CP303 — Solutions to Set #3 (July-October 2013)

Question Bank 1:

Reaction Kinetics and Isothermal Batch Reactor Design

Solution to Q1:

Design equation for reactant A in an ideal batch reactor is given by

727’14‘/ (31)

a) Since the reaction A+ B — C'is first-order in A and zero-order in B, we could write the
rate equation as

TA:—kCi‘C%:—k'CA (32)
Combining (3.1) and (3.2), we get
dNy
Sk :
o CaV (3.3)

Using Ny = C'4 V' along with the assumption V, the volume of the reacting mixture in
the batch reactor, is a constant for a liquid-phase reaction, (3.3) could be simplified to

dC 4
— =—kC 3.4
dt 4 (3:4)
Upon integrating (3.4), we get
CA = CAo exXp (—k‘t) (35)

where C'y, is the initial concentration of A in the batch reactor. Substituting C'y = 0.5C}y,
at t = 10 min in (3.5), we get

0.5 CAo = CAo exp (—10 /{)

which gives k = —In (0.5)/10 = 0.069 min~*. Using the numerical value of k in (3.5), we
get
Ca = Cay exp (—0.0691) (3.6)

Equation (3.6), at ¢ = 20 min, gives
Ca = Cay exp (—0.069 x 20) = 0.25 O,

from which we know that a quarter of A is left unreacted after 20 minutes of the commence-
ment of the reaction.



b) Since the given reaction is first-order in A and first-order in B, we could write the rate
equation as

ra=—-kCyCE=—-kC,Cp (3.7)
Combining (3.1) and (3.7), we get
dN 4
— =—k
o CaCgV
which, for constant V/, could be simplified to
dC'y
—— =—-kC,C 3.8
dt A (38)

Equation (3.8) could not be integrated without relating C'z to either C4 or t. From the
stoichiometry of the given reaction, we could write

moles of A reacted = moles of B reacted
Nao—Na = Np,— Np (3.9)

It is stated in the problem that there are equimolar quantities of A and B at the commence-
ment of the reaction. Therefore, N4, = Np,, which reduces (3.9) to Ng = N,4. Dividing it
by the volume of the reacting mixture, we get Cz = C4. Substituting which in (3.8), we get

d
5{‘ — —kC% (3.10)
which upon integration gives
1 1
— = kt 3.11
Ca  Cy N (3.11)

Substituting C4 = 0.5Cy, at t = 10 min in (3.11), we get & = 0.1/C 4, min~'. Using

this in (3.11), we get
1 14014

CY7A B CAO
Equation (3.12), at ¢ = 20 min, gives

(3.12)

Ca=Ca/3

from which we know that one third of A is left unreacted after 20 minutes of the commence-
ment of the reaction.

c) Since the given reaction is second-order in A and first-order in B, the rate equation becomes
Ty = —kC’i Cp (3.13)

Combining (3.1) and (3.13), we get

dN
dTA = —kC2CpV
which, for constant V/, could be simplified to
ac
dTA = —kC%Cp (3.14)



Using Cz = C4, which is proved in part (b), (3.14) is reduced to

dCy
=k (3.15)

which upon integration gives
1 1
i Ch
Substituting Cy = 0.5C, at t = 10 min in (3.16), we get & = 3/(20 x C%,) min~".
Using this in (3.16), we get

+ 2kt (3.16)

1 1+03¢
ci L
Equation (3.17), at t = 20 min, gives

(3.17)

Ca = Cao/VT7=0.378Cr
Plot of C'4/C4, versus time for all the 3 cases analysed above is attached as Set3FigQ1.

Solution to Q2:

Design equation for reactant A in an ideal batch reactor is given by

—— =1,V (3.18)
Rate equation is given by
TA:—kCACB (319>

Combining (3.18) and (3.19) for a constant volume batch reactor, since the reaction takes

place in liquid phase, we get

Cg;“ — —kC,Cp (3.20)

a) Equation (3.20) could not be integrated without relating Cz to either C4 or t. From the
stoichiometry of the given reaction, one mole of A and one mole of B reacts to give 2 moles
of B. Therefore, we could say that the net reaction uses one mole of A to produce one mole
of B. We could therefore write

moles of A reacted = moles of B produced
Nao— Na = Np— Np,

which, for a constant volume reactor, gives
CAO - CA = C1B - CBO
Since C, = Cy, + Cp,, the above equation could be rewritten as

Cp=Co—Ch (3.21)
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Combining (3.20) and (3.21) so as to eliminate C'p, we get

dC'y

—A = _kC4(C,— CY) (3.22)
dt
which upon integration gives
dC'y 1 1 1
kt = — | ————  — 4= )4
/(JA(CO—(JA) c, /((JA +00—0A> Ca
1 In(C,-C
= —a llIlCA + (_114)‘| + const
1 C,—Cay
= In (C'A> + const (3.23)

