k,
IS given by the Van't Hoff equation :
s e ' . (1.24)
dT = RT2
K = K; = ki/ky
din (k,/ky) AHg
dT = R
dink, dink, _ AHg
dT = dT =~ RT?
If the RHS of above equation is divided into two enthalpy changes AH,; and AH, such that.
AHR = AH] _‘AHE

then equation (1.25) can be divided into two equations one for the forward reaction and other for
reverse reaction.

n Ink
indic

... (1.25)

dink,  AH,
dT ~ RT?2
din k, _ AH,
dT ~ RT?

«t)ﬁl) L li " lo l) ,D ’) ') ,l ') ': ') ')

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)]. ‘
o k = k,e-AHRT ... (1.26)
———J\}em})e'rature Dependency from the Collision Theory : le ' -

) .~ The collision theory is based on the concept that before molecules react, there must be
_.J collision between the reactant molecules and only those collisions in which the “colliding-
molécules 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 -
ol “According to the collision theory, the rate of the reaction
v A+B - products '
J 1s given by
( collision rate fraction of effective
= ~f& =\ in mol/(l.5) J *\collisions ) - (1.27)

Fraction of effective collision

fraction of collisions 'réléasing energy equal to or greater than E
~E/RT !
e .

2
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%ngineem _22 Kinstics of Homogeneous Reactions
Thus, AG* = ~RTInK = AH"-TAS'
In K, =17 AS* - AHY/RT
K - o(AS"/R - AH'W/RT) _ ,AS"/R . ~aH'/RT (139)

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

Rate_‘ = EE_T‘ i eAS‘fR . G—AH‘/RT ’ CA CB {140)

] If k is the velocity constant (reaction rate constant) of the reaction, the experimentally
obtained rate |aw - .

Rate = kC,Cp -+ (1)
Comparing equations (1.40) and (1.41) we get
= ki_T . @4S*R . g-AH*/RT ... (1.42)

Equation (1.42) is the fundamental relation of the transition state theory.

In above equation, the term e45'R is so much less temﬁgrature sensitive that we may take it
to be constant.

: Relationship between AH* and the Arrhenius activation energy E for liquids and solids
18 G -

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=

k o T e ERT ... (1.43)

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

Jomparison of Theories (v ¢\~  colli HoN Jﬂ'\cvky. Lp

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

exper_ir_nent whereas reg.(_:tio_n_ rates predicted With _colliéion theory dogs 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* o product

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

Transition state theory views that decomposition of activated complex is slow and At
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 : .

k o T.eERT

Collision theory approximately predicts the temperature dependency of reaction rate as
k o T2 g-ERT

Scanned by CamScanner

i

JUEUEREEP SN RO PR =5 |



Scanned by CamScanner




Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner




Ch ' ' |
~emical Reaction Engineering 28 Kinetics of Homogeneous Reactions

From above relation we have,

Rate of formation of Py

Il

BRI wIig bl i)

(rate of decomposition of PH,)

-

(2.4 X 10-3] = 0,006 = 6.0 % 10~ mol/(l.s) ... Ans,

Rate of formation of H; = = (rate of decomposition of PH,)

[24x10-3] = 3.6x%x10-3 mol/(l.s) | .. Ans.

\)»Ex.. 1.8 : The following table shows how the concentration of reactant A varied with time
N a particular experiment.

7[_') ‘ Time (min) Concentration of A (mol/l)
F 0 2.77x 104
18 2.32 x 10+
! 31 2.05x 10+
; 55 1.59 x 104
! s 1.26 x 104
| 157 0.58 x 104
| = 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.

(i1)  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 ? ;

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.

28 R
24 e
it I i
Tz.o-, i e
SHHH e i
S s B
© 16 i
1.2 s s -
R i s B :
*TIT ?&‘ : 1 i " ; ". : : f 1
e S iz it —-.,-...-.-.-”
0 20 40 60 80 100 120 140 1
Fig. E. 1.8 (1) ; Concentration v/s tin
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Kinetics of Homogeneous Reactions.

Chemical Reaction Engineering 29
(b) T I MRS
Time l Concentration Slope Bae *
T mol/l mol/(Lmin) mol/(L.min) _
10 | 250 x 10+ _274x 1041125 |  244x10° *
B0 | 16610 2,49 x 104/1515 164x10° | ,
100 | 1.04x 10~ _0.04x 1041995 | © 1.02x10° *
105 0.63 x 10~ T158x 104249 | 0635x10° | =

n

-

(c) Plot a graph of rate v/s concentration by taking rate on vertical axis a

concentration on horizontal axis.
PERIEhE B T s =11 SHIH= B
atadet Eesss il ba bt I B! R G 31 i :
- i 1 HETEBRIERIR B8 1dEd His ! i
i siaasials i
st : & - H
S [
iHhEnH 2.5 i -
Eh] I BHi B RS SR
B i 8 ; g
2.0ff5:
o [HEH oM s
o ;. Tt Traleben : : H= S R .1 4
'; Rt 1.5 SH e 2 A TSR Bl
sl e
] S8 94 bARERRRE | Hos ses o =]
I i i 1 ¥
[T 1
i {: - ﬁ
i i F £
: : =
i = T
i 11,051 52,0525 = 3.0l
B3k aws PUTTTGES 46 O o o 08 sRe U LIR Y pa AR
HE R e ,
‘_/'

Cyx10 —F
Fig. E. 1.8 (2) : Rate v/s concentration of A
(i) Line passes through the origin. At the origin, the rate of reaction is zero as the
concentration of reactant is also zero. - '

wa

the reactant.

Rate o Cu
- Rate = k CA
(iii) 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 10-% (min)-!
(iv) The reaction is first order with respect to A, as the rate is proportional to the first
power of concentration of A. ' |

Ex. 1.9 : Concentration - rate data for the decomposition of N,O5 at/6
2NyO5 ;1 — 4NOy, + OQ(gl-
70 Concentration, mol// 0.113 0.080 0056 -
Rate, mol/(/.min) 0.039 0.028 .039
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Chemical Réaclion Engineerin 30 Kinetics of Homogeneous Reactiong
Plot 5 graph of rate against the concentration of N,O; and

_ answer the following :
() What 18 the rate expression for the reaction ?

(11) alue of rate constant,
4 NOZ + 02

plot a graph of rate v/g concentration,

T Rt TR i1 i
iR {2 :_F Bl i % HHHE I : ‘7} i
Hith i i i
- Bl i
i I ] 7 i it
s R st :
i i i ’
i 1 i g
HIGHR i B i
R HE il ii
%'51 : G
I : T
R i i i
! 3 LT i i ;l T $
;,, 1 i 1] + 5: ;#“ : 11}
it ; 1-;} " ] 1H t
i i i Hit
e #HiE Hi § i
HEE ] S B i H
b O « i
i T A N :
Fig.E. 1.9
Draw the line

Rate o CN205
Rate = k CN205 Ans. (i) _
From graph k = slope I
0.035 mol/(l.min) 0.035 -0
~0.10 moll =[0.10~0]
= 0.35 (min)-1 ... Ans. (ii)
Ex, 1.10 Concentration v/s time data for the reactions is given below
g A S R
\’ ¥ B 58 ol g s ol ymd 1
Time (h) Concentration of A, rCT)lmentraﬁou of R, '
mol/l ‘ mol/]
' 0 0.100 0.00
- 2 0050 . | 0.050 1
Time (h) Concentration of B, Concentration of S,
L ~_mol/l ___mol/l
, 0 0.10 - o000 -
r 2 0.075 0.025
(a) Which reaction proceed at the greatest rate ?

(b) What are the rates of formation of R and S ?

Solution ; A SR
dC )\ =(0)
Rate of reaction-1 : Rate-1 = _ -'TA._._[__:__TAQ]
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A

namj | |
K: cal Heacnan Engmeerinq &

.I;—,%*+C

e Plot of In k (on y-axis) v/s 1/T on x - axis yields a straight line with slope equal to — E/R.
We know the slope we can get

_ value of E (activation ene ) In -cal/mol as
= 1.987 cal/imol K), : ReRE S

Kinetics of Homogeneous Reactions

Solutjop : 6k =

From djita given, tabulate In k and 1/T.

| T K 1T ky Ink,

| 273 3.63 x.10-3 2.46 x 10+5 12.41
[ 293 3.41 x 103 47.5 x 1015 15.37
l’ 313 3.195 x 10-2 576 x 10k 17.87
5480 x 1015 20.12

— 58 | 3003x10°

111t =
i &
I:{:-: il -
i
b 113 . - Shbbdapend—yisdits 4 e -- £22 "l : -:E
2 == i N1 T - :. - I .-..d-ln:;_
HEHH SRR SShit H g it : it
i i - i =
T 231, 03 i I B -
13 1“ 13T T —rrrYTy
i ; (HjRsisey 1 . - Fsstian
aun : T Eggn :
T i HE ;; T
: g '# i %_ Theise 3
i i it S i
. e ]
H : H i B 5 i
111 H i i RHEHI RIS R e ‘
fi A R : e
T ES fe 5 T e EF e
From graphs T i i ! RN =
© e : e
E i i R T:L : i e :
Slnpe - — sead LR Sesistlinll 335 1HT . £ =T =
R S H R g :i'.::j 1111 - Rk sy
—'(18.9*14) % i i THeH % 3t :
= e : - . s S e
(3.5-3.1) 103 i i fEE T i S
i EHE it sz ot
= —12250 1 ‘H' ;m-:'g[ T i!j; .7;!;:-' T =t = ft Kéﬁi"f':; T T-E o

= —12250 Fig. E. 1.15

=

= 12250 x 1.987 = 24341 cal/mol
 Ex. 1.16: A reaction 2 Hl(g) — H,
obtained are tabulated below.
mmperature, KI 533 666 697
Rate constant L7x10% | 1.07x104 | 5.01 x 10+
k, Z/(gn_y_l.s)

... Ans,
(g) + I3 (g) is studied over a range of temperatures, The

715 8
1.05x10° | 157 x 10

S
(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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~—2Mical Reaction Engineering 46 Kineties of Homegeneous Reactions
= . - . : :
> Putting value of Ceoel” from equation (4) into equation (1), we get,
d Caon ke ka2
[ _  T==000lg Kp g\ B
- Teocly = dt =R, [k~l_) Ceo C\.]g “Cly
n ke /a2
| Let i = A g ffiei |
1 ka kﬁ kl.l
o 3/2
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) CO +Cl, — €OCl, (formation of phosgene)
S, L&
B (B) COCl, —> CO+Cl, (decomposition of phosgene)
- N_O“' 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 COClL, +CI° — C€OCl +Cl,
—dCqq
v it 4 - \
Teogly: = @ - 5 Cooon, *Ca w5
k 12
‘Ve h e o= =3 -
ave, Cg k, (,C,z
Putting value of Cg," into equation (5), we get
oo eyt o e
cocl, = a0 - "8 Seoorp |, Ca,
Let ky = kg (ke/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

Kyl
ENg = m . where AZO = azomethane
Devise a mechanism to explain this rate.
ointion; (CHg); Ny — CoHg+ Ny, gas phase reaction
follows the rate law

2
kl CAZO

VUV VU U UV UVUUL VLV

Ty, = m’ where AZO = azomethane
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interpretation of Batch Reactor Data

© Chemical Reaction Engineering 85

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

ps out and we have simple

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

two terms of equation (2.93) must be evaluated

For constant-volume reaction systems,

dC, ... (2.94)
r, = E

For variable-volume reaction syatems
- Q dv ... (2.95)
s dt Vo

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 reaction
system and conversion to be linear. For the volume of reaction system varying linearly with
conversion, we write

V = Vi1 +e,X,) ... (2.96)

( where g, 1s the fractional change m,,volume of the reaction system between no conversion and
complete conversion of reactant A.