Substituting C'y = Cy, at t = 0 in (3.23), we get

1 _
const = - In <COCAOCAO> (3.24)
Eliminating the const from (3.23) and (3.24), we get
(Co - CA) CAO]
kC,t=1In 3.25
[CA (Co - CAO) ( )
b) When the rate of reaction reaches its maximum,
d|r 4]
= .2
o 0 (3.26)
Using (3.19) and (3.21) in (3.26), we get
dlkCa(Cy,—Chy)] dC dCy dCx
= — _— — — | = — 2 - =
7 k|—Ca o T (Co —Cla) o k(Co—2C4) i 0

from which we could conclude that when the reaction rate reaches its maximum,
Cya=05C,

Using the above value of C in (3.25), we could get the time required for |r4| to reach its
maximum as

. 1 1 Cao
‘at 74| maximum™ O, " <CBO>
since C, — Uy, = Chp,.



Solution to Q3:

Design equation for reactant A in an ideal batch reactor is given by
— =T4 \% (327)

When the reaction is assumed to be first-order in A, as stated in the problem, the rate
equation becomes

a=—kCy (3.28)
Combining (3.27) and (3.28), we get
dN

dTA = —kC,V (3.29)

Note: Since it is a gas-phase reaction, we shall work out the problem in terms of x4, con-
version of A, and not in terms of C/4.

Using C4V = Ny and Ny = Nyo(1 — x4), (3.29) can be reduced to

dra

A —k(1—) (3.30)

a) Upon integration using the initial condition z4 = 0 at ¢t = 0, (3.30) gives

—ln(l—.CEA)
t

k= (3.31)
We require the value of x4 at some time during the reaction to be able to determine the
numerical value of k. It is given in the problem statement that there are 80 mole% A and 20
mole% inerts initially at 1 atm, and the total pressure rises by 40% in 3 min.
We could determine the value of x4 at 3 min from the above information using

P, T
—_— 1 .32
V = PTV( —|—€A.I'A) (33)

where

€n = (3.33)

Nao [(241) = (1)
e |
for the reaction A — R+ 2S.
Since there are 80 mole% A and 20 mole% inerts initially, we get N,/Nr, = 0.8. There-
fore, (3.33) gives
ea=08x2=1.6 (3.34)

Using (3.34) and the data V' =V, (constant volume reactor), 1" = T, (isothermal condi-
tion), P, = 1 atm and Pr = 1.4 atm (pressure rises by 40% in 3 min) in (3.32), we get

1

1=
1.4



which gives x4 = 1/4 at ¢ = 3 min. Substituting which in (3.31)

B —In(1-1/4) B 0.2876
N 3 min 3 min

k = 0.0959 min~! (3.35)

b) In another 3 min, i.e. when ¢t = 6 min, we could determine the value of x4 from (3.31)
using the numerical value of k& from (3.35) as follows:

—ln(l—xA)

0.0959 =
6

which gives
ra=1—exp(—0.0959 x 6) = 0.4375

Using 24 = 0.4375,V =V,, T =T, and P, = 1 atm and €4 = 1.6 from (3.34), in (3.32),
we get

At 6 min= (1 atm) x (1 + 1.6 x 0.4375) = 1.7 atm

Solution to Q4:

Design equation for reactant A in an ideal batch reactor is given by

dN 4
The rate equation is given by
A = —k CA (337)
Combining (3.36) and (3.37), we get
dN
d—;‘ = —kC,V (3.38)

a) Since we have been asked to prove C'y = Cy,exp (—kt), we write (3.38) in terms of Cy
using NA = CAV as

d(CaV)
=kCyV
dt A
which, for a constant volume reactor, becomes
dC'4
—— =kC
dt A

Integrating the above with the initial condition C'y = Cy, at t = 0, we get
Cy=Caoexp(—kt) (3.39)

b) We need to verify the assumption that the reaction is first-order in A using the 6 sets of
C4 vs t values given. If the data fit (3.39) then the assumption is correct. Since (3.39) is
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an exponential function, we need to first convert it to get a straight line relationship, which
could be done as follows:
—InCy =kt—1InCy, (3.40)

Plot of —In C4 versus t made using the C4 vs t data is attached as Set3FigQ4. The plot
shows that the —In C'4 versus t data can be fitted by the straight line, —InC'y = 0.0027 ¢ +
4.1352, having R? = 99.99%, and therefore the assumption that the reaction in first-order in
A'is a valid one.

The slope of the straight line gives the value of k as 0.0027 min~!.

c) Applying the ideal gas equation of state to relate P to the other properties of the reacting
mixture at time ¢, we get
PV =NrRT (3.41)

where Ny = N4 + Np + Ng in usual notation.
Stoichiometry for the reaction A — P + () gives

Ngo— Ng = Np — Np, = Ng — Ngo

which becomes
Nyo— Na = Np = Ny (3.42)
since Np, = Ng, = 0.
Combining (3.41) and (3.42), we get PV = (2N4, — Na) RT, which, for a constant
volume reactor, gives

_ 2Nao— Ny

P
V

RT = (2C4 — CA)RT

Note:
Solutions to Q5, Q6 and Q7 are not provided since they are part of Assignment 1.