B Tl Y. (2.97)
Ep = vV e \dds
Xa=0
el = volume of reaction system at complete conversion
Xp=0 = volume of reaction system at no conversion

£ i8 also defined as,

J’J’JJJ’JJNJ‘JJJH

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.

L

€A = 1 =2

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

4-2
‘E.A—z =10

for 50 mole % A + 50 mole % inerts.
> K=
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@mical Reaction Engineering : 86

For 100 moles of fnitial 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
ST 200180100 _ 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
o = W - 18
Hence g4 accounts for both the reaction stoichiometry and the presence of inerts,
Vgriable volume or density enters the picture when we express the concentration ag a
function of conversion.

Concentration of reactant A at time t is given by o
Ca vV
We have
and
_ NAo (1 = XA)
A 7 V,(1+e4Xy)
N = f’ -_Xx_%) | (2.98)
{4+ E - (e,
./C AdA
CA+CA €5 XA = CAB—' CAOXA
o _ _1-C\/Cy
l+e CA,CAO (299)
Rate of disappearance of A1s given by f
_ 1 dN,
TSV &

_ Ngdi{i-Xy)
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' ' Interpretation of Batch Reactor Daﬁﬁ-r
Chemical Reaction Engineering = P

.8/75.3
Similarly, n = l+log | 7nomo0 Anss"

s < B |
Thus, the order of the reaction is two. oE hydrogen peroxide ing&
Exﬁ,‘?ﬁa i From the following data, show that the decogll;ili‘g:s:;my? — l i
aqueous 8dlution is a first order reaction, What is the value of r 20 40 &
Time, min 0 10 .
= J 9.6
’2’”" %N, (4. | 20 | 200 | 167 | 12.5‘1 finite volume of HyO 8
where 'N' is the number of ml of KMnO, required to decompose 8 el e

solution, ..
: initi i - 0) corresponds to ini
Solution : The initial volume of KMnOy, Vj, (i. e. when t O o eponds to the ™

concentration of H,0, (i, e. C,,) and the volume of KMnO, at any ti
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, C;=20ml

n NN
CLLLE

-

1
k= 0 In (25/20)

nOnon

= 0.0223 min—! -
For t = 20 min, C, = 15.7 ml '.‘ |
1
kK = 2 In (25/15.7) |
= 0.02326 min-! ‘\
For t = 30 min, Cy = 125 ml _ -
k = % In (25/12.5) LA ‘
= 0.0231 min-! ‘\ .
For t = 40 min, Cy = 9.8 ml -
k = % In (25/9.8) - ‘
= 0.0239 min-! _ |
Average value of k (0.0223 + 0.02326 + 0.0231 + 0.0239) Q

(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
remains afterGO min ? : » v o

{

.693
Solution : tp = 0_5!1_ v
-
k = 0693/10 = 0.0693 min-!
For first order reaction, In C,,/Cy=kt /
t = 60 min, k = 0.0693 min-1 \
In Cpe/Cy = 0.0693 x60 \
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100 interpretation of Batch Reactor Data

Chemical Reaction Engineering

Using the above equation, we get from data :
eadil)

0.08 = k (1.0 x (0.5)F
and 0.02 = k (0.5)" x (0.5 - (2)
Dividing (1) by (2), we get
0.08 k (1.0)* x (0.5)P
002 ~ k(0.5)" x (0.5)
4
1 = 2%
3 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
2 =2 2 =l
Thus order with respect to B is 1.
... Ams.

Overall order of reaction=a + B = 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 given at differeat

intervals of time :

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
k = ln ( CA]

t, min, C,, moli 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 ——
: 5 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 fars
reacti::}}are ~ \J’v

\

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

typ= 2755, C,, = 0.64 mol/
Find the rate constant of a reaction,
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Interpretation of Batch Reactor D

Chemical Reaction Engineering

Integrating we get

(P - Py)
9228 — P,
250 - Pq

Solving for P, we get
Py
k' = rate constant =
For P = 228, k'
For P = 250, k*
For P = 273, k'
For P = 318, k'

As we are getting
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)
1.56 x 106 (mol/[) (s)~*

.24 : A polymerisation reaction occurs at

phase. Eor initial monomer concentrations. of 0.3,
reacts in 40 rpmutes Flnd the reaction rate_ -
' So]utlon Consider the polymerisation reaction to be first order w.r. ; monomer (A).

\‘t//” k = k/RT

—TA ‘ kCA :
k= = ln(CA,,/CA)
In t = 40 min, 30%ofmonomer i8 reacted
(1) Cy, =703, A reacted = 0.3x0.3= 0.09 ,
Ca = 0.3—0.09 021 mol/l
ok 1nﬁm21)
(2) Ca, = 0.5 mol/, Areacted 03%x05=0.15
Cy = 05-015 = 0.35 mol/l '
I 1

(3) Cp, = 0.9 mol/l, A reacted = 0.3x09=027
0.63 mol/

@, = 09027 =
k

Il

=0 In (0.5/0.35) =

k't
200 k'
400 k'

206 torr
(P — P/t

228 — 206
250 — 206

273 — 206

318 — 206
1000
almost same value of k' for all the total pressure data, value of order of

200

400

600

- 0.11 (torr).(s)™
0.11 (torr).(s)!
0.111 (torr).(s)!

= 0.112 (torr).(s)»“l

.. Ans.
constant temperature in a-homogeneous

0.5: and 0.9 1 mo’l/l 30 % of the monomer

0.00892 (min)~!

e Ea
| s

C_o

0.00892 {min)-1

1
= ;o In (09/0.63)i= 0.00892 (min) !

As values of k are same, the reaction is first order.

Rate of reaction = —ry =

0.00892 (min)! Cx

{

ol

SIS o 3%
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Chemical Reaction Engineering 108
o Att = 80 min, 9 A decomposed = 65 .
| X, = 065 1
1 1
e ﬁl“(l_o.es) | 1
= 0.01289 min™! : >
on is unity 1.€. decomposition

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

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

Solution : Assume the reaction tl; be first order then,
T —

change were 5.72, 3.2
on. Ascertain the orde

)

g chemical
t of reacti

4.4

k = %ln(CA,,/CA)
At t = 20min, C, = 3.23 mol/
Cao = 5.72 moll (concentration of A att="0)
k = % In (5.72/3.23) = 0.01241 min~?
At t = 50min, C,= 1.96 mol/
k = o In(5.72/1.96) = 0.0693 min'!

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

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

¥ i R T
[CA .-.CAo] T

1[1 1
i t[CA—CA‘,]

3.23 mol/l

¥
L

pprrrrs ey

]

At t= 20min, Cs

A - A e
k = 2 [3_23—5.72} 0.00674 (I/mol) (min)

At t= 50min, C, = 1.96 mol/l
L ol 1
- — — = . 1
k = 5 [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 change@}or different initia
oncentrétiiﬁls C,, is given below. Determine the order of reaction. :

\ [ Ca (mol)-| 3 10 15 | 2
%WM ,tﬂt‘/_ I tmh | 40 | 201 133 mﬁ
QﬁSolution : For first order reaction ty 18 indepenqlent of initial concentration. In the data
provided tip is different for different values of Cy,. So reaction is not first order.
For second order reaction, " iy |

tinXCh = constant = m s._st,m.,g.é%‘._T
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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 XCa, = 40%5 = 200

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

(i) m = t),xCy, = 15%13.3 = 1995

(iv) m = t), xC,, = 20x10 = 200

Since the values of m are fairly same, the reaction is second order.
Alternatively,

i
/ %
i = et i

In (co"/c',,)

! I o s

For t =40h, t =201h, C = 10moll, C = 5mol/
= 172 0 0

In (40/20.1)

» * o) - 82
For t =201k, { =133h, C = 15moll, G = 10 moll
In (20.1/13.3)
S S ) e

tue =13.3h, tuz =10h, C = 15mol/, C = 20 mol/l

In (13.3/10) . g
B = 1+ Gn@ons - MHMEZ

yus the order of reaction is 2. ... Ans,
Ex

.\2{30 : The time for half change (t;/;) of a gaseous substance undergoing the thermal
ition

decompos was determined for various initial pressure (B) with the following results :
PmmHg 250 300 350 400 450
t12, min 136 112.5 97 85 75.5
Find the order of reaction. W S W

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

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

1
tw o< -C:
Cao = Pao o
! Pa "= P, (pure A initially)
) typ =< 1/P,
’% tip- P, = constant
’ P 950 300 350 400 450
’a it 136, ' 112.5 97 . 85 75.5
) Pxtp . 34000 33750 . - 133950 . - 34000 . +38976 .
Since the product P x, t, is fairly constant, decomposition is a second order reaétiun.
Order of reaction @ - .. Ans,

|
el = el R
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Chemical Reaction Enginesring 118 Inerpretation of Batch Aeacior Da
N
CA = TV'&
NA = NAo"xA= ND"XA
- X
CA = NDV A
C 2} E.E No (P - PD)
A T vy T 0.75VP,
P, . 133(P—Py)
Gk = H= ORD
Cp = (2.33 P, - 1.33 PYRT
OR
4A > R+6S

Partial pressure of A is related to total pressure by

a
Py = pAo*R (P-P,)

a=4 An = 1+6-4=3
_ pa, = P, (only phosphine initially)

bx = Pp=t ®-P)

ps = 2.33P,—133 I

pa = CART = 233P,—133P.

C, = (2.33 P,—1.33 P)RT
o dC, = - 1.33 dP/RT
Reaction is first order ~

_dCy/dt = kC,
133 dP k..
L = Rp(233P,-133P)

P
ap
S PJ ©33P,-133P) ~

‘In Py—In(2.33P,—1.33P) = kt
In [Py/(2.33 Po—1.33P)] = kt

: [Py/(2.33 P, ~ 1.33 P)] = ekt
P,=1atm,k = 328x10%s

errrrrrrrrrrf s

For t = 508 :
1 _ 328%1073 x50
233x1-133P) ~ °© : . , _
P = 1114 atm ... Ang
Fort =100, P = 121atm i e
For t =500 s, P = 161atm : i

. 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 causti
of second order rate constant at 0 °C and 20 °C are k = 0.235
respectively. The reaction is irreversible. Calculate the time require

at 40 °C.
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123

Interpretation of Batch Reactor Data

P (mmHg)
P (atm)

In t.ug

200
0.263
5414 x 1073
-5.22
265
5.58

240
0.316
6.5 % 103
-5.04
186
5.23

0.368
7.57 x 1073
-4 .88
115
4,74

320
0.421
8.67 x 10~
—4.75
104
4,64

9.76 x 107

360
0.474

—4.63
67
4.20

From graph, order of reaction, n=3.5

... Ans.

seeasliiREslsasn e iy sissai EsaLEtt] s +
R R R T e i i
e oo i 33t
Tlt : 3‘ | 4 patas : i
5 = :1: 8 | | ‘:# o
L : ; gt H \ :"::ﬂ:;; i
g I i
iy 3. ::!!:4.1.:!:::::1.;1.:::...." i : fiii e
e asencts It H- IE saadidieiinniaains : S -éi
255 S s R e
HEHLE 541 s H i ipas faasatasal f %
siiliiiils 153 iR L 3 HHEE !
.'54 :If o iaz i ﬁj—:..... i LI
izt Eieg ease FEHE H o _513-4.7
I i i Slope ="577753)
-E-—al i E # i = -2.52
S i i S 551 - 4.3
023 ki S0P S(515-4.67)
- - e
+m5h i | G i (1=0)==252 EE
550 E o T n=3.52 ==
T : : »-i' & 3 sey _:F F :::':; : n=3.5 E;
sE4sEETEEEA R P i
S T 33108 i { : 1
i Hit STt be :
HEas g il
3 $eiigsiasiinis R
47 o
: 4.6 :
4.5
44 4!
I B
4.3

4.2

4.1

r!'!-!-rrrrrrrr!rp‘lmn'!ﬂ TLCTEr

i
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Chemical Reaction Engineering 129 Inte

" XM—(2XA9—1)XA}
Xae — Xa

- [0.527 ~(2x0527-1)x0107| _ 5016

In z

0.527 — 0.107 E
Plot In z v/s t, which should be straight line through the _;_n-igin._
a.0 G LR Y i
i : "”“Ih, i T S'Opﬁ - 1.8 - 0. é . ; ,,;--.--:E ]

} R 275-1375 G

: =6.545 x 10 £

......

I H
=HH

i

e

2.6 HitE I I

2.4 HHEE i
H i fiit
2.2 HiHE

T " . 1
i $ 4 4 H HT
i H 1 SR : . : B ", fienatis salBlibais
2_0 [Rasaes j:; £ ‘I _'_ : . o1 T P 15
T i : i e
fi: .

1.8 i : it

1.6 HHE

gHizii
o
HT

s e : e

"2 e : E*’ﬁ HE i Fﬁﬂ? .

8

.....

1.0 i

0.8 RS S

0.6

0.4 B

0.2 HifEE:

L
i

B R I i - : SRR
50 100 150 200 250 300 350 400
'=—" Fig.E 248
6.545 x 103

6.545x 109 = 2k1(§i_1)cﬁot

Slope

; 1
6.545 x10° = 2 k‘[a_f;z_? - ] %55

k; = 6.63x10* (mol/l)! (min)-!
At t=o, Cp = 5.8 mol/l (see data given)
Cge = 5.8 mol/l (as concentration at infinite time is

o P PPPPP PIJJLPJJJLJJJJJJJ-
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Lhemical Reastion Engineering 130 Intorpretation of Batch Reactor Data
I o At t =« C, calculated = 2.6 mol/l
Cpe = 2.6 mol/l
We have, Cp, = Cu
r'\ Values at t = « represent the equilibrium values.
2
k C
- IR ", ..., | 908
r a ko ~ Cas - Cge
2
C 8)
- ky Re OB _ o7

= (Cp)? " (2.6)2
6.63 x 104/4.976 = 1.33 x 10

~ &
oo |
]

Y

Rate equation is :

1

e \i/ : —rp = (6.68x10)C, Cp ~(1.33x10) Cg A

A : : A small reaction bomb equipped with a sensitive pressure measuring device 18
flushed eut and then filled with pure reactant A at one atmosphere pressure. The operation 18
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.

1, min 1 2 3 4 5 6 7 8 9 10 15 20
) P.atm | 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. i

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.

Initially A is at 25 °C (298 K) and 1 atm pressure.

Before reaction A is at 100 °C (373 K) at pressure P, (not known) which can be calculated

Y

g

v

vLuLL L

0
L7 /]

P,=1latm, Ty= 208K, V=V,
P;=? Ty = 313K, V=V,
As constant volume reactor, we have

Vi =V,
P\Vi PV,
. T] - T2

P,

A
B
o]
9

T,
73
@QSJx 1 =195 atim

P, = 1.25 atm is the total preésure of the system before the
commencement of reaction, so it is the initial pressure.

U P, =P, = 1.25 atm
As initially only pure A is there in the bomb,
P,=1.25 atm
1.25 atm

Pao
Pas

vweVYVLVL L

[

-
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Interpretation of Batch Reactor Data

curve then draw tangents to the
slopes of the tangents drawn.

_Chemical Reaction Engineering 133

For this procedure first plot graph of C, v/s t, draw gsmooth
curve at various values of concentration (C,) and find the ;
The slopes of the tangents are the rates of reaction at various values of Ca.

dC,

Slope of tangent = — PVt O

So obtain (-ry) — C, data from the plot of C, v/s t.
i R e S U e
ii .:: _E;:} " ba : 1
0.04 fHEI=E : Zhiiis
0.035 fHpHEHIEETE T :
i :1‘: .* e r rH
el i HEd
i3 T : § i
Hin = :
0.03 FHEIEHEE : : i
: I‘. i __;_! Tt ] i’
it VS o i
o.ozsi L S i HHEE - 2
fis i :
I | i
L i i
© 0.0z = | i
hied I8 e i HE !
" L4 I i ! EE-
0.015 G B i .
3 = 1 : 5 =
0.01 =i it HHEH e i = " i
- ¥ e H it TS
: : ; 3 moiiases = 3 iis e
0005 T e s i 1H HE=H L HHH THH
it : ot : : } - :.F : Siisessrssesee
0.0025 R T fit g it
o “ . 5 |EE : T E;‘ Emf
i i 3 : — =
e 6 B 10 12 14 16 18 20 2%

00 2 4
t —>

Fig. E 2.49 (1)

From graph of C4 v/s t:
(i) Cy = 0.0125 mol/l ,

0.0125 - 0.0075
: 5.8

(-rp) = 862x10% mol//-min)

slope =

= 8.62x104 _ _-_ : _

slope
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Chemical Reaction Engineering 135 Interpretation of Batch Reactor Data

Order of reaction is 2.03 = 2
Intercept = 1.75
Ink = 175
k = 575 (//mol) (min)!

So values calculated and obtained graphically are almost equal.

_ry = 5.75 (mol) (min)" Cj . Ans.

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

e RS S e T T T R P
SHHEERREE R iR R
fees) SRS s | = T i E1334 0
SRR <] . vass sesyaiiie S| = -7.25 - -4 { e : 3
: : $oir 2 Slope = 7. (20 It
B e e =i i -45 - (-2. e e
L 3% h 8 b = e o s 1 [l
i i s : ST
- =33 3 =111 - . e H1H £ 3
fehines THH= Y =2.03 R H R
b - HHE | ¢ 1
3 - T 5 e 1
1 - T t 1
R R T HEH _35x1 SR
: i Intercept = —=— HilifiiriiahE
g L 20 (i
} HH Hi S TS
t SHER NS St i E =1.75 fil i
: HEERRSI R UIHE ! A
. i 'y . f=1e 4 1
b £2! 3 ]i ,_j[| i 53 b4 1l . FALTERD:
3 Tt 2 —H - +
l i Ho e 2 B s
2 th e HotHs i R
-3 et s o444+
5 3 4 . te ISaonEe e & 2 - . s
‘:- P = =it o 52 5 1B H +H |
ks 3 1 T
5k S e e e e G SHAtHH
}‘» ! Hit SRR 3 3 S 2363 ] 1
HiiH i 1 . ! H e
145 81 { o 1 1 e Bass aEaa 4 T
T [l EI=: [N P il =+ A
+30 5w BBt His i 1 SHHE
IFUDaL § FOR e B8 RSN 14 by 444 - .
14 o 3 + Saaee
R e - HHHHH R
(g s e bt sa 0 a5 sag i 648 ES jaaspesaappes
1 : 3 3
- - > b3 *
: < _— S s : ol o
33 B g T HHE BEps FEIE] = s 3
$ et =+ Hr R i3] $3E163 s HE S ERIRRIEIEY
JEiIgesiitais i 1 HH HitH HtH i ithhl i [ 10 B2 LEES: 11 i i 1
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Interpretation of Batch Reactor Data
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M
Ex. 2.53 : For the series reaction of the type D 't/_

W ‘X A k; , R k, S, k= k,
Find the maximum concentration of R and the time at which it is reached.

k k
Solution:A—-— R —258, k=k
The rate equations for components A and R are

dC,

rA = dt —_k]_CA

dC
IR = _d-ig :kch_kzc‘n

Integration of equation (1) yields

PPrrLeLrrLrLreeeeeeere et

A —1!1 (C&fcm) = klt'
Ca = G'Ao'e‘fhﬂ
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rpretation of Batch Reactor Data

mical Reaction Engineenng 5 s
e Xp = 050
—In (1 -X,) = kt
A ~In (1 -0.50) = '
% o o i ... Ans.
k = 0.231 (min)
ance of A as per the gas

- Ex. 2-5? : Calculate the first order rate constant for the disappear
phase reaction A — 1.6 R if the volume of the reaction mixture, startin
by 50 % 1n 4 minutes. The total pressure of the system remains constant at 1.2
temperature is 25 °C,

Solution : A - 16R

1.6-1
€A = 61 = 0.60

g with pure A increases
atm and the

For first order reactioln,
—In (1 -X,) kt

S e K+ -'E,_g v-ve )]

Xy = (V__KQJL ve

N
3

JAASSEEEERERENEEE

——

Vu EA
V is the final volume and volume increases by 50 % therefore, Wy Gy ey
Vi =16V -
185NV e
ST ( V, ) [0.60)- :
XA - 0833 .
—In (1 -0.833) = kx4
k = 04474

0.45 (min)-! ... Ans.

Emy{fi : A zero order homogeneous gas phase reaction with stoichiometry A —(Jv rR proceeds
in a constant volume bomb, with 20 mole % inerts pressure rises from 1 to 1.3 atm in' 2 min. If
he same reaction is carried in a constant pressure bateh reaction, what ‘is the fractional

lume change in 4 minutes 4f the feed is at 3 atm and contains 40 mole % inerts ?
ion: A —>r1R "’ N & : .
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 %.

] P

For 1 mol A, Moles of feed = S = 1.25 mol

0.8 2 =
Moles of R = r mol, moles of inerts = 0.25 mol. A 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
v? , 1

PA = Pao — '“_—”,(1.3.—1J
. 03
DASSNEA S
PA—Pa; = —03/(r - 1)

Pas—PA = RS/ (es=T
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Interpretation of Batch Reaclor Data

162

Chemical Reaction Enginearing

a. For pure A initiallyie. at t =0
1 bp = P, = 812mmHg
Q} Pas is the partial pressure of Aatt=0
P4 is the partial pressure of A at any time t.
-:ﬂ; Let P is the total pressure at any time t. Then |
I P = P, + risein pressure
- At t = 890s, nrisein pressure = 96 mmHg
i B P = 312+96 = 408 mmHg
- ts 0 | T | 1% | 3%
;'| P, mmHg | 408 488 562 788
._3, pa at any time, in constant volume reactor, is given by equation
i 2 (P—Py)

_D. . Pa = P&~ Ap
’T" a =1, A&n =3-1=2

!
3 o = oL -2
| but PAa = Pu
%' ; py = P, —05(P-PF;)
Q}‘ pr = LEP; — 5B
il

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

- px = 15(812)—0.5(408)
] - 9264 mmHg
t,s 390 71 1195 3355
pa,mmHg 264 24 187 4

Assume decomposition to be of first order.

For first order reaction :
ln RCJ\D;‘CAJ = k'l

Cp = pJ/RT and Cas = Pa/RT
In (pao/pa) = kt
| 1
k =3 In (pa,/pa)

(i) Att =390s, ps=264mmHg ps = 312 mmHg
1
k = 30 In (312/264)

L

= 428%x10*(s)!
(ii) At t = 777s, ps= 224 mmHg
i}

k = ﬁ In (312/224)

426x 104 ()t

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

1
1% In (312/187)

428 %10 (s)-?

k

n

S W= VW

1}
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Ghemical Reaction Engineering 167 Design of Single Ideal Reactors

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

roperties of the reaction mixture with time. It operates under unsteady state conditions as in it

u_)mPOSitiGn changes-with-time; however, at any instant of time the composition throughout the
reactor.is same. T Er :

{——-’B'é't’c'lfi 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
peating or cooling the reactor contents. . e ' :

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 E -
pisadvantages 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 : QYA S oA tn SreMe

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 U

A|P

™~
—_

Fig. 3.2 : Semibatch reactor

-

-
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Design of Single Ideal Reactors

.SUCh 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 llho reaction is f:xothermic. 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
fluid stream (usually gas) is introduced through the bottom of the reactor at a rate such that
solids are suspended in ¢he fluid stream without being carried out\Under these conditions the
entire bed of catalyst particles behaves like a boiling liquid which tends to make the
composition of reaction mixture and temperature throughout the bed uniform. 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

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

——— .

Gas out +—
Regenerator (shown
as a fluidized bed)
B
Fluidized bed |- © R T
B R N

L ee e \Hegenerated catalyst

[ returned to the

fluidized bed

Coolant Reactant
— gas in

Reactant gas in :
o= g 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. 'I‘.he a‘dvantages o.f ease in
replacement of catalyst or regeneration of catalyst on continuous basis m'thout s‘hutt;mg_ 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 Engineenng 181 . Design of Single |deal Reactors
A o 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 | +| _o,ctor
(moles/time) (moles/time) the reactor (moles/time)
(moles/time)
L (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 disappear,am-:e
to the reactor = from the reactor +°fA by reaction .. (8.20)
(moles/time) (molesftine within the reactor
: (moles/tlme)
Lt . Fa, = molar feed rate of component A to the reactor in moles/tlme

V = volume of reactor
molar concentration of A in stream entering the reactor in

- Cu =
moles/volume
v, = volumetric feed rate of feed stream entering the reactor in
volume/time
We have, FAo = CAn * Vo = (321)

X, = conversion of component A
Molar flow rate of A to the reactor = Fy,.
The molar rate at which A is reacting in system = F,, Xj.
moles A fed moles A reacted

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

Fao-FaoXa = Fo Q\u@)'
Output of A from reactor in moles/time = Fy = Fy, (1 -X,)
Rate of disappearance of A by reaction within the reactor in molesltlme = (—rA) Vv
Substituting the values of terms in equatiorr (3.20), we get, .
Fa, = Fpo(1 —Xa) + (-1a) A% CM.‘V‘,
FADXA‘ - ('-I'A) vV Faor XA'O=0

JJ.T.J’J’J.LTJJ’-J“-HHJ-F

Rearranging, we get,
- B —Cy=C,
Fpo (-Ta) X = Xa
Ve B X R EVSRE FAa(f'fal l
B Cn  (Eva) o g otation formlxe(tt;lv_owl,,k-_v; stor |
or o= = = :VCM =CP?XA 1 - o
8 By (-ta) f ;

where X, and (—rA) are evaluated at exit stream conditions which are sz
within the reactor. i
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hsmical Reaction E ineari'ng 189 ” Design of Single Ideal Reactole

constant-volume batch and constant-density plus
tiéal, 1 for plug flow is equivalent to t for batc

actor, and the equations can be used interchangeably whereas in case gf systeng 0
hanging-density there is no direct correspondence between the ba!:ch and plug flow equation
nd hence one has to use correct equation for each particular gituation.
‘Holding time and Space time for Flow reactors : .
\_-OTie must be aware of the distinction between two measures of time —

44

--

In case of systems of constant-density (
fow), the performance equations are iden

the holding or mean

]

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

time required to processy ChV
T = (one reactor volume J == =Tp (h)
Vo Ao

of feed
XA

ean residence time dx
i i jal |=C £ (h)
W"ﬂt&é = | of flowing material |= Cy, ERGET AL

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),

A

T & b for g0
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

)

e A% 1
space time, T, = = =7 = 1s I
o
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
= A% Vv :
bm = VT +eaXn) Vs :-'
i 1l 3
tm = 5 = 0.5s
I W
m = oy, (1 +e,4Xp)
L 8=1 5
e c
= 1 -
bm = Tx(1+2%05) )
1
Suppose the previous conditions are applicable to a plug flow reactor, then _ .
vV 1
Tp — ';,: =i = 15

In case of the plug flow reactor as the gas reacts progressively as it passes thro ugh the
reactor, it expands correspondingly and not immediately on entering and also : : ool
time as it leaves the reactor. So in this case e one

Fpiug = 007118

Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




1

Refer Fig. E 3.8 (1) fg{fpﬁart (a) and (b) i S

RPN iR '}mr‘] Hm:?:‘ (iEp1es
: S

= '-'Ep‘{ ':-n‘"". - TS i : ik

-
-% -

131

s
13

=

H!Z‘ 1

TR
Feiteits

e
Tt

T T
B

Fig. E 3.8 (1)

I T TN W Y W) U v UW‘%“_-

— e —

Fig. E 3.8 (2) e 5 A

Scanned by CamScanner



Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




-

TR T

=TT

Chemical Reaction Engineering 212 Design of Single Ideal Reactors
OR
Graphical procedure :
XA
T _ | s
Cﬁn d —Ta
ry = kC:
Cas (1 = Xa) 2
1+ Ea XA
We have, €s = 2, for experimental reactor
_ kO 1-X,2
T F
Xa
&z dXa
Co ¢ kO, (1-X,2
(1+2 XAJ2
XA
(1+ 2X,)2
*kCw = | Hox,e T

Fig. E 3.16 (a)

ey
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Chemical Reaction Engineering 222 Design of Single |deal Reactors

For Cp = 0.10 mol/l
(=rp)p = 1142‘1 = 6.21x103

In (-rp); = -508, InCp=— 2.30
In (~=ry) = Ink+nlnCx
~508 = Ink+n(-23) ... (1)
- 432 = Ink+n(-092) .. (2)
076 = 138n __ subtracting (1) from (2)
i n = 055
So order of reaction at T = 60 °C andat T = 70 oQ is same (0.55). Hence statement "order is
independent of temperature" is valid for this case.

R

—eppreertititititfe
H ¥

3t
i

S : :
i g s
i i s

Hic

T

st

Fig. E 3.21
= ]
At = 0ec)
(-—I'A) kCA

For : CA = 0.1 m;ﬂs{sl

k = —rA/CA
6.21x10°
= (0.1)0.55 =

1

0.022
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Chemical Reaction Engineeri 225 Design of Single Ide® L
_Enginsenng

ki (1 -X,) Cp,— ks X, (1-025X,) =
k,C .
—kaﬂ (1-X,) -X, (1-025X,) = 0

500 x 0.01828
T 0032 (1-X,)-Xa +0.25le\ =0

285.625 (1-X,) - X, +0.25X; =0
0.25X, —286.625X, +285.625 =0

X3 —11465X, + 11425 = 0
X, = 0.9974

... Ans. (i)
Maxlmum possible conversion of A = 99.74
(ii) For plug flow reactor : g
X, = 60 % of maximum conversion
= 0.60x0.9974
= 0.5984 =060
XA
dXa
T = Ca J (=14)
XA
T_ | G
CM ("I'A)
(—I‘A) = kl CACB- kz CH

k; Cao (1 —X,) (1-0.5X,) Cp, s
(1-05%, (1-025X,y —2XaCa
k; Cpo Cp, (1 —Xp)

= T (1-0%5%, 2CamXa
500 x 0.00914 x 0.01828 (1-X,) 14
- (1-0.25X,) e oL
- 0.08354 (1 -X,) )
= ooz, ~29x104X,
_ 008354 (1-X,) - 2.925 x 104X, (1- 025 X,)
(1-0.25X,)
XA g
T (1-0.25 X,) dX,,
CM 0. 08354 (1 XA) 2.925 x 10-5 XA(l 0.25 X,)
XA
= j f(Xp)dX,
0
Take various values of X, and evaluate f(X,). _
X f X))
0 +  12(11.97)
0.2 14.21
0.4 - 18 (17.96) g ‘ ‘
0.6 25.44 g 7 ; R A o
0.7 - 3294 ‘ R e R

. -7‘;'““:-" e T e :'::I
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Chemical Reaction Engg’neen‘ng

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 = Nj = Np —Xa= No— Xa
Moles of R = 3Xa
Final total moles = No+2Xa= No + 2 Xa
Let P be the pressure at time t.
Let P, be the pressure at time t = 0. .
P, ___No
P L N0+2XA
. Nu (P"Po}
Xr =7 2P,
N, No-%x_No No®-Po
Gl=%w= w VvV 2BkV
Ca '=Rr'f_RT(2Po )"RT 2 P,
! PO—P
1 CA = (3 RT )
3 dgy L db
g‘ dd¢  RT t)
| 1 @ k@BPo-P)
RT dt RT
! 2 t
i E 5 :
@P,—P) det'kt
1 2P0
: 3P,,-P) e
f k = 0.0813 min}, t=?, Po= 2atm, P =3 atm

I
| _2x2 | _
In a3 = 0.0313 xt

Time required to reach pressure of3atm =t
- e M‘-

0 M. t = 9.2 min
/ Ex. 8.25 :_A homogeneous gas reaction A— 3Rhasa reported rate at 200°C.
\-’/’ —-Tp = 10_1 CA! [mn]/(l.a]] o
Find the space time required for 80% conversion of a 50% A and 50% inerts feed to —ﬁl;xg,/
flow reactor operating at 200°C and 5 atm. pressure. Initial concentration of A is 0.0625 mol/l.

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.

2 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.

N

45— e
o= 3 =L

gives 3 mo

Design of Single ldeal Reactors iv

A

- - _— o
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of Single Ideal Reactors

s
= l Chemical Reaction Engineering

Solution :

A — products

X, = 0.60

We have to find out volumes of a CSTR and a plug flow reac

tor for 6

0% conversion of A

Xa

0

0.2

0.4

0.6

0.80

0.182

0.143

0.10

0.0667

0.0357

].fl—l’ﬁ)

5.5

7.0

10

15

2

For CSTR,

For plug flow reactor,

F;:

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

i

-

i
1

e e e

perr—t e Srer - - it T =
T e Ty e Eg}g“' Hifii sl m‘""‘ﬁ.!'ﬁ-"’ :-:
LoD R i TR 1414 fERR T FRR i 1] PRI TEs frasd Rt I3 E I £
i il i) i o i e
gl itk i s T T T = _
St Ti T Il‘,','[[‘_fi i :..%m T RO = z -f'E:
T FRITIL] [EmATEEes AL e e TTTTLIEAE Fat i Ag1 1] PRI EE) LRSS ST NI L Ot (1181
N i EiER ] 011 ] T ] DR A IJ:;‘*'
e :
BEHiE i i [ L = ]
e -t
it T i L 13t
L 131 HIT il
S
o
::
e T

ePpPOPRPRRRTCRRPPRRRR R
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.+ Chemical Reaction Engineering 235 Design of Single Ideal Reactors
Get values of (-r,) at different values of T and X,.
We have :
(=rp) = k C:
In (<r4) = nIlnCy+Ink
Plot of In (-ra) v/s In C4 gives values of n and k.
Xa _Cp (1 =X)) In Cp
AT (1 +Xa)
0.20 2x 103 —6.21
0.60 7% 104 —7.20
0.76 41x104 - 7.80
0.90 1.58 x 10+ —8.75
097 457 x10° —10.00
Xa T Cho Xa In (—=ra)
0.20 0.40 15x 103 —6.50
0.60 5.0 3.6x%x10* 17398
0.76 14 1.63 x 10 —8.72
0.90 45 6x10° —-9.72
0.97 195 1.5x 105 — 111
srvessdd ¥ s TRnIRENT 2z faail IMBEETHES SR a
R S
i S IR T T i s
E; = £ i = :
#f!:g—‘. jiit £ : TH] = 1
55* ; ;
= it g
i : i
i1 T i3S i B Lt
= ke i e :
= A
| o= it i
i i
Fig. E 3.30 .
5 .
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¥ ° DESIGN FOR SINGLE REACTIONS

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
to take into account the following factors : :
(1) type of reaction, (ii) scale of production, (iii) cost of equipment and operatlgn,
(iv) stability and flexibility of operation, (v) equipment life, (vi) time period over Wh}Ch
product is to be manufactured, (vii) ease of convertibility of equipment to modified operating
conditions or to new unit processes and (viii) safety.
As the factors to be considered are so many, for selecting reasonable good reactor system/
set-up, we require experience, engineering judgement and sound knowledge of the
"wIcharacteristics 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.

In this chapter, we will deal with single reactions. These are reactions of which the
rogress 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
' Jr

L

prrerEy

eactor size. i.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

ystems along with recycle reactor.
- Size Comparison of Single Reactors :

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

3 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

nstrumentation cost, and (iv) flexibility of operation (easy and quick shut down of reactor is
’qxossiblc)‘ 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.
-“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
Pquipment, 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
J.early 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
ior the batch reactor [equation (3.15)] and that for the plug flow reactor lequation (3.34)] for
iven duty 1.e. for a specified level of conversion and for constant density system (g = () 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 between

- “Patches in case of long-term production. Therefore, it is easy to relate th -
‘ iti : ' e perfo
' capabilities of the batch reactor with the plug flow reactor. BHAIDIAN R

2 958

g >
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Chemical Reaction Engineering 259 Design for Single Reactions

Comparison of Mixed Flt‘w:;clor!CSTll and Plug Flow Reactor for first order and

second order reaction :

i ; : ) “in the
For a given duty, the ratio of size (volume) of mixed flow reactor to the size Wniumfﬂ Oft

- . L o \c T
plug flow reactor depends upon the extent of reaction (level of conversion), 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 PFR 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
. e _1 (IN-? =G
=SS e TRt
where n varies from zero to three.
For mixed fow/CSTR, the performance equation is

Cpo, V' Cao X
T e = e

( E Ao )In =L

C:\u x:\
Tl T mh

kC,
: Cpo (1 = Xp)
(1’\ = 5 _—. -T-._-.

(1 + s :\r\}

Ca\u X.'\ (1 + Ex X\_w
T e

k G}, (1 =X,

(41-1 C?\n W - X;‘\‘l + E;\Xx\]“
Tm " ‘Ao = : Fi\n k ‘,1 o XA}” *

For plug flow reactor, the performance equation 1s

XA
AN Jd_};__\
vl =l =G )=
: ( Fao )I‘ - d =l
XA
1+ Xal"
1, = Cu _[ AR Ay
o kCh, (1=Xn
Xa
G N 4 j(1+s X0
o ] (i T30 | e nre A A
50 = ( Fao ]p‘ k') (1-X)0" a5
0 -~ _QI"] ')f“ L
Dividing equation (4.1) by (4.2), we get, 1
(0 Chdm _ (Cho VFaokn _ Xn( +eaXpt/(1 —XyP
FH=Tn E _-\_ll_ = XA
ap ) (G, VIE )
(T CAn p Ao Ao’p J !.1 e Eix,rﬂ e
(1-Xy" 4

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

Chhn (X1 -Xprly
(Gl [{1 —Xpt - 1} '
p

n#l

n-1

.. (4.1)

.. (4.2)

. (43)

.. (44)
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Fee Chemical Reaction Engineering 263 Dasign lor Singla Aaaslions
1o be General Graphical Comparison ;
nixed _ Grf‘llhical comparison of the performance capabilities of CSTR and PFR for reactions
with arbitrary but known rate is illustrated in Fig. 4.4.
Gotn The ratio of shaded areas gives the ratio of space times required in these two renctori
) and
l i '3-____\Anyralocurve
of Vi, SRRy
1 S > Area = 1,/Cp, = Area (1 +2)
=) P AN Rectangular area for CSTH
(4.11) R RN
R R Area = 1,/C,, = Area under curve (1)
by 3 < i F Ao -
(4.10) \ \\ for plug fow
X i

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 :
Reactors in 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 .
forioe ore we will see the procedure of ﬁndin‘g a conversi_un from a given reactor system and
of finding the best reactor setup to achieve a given conversion.
Consider three CSTRs of volumes Vi, V,, and Vg are arranged in series as shown in

Fig. 4.5. v, G,

FMX=0|

car xa

Va

Fy ¥

s
Fig. 4.5 : Unequal-size CSTRs in series '3
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Lhemical Reaction Engineering 266 Design for Single Reactions

- .

G =X =00 01 = X=)

=

Tg = | PC

g ok | th

I' iy X-X | (p

('.‘L" 3 {=r)3 al

m So we can very easily convert the equation in terms of concentration into conversion and Ti

I Vice-versa and use them. N

1 For i reactor. we can write, g

. - Ci=G;

— R =

I A uo_ X=X, .. (4.21) .
C, {—r);

Now we will discuss the graphical procedure of finding the concentration of material A 4

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
b, 5 (—r);
1 (—r); -
— = g e ...l4- 2"
g T C‘l_ CL' -
Similarly for i*" reactor we can write,
1 (=r);
=% O T . (4.28)
Plot a graph of (~r) v/s C for component A as shown in Fig 4.6.
I
=
o e g
5 =if -1
o ! Stope ==~ _ =1 (5o 0 4.09)
g I C, = L 51
|
L] |
@ I
g- L} i
D e R oo 0
82 5% i Slope=-1/1,=—2
I [ pe 1
5% [ g\ | 7,6
I
E I i |
© : | |
= ) : I|
si \a IN L
By G G 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),

WMV VWV LLVLLUVUVULULULLULULULUVUGUWLDLLEOELELE L L
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e mixed flow reac

‘Chemical Reaction Engineering _ 285
flow reactor 18 superior to th

(2) At high enough conversions the plug Y evdli)
i.e. plug flow reactor is fficient at high conversion levels/.

el s e more efficient than thg
dings). In cas

For ordinary n' order reactions (n > 0), the plug flow is always

mixed flow reactor. This is not the case with autocatalytic reactions (rP:fer to fin s
of autocatalytic reactions, the plug flow reactor will not operate at all ‘Wlth a pure reac ?n o
the feed should be primed with product and hence in such cases there is an opportunity for ust
a recycle reactor.

Optimum Recycle Operations :

When we process materials in a recycle
certain recycle ratio which is optimum. By optimum rec
with which we need minimum reactor volume.

The optimum recycle ratio is obtained by di
and setting to zero,

44

===

ed conversion there is a

reactor to achieve Some fix :
mean the recycle rati -

ycle ratio we

fferentiating equation (4.61) with respect to

X Af
v/ dX
— = (R+1) (-—r:)

(R_E—i X Af

ddvds

X Af

@)
£
|
"_'i
>
T|=
S
==
&

XA=R+1 :
Differentiate 1/Cs, w.r.t. R and set ?'
d (‘[/CAQ) -0
dR 0"'
This operation requires differentiating under integral sign.
b(R) q
If F(R) = J f(x, R) dx .. (4.67)
a(R) .
then from theorems of calculus we have, l
b(R)
of(x, R) db da l
dF/dR = .(J.) aR dx + fib, R)dR —fla, R) 4R ... (4.68
For our case in line with above equation,
XM : N
d(1/Cpo) _ 0= dX R+1 dX;
= = 0= _._L_ = =
d X3 ( I'A) ( l‘A) xde
Xas
dxA = (R+1) d.XAi ‘
Xy (-rp) (-ra) il dR
We have, X = (e |X .
e have, Al _(R+1) Af 7 “
dX ;i (R+1)x1-Rx1

?‘_R—-x”[ R+ 17 ]
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Lhemical Reaction Engineering 290 Design for Single Re
=7 = 13.65/k C,
Ty=Tp = 1 for
TN reactors = N T

(T)y=g = 2 x13.65/k C,=27.3/k C,
We have for single CSTR for 90% conversion,

TkCAD =90
tkC, = %
(‘C)N=1 90/k Cu
(T)N=2 (V/V)N~2
(N (VV)ne,
We have, V=2 = 2 Vg
Wy Vinop = Wy
(T)_N: ¥ (Vinz: © (W)n=s
Wnes = z(‘g;Nll ((rr));H X (VIn=1
i _ 2x90 1 W)
N2 T kC, " 273 o
(ke
ey = 222 Xy
= 6.59 (V)y-;
= 6.6 (V)N

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 F,, = 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-order kinetics and conversion is 95%
from a single flow reactor. We buy a second unit identical to the first. For the same degree of

conversion, by how much is the capacity increased if we operate these two units in parallel or in
series ?

(1) The reactors are both plug flow.
(11) The reactors are both mixed flow.

Solution: A - products, -r, = k Ci, Xa = 095

XA
F‘L =10}, (—_(-irz{—) - performance equation for PFR.
Ao § A
(1) For identical PFRs in series,
X1 Xo
i & v (&
E: © °D. (S} RN ) T
G Xy Xy
Vi+V, dX dX dX
lF = C, (_;r—) + C, = C, j "-(__r)
0 0- 1 0

ey e
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Similarly, for CSTR-3 in series :

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

For N CSTRs in series, therefore,
C

Oy = (1+1,k)Q+1k) ... (1+1y k)
We have, C, = C/1+1k)
: C/C; = 1+7k)

We can write,
(c2 C, C; C Cyg

g"- = (1+5k - 1+1k - Q+13k) ...(1+1vk)
N

C
Cy = -

(1+7k)A+1k) (1 +13k) ... (1+1yk)
(b) N equal-size CSTRs in series :
For N equal-size CSTRs placed in series, we have,
Tg = Tg =Ty=T1
For first CSTR
Co _ Co
S (1+mk) T (Q+1tk)
For CSTR-2 in series, we have,

Cy

Gy — G,
4T 1+ KA+ k)
For equal-size CSTRs,
C, = S
2" 1+tkhA+1k)
Cy
Gp = (1+1k)?
Similarly, for CSTR-3,
. C,
Cs = (1+tk)?
The concentration of A leaving the last reactor would be
G
Cn = @iy
Oy _ 1
C,  (1+tkN
or G = (1+tkN
Cn

!
Chemical Reaction Engineering 294 Design for Single Heaclio‘
Cy
(6. G,
27 1+t k)Q+1k)

... Ans,

... Ans.
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—1emical Reaction Engineering 298 Design for Single Reaction
Decrease in activity
Or concentration of fed — unreacted 100
radioactive fluid = fed i
from CSTR-1
_ (fed - 0.0673 fed il
- ( fed
= 93.27%
For CSTR-2,
T2 X-X
G - kG, (1-X,)
X5-X,
(50—
X,-0.9327
W = 400x0.03465 = 13.86
Solving for X5, we get
Xo = 099547
So overall decrease in activity of radioactive fluid for two CSTRs in series is 99.547%.
... Ans.
Overall reacted
e —
fed 0.99547
Overall reacted = 0.99547 fed
Unreacted = (1 -0.99547) fed
= 453x103 fed
Decrease in activity of radioactive _ fed — unreacted %100
fluid from two CSTRs in series fed
N -3
o (fed 4.5;’;; 10 fed)xlOO
= 99.547 % ... Ans.
AEx. 4.7 : A liquid phase elementary reaction A + B — R

+ S is carried out in a plug flow
amounts of A and B ( Cao= Cg,= 0.9 mol/l), 94% conversion is achieved.

ctor, is arranged in series with the existing

reactor. For ®quimolar

Solution : First we will consider only plug f]

OW reactor.
For plug flow reactor,
Xa
\'4 dX,
Eos Va - CAO J (—I’A)

For elementary reaction with equimolar amounts,
Ta = kCyCh=kC; = k€2, (1-%,)
Xa
k Cin d (1- XA)2

SRR SN
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Chemical Reaction Engineering

™
2

NTi

4 ‘Ti by Tj = 0.5 min '

For equal-size CSTRs in series,

For CSTR-1,
_G-G
W = {-'I'}]
(=r)y = Cﬂ; B 2%;11 = 30 mol/(m*min)
l "
For CSTR-2,
C, -Gy
Tg =
('—l')g
C;-C;, 11-56 s
(-1)p = ‘;2 ¥ === =12 mol/m®min)
C,-Cy bH-2 y
Similarly, (-r)y = ‘!1:3 d = 050 = 6 mol/(m?. min)
2-1 .
(~r)y = E - 2 mol/(m%.min)
—TA 30 12 6
Ca 1 5 2 1
=IYA 30 12 6 2
In (-ra) 3.4 2.50 1.8 0.69
Ca 11 5 2 1 |
In Cy 2.4 161 0.69 0 |
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Chemical Reaction Engineenng

For CSTR-2 :
V, X, - X
Fao = (D)
X; =040, X; =080
From data, (-r), atX, = 0.80 is 0.00125 mol/(L.5)
V. = 0.8664 (0.8 — 0.4)
" 0.00125

277251

The total volume is

v V1+V2
... Ans,

86.64 + 277.25 = 363.89= 363.9/
is evaluated at X; and (-r); is evaluated at Xs.

Il

Note that for CSTRs in series, (-1);

(b) For two plug flow reactors in series :
: X Xg

X2
dx J‘dx dx
S e et B e
(-r) =T =T
0 X7

flow reactors in series or have

For plug flow it is immaterial whether you place two plug
hieve specified conversion 18

one larger plug flow reactor, the total volume required to ac

identical.
~ Plot a graph of —1/ry v/s X
Xa 0 010 | 020 | 030 | 040 [ 050 | 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/-ry 189 192 200 222 250 303 400 556 800 1000
e e e
i : i i} i i
: 2 T ~i Hi } g 1 d r*' fl
precs Hi= e s I :
i EET ] 3t T
Sl E 3
T it i t i th“—':; lha T
“ * E )-'; T 21| =
Frereeitd = o R R t S seeees
i I 52l T vt ~“ - H1) i1 e
e e ey (St T 0T = Bt SR s dims : r
B e e EEE e SR =
..;:' i i 3:. ik 1 '-.v' ln-. :::g::’-;'
S ,;'IE 2
& IY:- 1:‘ .:‘ S i i il i ;1:'.11 : 3

Fig. E 4.22
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OF 7 om?
From graph, total area under the curve upto X, = 0.80 = 25.7 cm
X9

T . .[ = = Area x Scale y-axis x Scale x-axis
Fao i (=r)

Total volume - V = 257x% (@)x (gi—l-)x 0.8664
_ 9997] ... Ans,
From graph, area under the curve upto X, = 0.4 is 8,25 cm®
Vy 100 0.1
F, = 8.25 % T
V 1 = 715 lr

w V2 = 151-2! Vee Aﬂﬁ.
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 ? F, = 0.083 mol/s.

Data : “L\y/

Xa ~r, mol/(Ls)
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.

FAQ xl V\i’v

Fig. E 423 (1)
2. Mixed flow reactor followed by plug flow reactar

Fac '\’\i’Jxﬁm (‘

Fig. E 4.23 (2)

¥
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Chemical Reaclian Engnneanng 364
activation ene
With respect ¢

Design for Multiple Reactiong
e

gy of reaction forming T. The rate of formation of T will be very negligible
rates of formation of R and S at high temperature.

r

Iy
need to consider the relative rates of R and S at high temperatures

rp _ 0.0012 exp. [26000 (1/300 — 1/T)] - Cx

SR A

rs — 0.0018 gxp (25500 (1/300— 1/T)]  C

= very large at high temperature
Hence we

TR 0.667 £500(1/300 - 1T}
5 = = e
Te ¥

S (,,_q

From above equation it is clear that :

¥ Y T Y T v ‘.’_"_‘

For Tpirg ratio

i as high as possible i.e. to maximise the formation of R, one has to carry out
e re

action at low concentration of A, H
So_fnrmatmn of R can

be maximised by carrying out reactions at low concentration of A
05, J
las C, " is there in the

numerator).

w W

Therefore. tq maxi
(to minimise the
S)

{
| ‘
|

mise the formation of R, we have to operate reactor at high temperature
formation of T) and at low concentration of A (to minimise the formation of

So carry out the reactions at

(i) High temperature.

(11) Low concentration of A that can be accomplished by
(a) Adding inerts i.e. diluting feed with inerts.

(bl Using low pressures in case of gaseous reactions.

(¢) Using CSTR or recycle reactor. -+~ ADS;
>

y. 9.3 : The desired liquid phase reaction :
B\ e
7A+BSR4T, 1Cq 90 _ 4 ol

dt — dt
is accompanied by the undesired side reactiorn
; dCs  dCy 5 08
BBy dt T A

Order the contacting schemes given below from the standpoint of favourable product
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 :
: s : dCq o5 ® 5
| A+ B =R + T (desired), T=k1 s Cp
| d ' 5 18
"A+B — S+ U (undesired), -a-tcﬁ =k C, Gy

Scanned by CamScanner



Scanned by CamScanner




Scanned by CamScanner




R ]

V Design for Multiple Reaction
Chemical Reaction Engineering 367
d Ca
=0
23Ca [(1 ; cA)ﬂ’]
d[_C ] _,
dC, | (1 +C)2|
(1+ChPx1-Ca2+2Cy) _ o
(1+ CA)4 - -
(1 +CA)—2CA =1
fl + CA)S -
1+Cy)—-2C, =0
CA = 10
Cy = 1.0
2C,
YR S o
2x1
= (1+1)2 as CM—IO
= 0.50 :
This is the highest (maximum) possible fractional yield (y = 0.50) which occurs at
CA = il{p;
2Cy
S = (1+Cy)2
Take Cy = 0, 0.25, 0.5 ... upto 2 and evaluate y (S/A) and plot a graph of y (S/A) v/s Cy.
Ca 0 0.25 0.5 0.75 1.0 1.25 15 1.75 2
v (S/A) 0 0.32 0.44 0.489 0.50 0.49 0.48 0.46 0.44
I =
s it
2f
&
>k
st
g i 'u i
OfF 0.25¢ 0.5 #0.754(1.0 {1.058 1.5 F 1,785 2.0

Fig. E5.4

EEEEEEEEE

TYF IR AR
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For mixed flow -

v = SaXa —rx =k G +k; Cy

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

(=ry) ’

¢ = —CnXa Cao X4 N
 kiCh+kyCp Ky C2, (1=K +kyCpo (1= X,)
2 X) .
~ kG (1= Xa)+ky(1-X,)
~ 0.75
~ 04x40(1-0.752+2(1-0.75)
= 0.5 min.

Ex. 5.6 : The desired liquid phase reaction
‘ 4Gy

+B-R+T

dCq 15 030
& @ g\

is accompanied by the undesired side reaction

dCs  dCy 3 50 18
A+B5S+ 1, gl s oo

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’ g”

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

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

I's 1 . e .
e  (ro/re) L€ to maximise rg/rg ratio
Ip (I‘R/rs)
15 0.30
= 0.50 18
= 5
S k,C,™ Cp
TR _ kg Gy
I'g k2 C;’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 ky Ciﬁ

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

r'—-._ilﬂ-:'." y
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Design for Multiple Reactiong
= lons:

= 0.40, Cg; = 0,20,

Chamical Hl:_-|,-||."| | ”u“ltm””u 174
The foed (24, = 1.0, Uit (Y, = DA0) enters two mixed flow reactors In serieg
lfl A0 min, ty = 10 min) Knowing the compositions in the first reactor (Cg,
Cag = 0700, findl the componition leaving the second remetor
Solutiony A IR, ' I | ("_'\
A= 8 i ey Chy
I'a l”‘hll'._u“ﬂ
f It K
It e TR
lll |“ M I‘w.
Up= Oy _ Xy o
Cu=Chs kg "4
Chp = Oy Ly (1
( I'.l { r.‘m 1 Al
(020 - 0) It 0/dh
(Q70=0:80] = g =
B o T8
Ky
[ 1,26 Ky
For A . For reactor-1
1 {")\ll (:J\'
I ( I'ali
(:A" ‘:Al
b .4 o
Ii| ('ﬂl + k-_{(xﬂj
; Cua = Cay
| " 1
1.26 ky Cyy + ky Cyy
(1 ~0.40)
2.5 . %
1.25 ky (0:40)% + ky (0.40)
ky 0.4 (min) !
k, 1.25 ky = 1.26 x 0.40 = 0.50 {/(mol.min)
For A : For reactor-2
Cay=Cag y
1 Al A2 . Ty =10 min

10 [k; Cy, + kg Cazl

10 (0.6 Cy, + 0.4 Cpyl

5 Cy,+5Chp — 0.40

- Cia
For R : For reactor-2 :

1
Cry

ky Cy # kg Cag
0.40 ~ Oy
0.40 - Cy,

0

0,0744

Cra-Cry _ Cra=Ciy
FR2 ky Ciz

Cm + Ty kl C:z .

0.20 4+ 10x 0.5 %(0.0744)

0,227

.. Ans.

... Ans.

e
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Chemical Reaction Engineering 384 Design for Multiple Reactions
A L0 CZ] %
dCA (1+ CA)2 .
ifas] -
dCA (1+ CA)E 5
(1+Cy*(4-2Cy) -(4Cy-CR(2+2Ca) _
(1+Cy)t -
(14C) 4-2C)-24Ca-C) .
(1 + CA)B -
4-9G) +4G,~2C, —8G,+2C, =0
4 e 6 CA = 0
4
Ca = g =067
2 (4 C,—C)
Cx = ~@+ o2
_ 2[4x067-(0.67% _ ¢ e
(1+0.67) |
2.0y o

Take C4 =0, 0.5, 1 ... upto 2, evaluate y (S/A), and plot ¥ (S/A) vis Cp.

Ca 0o | 025 | 05 1 15 2 25 | 3 3.5 4 |
y(S/A) | 0 0.32 044 | 050 | 048 | 0.4 041 | 0375 | 0345 | 0.32 i
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)]
Cy = 31.50 x Scale of y-axis x Scale of x-axis
.
= 31.50 XOT'I X -01—5 ' J
= 1575 ... 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.

Cas 4

g _ | 2Ca

Cs = — J. y (S/A) dCA-(J 1+ CpR dCy
Cho
From graph, area under the curve = 32.54 cm®
01 05

Cgr = 3.2.54 X1 X1

= 1.627 r 4 ...AnS-
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, Chemical Reaction Engineering 360
(1+Cy%(2)-2C5(242Ca) _
(1 + C,\J4

2(1+Cx)-4Ca _

l1+CA)3
2+2C,-4C4 = 0
| 2CA = 2
|,’ CA = 10

2x1

=05

y(S/A) = 2 ]
(1+1) ctor. Operate mixed

lug flow rea
owed by plug ) and then followed

' | i ‘ t would be mixed foll :
he best reactor arrangement w hest fractional yield

flow reactor from Cy, =4 uptoCs= 1.0 (condition of hig

" by plug flow reactor from C5 = 1 upto Cx = 0.0. ~
L] ; :EtthEEEEEE@E??Y%EEE%E
it 1] i T FEii HES ] "*“"T'-:: ErHH =i
I i i i i it
= T
i prameesas tiiateasastess
{ e » sagfapEaevies
§r 1% __;,,.E:_
b 4 Ha
i =1
e : srgma a1 i
0.6 = Plug Yoo
= flow Shfiill.. M3 iF Mixed flow dpi=icuie
B 3E (i i
T - A T § I
A H shdaesip o3 i EHE j 1 +H =
_ 04 it : -
< g2 # H i =
(%) 4 ¥ g1 Bl = - : 3=
=0 :: : 2 5
> : Fr
BAEIE P 3 esapard § fhsaea oy 12 suu R
IS 0.2 W=ttt i 2 : H ]
it SE e p R R :
i : i ausassiipeesaaisstinsaciaias inase T
¢ 211 Jely BEEET] |HE :
41 B : HHHH i
..' : Eaii 1 R0 E IR B SRk : 2:8 '
il J 0 05 10 15 20 25 80 35 4
Bk Op ==
[41k o Fig. E 5.13

For mixed flow reactor :
Cy = 10, y=05
% Cs = 05(4-1) =15
From plot of y (S/A) v/s Cj, area of rectangle i.e. rectangular area between C, = 4 and

Ca=1.01s 30 cm?2

1}

o ,._
] o L s

Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner



Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




Scanned by CamScanner




|

o

Ghemical Reaction Engineering 399 Temperature and Pressure Effects

o

(i1} 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 forv:;ard 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 |

g

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 4
equilibrium constant,

A

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

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

aA+bB — rR +s8
AGP? is given by

§

AG® = (rGy +sGg) — (aG} +bG3)
G is the standard Gibb's free energy of formation of a

Gibb's free energies of formation of many compounds are

given in tables of thermodynamic
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® = AHO — TASO ... (6.20) e1-1'

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,

(i) Gases (g) : Pure gas at unit fugacity at given temperature. If the gas is ideal gas, the q

reacting component. The standard

a4

standard state reduces 1 atm pressure. For ideal gas, fugacity is equal to pressure.
Activitya = f/ff and P =1 . a=f
(ii) Liquids (/) : 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.

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
under given conditions without recourse to direct experiments,

possible or not

L

- E——
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427 Temperature and Pressure Effects

Is Y _glgmical Reaction Engineering
(iii) Moles of NpO, at start = 73.6/92 = 0.8 mol
Let x be fractional dissociation of Na 0,
At equilibrium

Moles of N,O4= 0.8 (1 —x)

Moles of NO; = 1.6 x

0.8 (1 -x)X 0.08206_5_35@
10
-~ 1.968 (1 —x)atm
(1.6 x) x 0.08206 X 300
10
= 3.936 atm.

1l

PNy04

PNoy

2
PNO,
pN20 h

(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) = PCli(g) + Cla(g)
Initial amount of PCls = 10.425 g

Mol. Wt. of PCl; = 208.5
10.425
Moles of PCl; = 2085 - 0.05

Let x be the moles of PCl; decomposed or dissociated.
Then, at equilibrium,

Moles of PCls = 0.05 —x mol
Moles of PCl; = x mol
Moles of Cl, = x mol
Total number of moles = 0.05—-x+X+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 = 0.0903
x = 0.0403

B e s RSSO

e ———
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Chemical Reaction E"l'““"m_ 436 Temperature and Pressure Effects
From energy balance :

For reaction carried out adiabatically :
Xp = &4 AﬁT (for AHy independent of temperature as CpR CpA =0)
~0kg
C,(T-T,) 50(T-300) _ 50 (T - 300)
Xo = “TAH, = -(-200000 20000
Xy = 25107 (T-800) as T, = 300 K (given)
Evaluate X, for various values of T using energy balance equation.
At T = 300K
X, = 2.5x107(300-300) =
At T = 400K X4=025
Xy - T from engrgy balance
Ty 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.
l‘ s : ' 1T T
Al i i
1.0 H i et - |
0.90 fi i \1{ Material balance
i A line i
0.80 HFirE : e R i
0.70 pt \
1l iﬂ‘ HE T i
0.60 = | !
| & h | T i
T 0.50 e T, =300 k = Energy balance
S e : line
': =
0.40
) Siiii TR il From graph :
e e : £ Xy =0.41
i S S T =465k
0.20 E' b : :1{1 ;v; e T i T A t"
{ AL it i ; , iR
0.10 BEEFrtE S L = i i iGliE
it : : i IN{E S
e ) fRE e R R I T BT
0 100 200 300 400 500 600
T’k —»
Fig. E 6.14
From graph :
Xpe = 041 and T=465K 3

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

.-"'F 4
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438 Temperature and Pressure Effects

Chemical Reaction Engineering
Energy balance for adiabatic operation is,

C, AT
XA =_—im’, 5T=T2—T|
f exit stream and T, is the feed tem perature.

where T, temperature o
AHgp =—2.09X 108 J/kmol

C, = 1396.7x10% J/(kmol.K)

1396.7 x 10° " 0-3 (T, — 298)
= - 668x 103 AT =6.68x1 o
O e T T U i

This energy balance line is having slope of 6.68 X 10-3 (1/150). Draw this en
line through T, = 298 with slope equal to ( 1/150).
OR use X, = 6.68x103(T,—298), putT values

ergy balance

and evaluate Xj.

Toc| 25 | 90 | 0 | 80 | 100 [ 120 140 | 160 | 170
0.37 | 0501|0635 0.77 0.9 | 0.97
e R R i :i
it
';0 ;—v» st it : t :::;
S i
0.9 = i
‘i S-shaped material &t i ih
0.8 -+ balance curve AT A R
0.7 SEEt L
Straight energy H:t
0.6 balance line =
S i iR
Ll HEE i e 11 Soil GSHE
0.4 : ‘:_. 7 l = 33
03 H e gl e S
‘..1_‘: At SR gt b e 2 HHSEH
0.2 fHEEEs S B e i it
L il ! o I s e 3 i RN
mmaii s 5 L B j :
it “;\ fididE i T i
i i " i:‘:_ﬂ :tm I !: CHH R RIIER i i A i 1
0 20 40 60 _80 100 120 140 160 180 '
o
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 A and point C).
The possible operating temperatures and conversions are : TR S

Intersection T,°6 Xa % _conv_gﬁgi@ ‘
A 985 0.0175 e |
C 173 0.985 98.5
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Chemical Reaction Engineering 459 B

Area under C curve is given by,

- 25 35
JCdt = J Cdt+JCdt
d

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

25
\ b= Y
J Cdt =‘:73 [0+4(3)+_5+5+'4_(5)+ll
d 3
= T76.67
35 ==
Cdt = gx5[4+3§2)+3gl)+0]
25
a5
Cdt = 2437
25

SIS8842015

Area under C curve = J. Cdt = 76.67 +24.37 = 101.04 (g.min)/

N

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

C C : : ""l
- = 1
e e (min)-!, ... for pulse input v
J Cadt "'"I
o )
At t = 53min, C= Cpue =3 g/l ﬁl
— 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 HETE i T q
st
= ﬁ
S :‘:a i it i q
T 044Es T I : e M
' 0.03 [ i
E i |
w 002 R T
ST ..::::!‘?i H !
Bi St nnliin :
0.01 it e
0 5 10 15 20 25 30 35
t, min—»

e ke &

PR~
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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.
PRERE AR |
= .' SN f i S il
9 H:; 1 .J:I. T i ¥ !
e 3 A § T.H,__I - s :— |
1 4 el 1 Flo fed L ‘. :E 1 T \ !
£ ¥ , £ pa e 4 B +i T £e 3
8 i ' I HINEHRE : i
: : ki s = i
St e b e il S =
7 EE R e e RtIEnie f i) i
S Trji" i HIHlIBIRI) | | I
. B Rt St it : i
I SR R B R Bl g
op o N i
'a : 1 T’ - "‘; ”| i
S ¥ 1] ~H it } & g ’ 1
SRR e 1 g S
Q H ;_{ it EJ{ : l S : | 1 ]
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t = (t B)dt

0.
10 14
= | tE)dt+ | GE)dt
¢ 1
Using Simpson's :1—3 rd rule,
h] =1 and h2 =92

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]
+§ (0.3 +4(0.14) + 0] l

= 458 +0.573 = 5.15 min ... Ans,

08 ] undar curve = 25 75 cm’

I-zs?sd‘h{,
=515

tE —

04

02

0.0

& 7
N | N
oo Fig. E 7.3 (1)

10 1 12 13 14

0.6

045

(t—-tPE—

B0 1011 12 43
t—> N

Fig. E 7.3 (2)
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oo

J(t-EPEdt
0

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

a?

+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]

o2 6.108 min? = 6.1 min?

(1) Conversion using ideal plug flow reactor :

For first order reaction in plug flow, we have,

CA/CAG = e*“
Xy = Q—ekt okt (- ¢ =9)
Xy = 1-e-025x515
= 0.724 ... Ans, (l)
(i1) Conversion using ideal mixed flow reactor :
For first order reaction in mixed flow reactor we have,
tk
M= 1+ 1tk
We have, T =t
5.15 x 0.25 o
XA = mx—ozg = ... Ans. (ll)
(iif) Conversion using the tanks-in-series model :
Number of tanks in series are calculated as
)2 (5150
N = 2 =gl = 435
For first order reaction for N tanks in series, the conversion is calculated by
1
Xa =1 P
(1+§ k)N
1 = <
= be——— G =N e 1
E k 5.15 X 0.25 4.35
L= (1 YT 43 )
N .
= 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 model ... Ans.
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P
F 4
o

A = Cdt

16

= Cdt =3.75

Area under tC v/s t curve Fig. 3

AI = 12,4 cm2
02

= 124)(—1— x1

ol
= 248075 - (min)?

e 16

A= DJ.tht= J-tht
d

= 248 :

t = Mean residence time

nJ. tC dt
A 248

e = 375

Jcm

= 6.613 min

Sot is approximately same by both the methods.
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Appendix — ||

1C

R

i
i 2.4
:
12,

‘s =~
L)
i
3

o
f=)
-
it
ﬁ
it
t

3 -
-

S35
I

[}
= g

T

ol
1=
s

T
i

L oot H
v e
11

;’é iase

0.2 i .
S i e 5
o e
# t .
A e i tem of Ex. 2. What would
: d rderwithkC°=1.2mm"1iscarnedoutma§ys m of Ex. 2. Wha
be tl;f:‘ csonéei:i:zz fzr the same ﬁow and volume if the reactor is plug flow reactor ? Also
calculate the mean conversion in real reacgo: for data of Ex. 2. |
dXy
Solution : g =Ch| = =
2
_ 1;‘:)1‘() T
Integrating we get, Xy, = T+ kOh kCA_o 2
1 from Ex. 2, 1 = 6.67 min :
U_s:in i kCs, = 1.2 min! (given)
5 12x6.67  _ 0889
X = T+ (12x660)

Conversion in

plug flow reactor = 88.9%

T TR el |
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vC

. M -

’
p
)
)
3

x3xC

R NI

.. Ans.
= 1350 },UTIOUS
C(t) Cit

—

- 9
2 C
J‘ C(t) dt

Ct) E(®)

I
e
e

E(t)

Calculate E(t) for various t.

0 0
1/3C 0,0741 [(1/3) x 1/4.5]
23C 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
Area under E curve = Léxszs—] +[§x6x4'5_ 1.0

acezresatastesatest irenanaid HIEH
1T T I T n

N
...............................

fhaian pew 17 4 111 T 1 1431 i ]
Tt I 117 1 i a2 H 4 Siges
11 . i jhe "
pepist pett H_ $ - +HT H
i1 C sanasdbenns s T3 HIHHH | =G Hi i
[t $HE + 1 1y H
H T HH : % - H c
- Y “pulse
H H
T x

Cp
pmol/cmy

cuve [

)
i 0,0 e e R 10 20 21 1 22 61 29 B 24 22D

Fig. 5
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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.

sisia i SR HIHE o
HEH i THH H

=t
e

& sese

::g:::n:%.:: i
+
e

o
5

H
e

=w TITT TIIT
-m-.m
t =

. 11

>

it V = 4//min =
m = 0.5 mol/min

T

T
T

e

T
"o i

Wl =] O] -
o

Cmax

= 1
t = = | tdCstep -

~ Cmax

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

Ex. 7: The results of pulse input to
racer curve to se€ whet

(a) Check material balance with the experimental t her the results

are consistent or not.
(b) If the results are consistent, determine

v=50cmsls,4; \—‘r_,

roduced, M.

the amount of tracer int

- w w W

3

C, umol/cm

T
} 8% 5 5

it
THH

T
Tt

o
1
@

oo

ma

imena
.us

1

T e 111 L T BT} Tt T g T L o seapR L .} -1
e T Fa B p 9 [ 01 PRl
-+ 1! mana H

Fig. E 7A (a) s =——»
note that for the results to be consistent, t from Cpulse

curve must be equal

Solution : Please

to t from material balance.

Given: vV = 5cm¥s and V = 50 cm?®
- \%
t from material balance =
50
= e 10s
Now, we will obtain t from Cpulse CUrve:
Refer Fig. E TA (b) :
wapu I :l bas T
h ::
E 3
9 S AL e . F: 506 y
=} & PR it
E H
= : 316 y
(0] - 1 351 8 ) tHit
t' S -.—* =
Fig. E 7A (b)
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t C tC

6 0 0

7 183y 3y

8 28y 16/3 y

9 y 9y

11 2/3y 223 y

13 118y 13/3 y

15 0 0

oo 6 9 16

[oa = ICdt+JCdt+‘[Cdt, [cat=0

) 0 0 :

fort=6to9s: h—9—3—6=1

9 15
. ‘[cmdl'ca

fort=9to 1585 : h_l§.3_9_ =

[}

3 3
=3 x4y+8x2x4y

_ 36y _9

= % =2
@0 6 9 16
‘[tht - Jthh-JlCdHJtht

g
8

8
T
= -B-xﬂy *3 x2x44y

12y+3y =45y

3 L. oo
§x1[0+3x3y+3x3y +y:|

y = 4.5y ... same as previously obtained.

7 16
x1[0+3x§y+3x§

+§-x2[9y+3x23 y+3x13y+0]

© 3 2 1
+Bx2[:y+3x3y+3x§y+0}

y+9y]

ol ol el ol o o o ) e o e o o IS

& ¥
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Area of rectangle = 100 x 40 . i
18 i ittt for mixed flow reactor = 4000 mm i

i il i
il il |

°

E

E e

n i

= {f11.0 i

T

' : Cpas = 20 mmolil

= 11

= 1t
0,41 it : '-J ) g 2

i ifit Area under curve = 862 mm

i ‘ for plug flow reactor

1 llll TH1t IIHI | Hih Ht

{1 C,., =100 mmolil

T
1

h
i

i

100 £

{t

14

i

CA ; rnmo!ll e

Fig. E 10A (b) . » O
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