Solution to Q8:

Design equation for reactant A in an ideal batch reactor is given by

A,V (3.43)

a) The rate equation for the given elementary reversible reaction is
ra=—kiCa+kyCp (3.44)

Combining (3.43) and (3.44) for a constant volume (since it is a liquid-phase reaction)

reactor, we get

ac
dTA = k1 Ca+ ko Cp (3.45)



Stoichiometry for the given reversible reaction yields that when one mole of A disappears
in the reaction, all of it would be converted into one mole of B. Therefore, we get Ny,— N4 =
Np — Np,, which, since V' is a constant, reduces to Cy, — C'4 = Cg — Cp, It is given that
there are 2 mol/litre of A present in the reactor initially and no B. Therefore, we get

2 Cy=0Cp (3.46)
Combining (3.45) and (3.46) so as to eliminate C'z, we get
dCx

which could be integrated as follows:
ac'
—L (k) Ca = 2k,

CACh e[k + R} = 2k exp (ks + ko)

2k
Ca exp (k1 + ko)t] = 2 exp (k1 + k2)t] + const (3.48)
k1 + ko
Since C'4 = 2 mol/litre at t = 0, (3.48) gives
2 ko 2k
t=92— = 4
cons T (3.49)
Eliminating const from (3.48) and (3.49), we get the following:
2 ks 2k,
ki + ko)t] = ki + ko)t
Ca exp [(k1 + k2)t] k1+k:2€XpK1+ 2)]+k1+k2
2k 2k
Cy = 24 2L oxp = (ki + ko) ] (3.50)

b) The rate of reaction reaches zero value at equilibrium. Therefore, (3.44) combined with
(3.46) gives
—kl CA,eqm + ]{ZQ (2 - CA,eqm) - O (351)

TA‘at equilibrium ™~

where U4 ¢qm stands for the equilibrium concentration of A. Since Cy cqp, is given as 0.33

mol/litre, (3.51) gives
Bt 2= Caogm 2-033

2= — —5 3.52
ks Ciaegm 0.33 (3:52)

c) The concentration of A is said to be reduced to 1 mol/litre in 0.9 min. Substituting the
above in (3.50), we get
_ 2 ko n 2k
/{Zl + ]{72 kl + k’Q

exp [— (k1 + k2) x 0.9]

Since k; = 5 ky from (3.52), substituting which in the above we get

1_2%_2><5
6 6

exp [—6 X kg x 0.9]



which reduces to
ko = —1n(0.4)/5.4 = 0.17 min~*

and therefore, we get

ki =5k, =5x0.17 min~! = 0.85 min~!

Solution to Q9:

Design equation for reactant A in an ideal batch reactor is given by

“NA _ v 3.53
a4 (3.53)

a) The rate equation for the given reversible reaction is given by
ra=—k;CaCp+FkyCp (3.54)

Stoichiometry for the given reversible reaction yields that one mole of A combines with one
mole of B to produce one mole of P. Therefore, we get Ny, — Ngs = Ng,— Ng = Np— Np,,
which, since V' is a constant, reduces to Cy, — Cy = Cp, — Cg = Cp — Cp,. Initially, there
are 1 kgmol/m3 each of A and B present in the reactor and no P. Therefore, we get

1-Cy=1-Cp=0Cp (3.55)
Combining (3.54) and (3.55) so as to eliminate C'z and Cp, we get
ra=—k;Ch+ky(1—Ca) (3.56)
b) To determine ks and ks, (3.56) should be rewritten as follows:
Z{‘:kf—kb (1;;*) (3.57)
We shall then construct the data set y = —r4/C% versus x = (1 — C4)/C?% from the Cy4

versus (—r4) data set provided. The slope of the best straight line fit to the y versus x data
points, as per (3.57), gives —k;, and the intercept of which gives k.
Plot of y = —1r4/C% versus x = (1 — C4)/C? is attached as Set3FigQ9. The plot shows
that the data can be fitted by the straight line, y = -0.2933 X + 1.5031, having R? = 98.83%.
From which, we get k, = 0.2933 ~ 0.3 per min and k; = 1.5031 ~ 1.5 m? per (kgmol.min).

c) Using Ny = C4 V along with the expression for r4 from (3.56) in (3.53) and utilizing the
fact V may be assumed to be a constant for a liquid-phase reaction, we get

dc'
dTA =~k C4 +ky (1 — C)
Substituting the numerical values of ky and k;, in the above and integrating it from Cy =

1 kgmol/m? at t = 0 to C'4y = 0.5 kgmol/m? at t = t;, we get

. _/0.5 dC' s _L 1 1
=i Z15C2-03C4+03 15 Jos CZ+02C, — 0.2

By carrying out the above integration we could get 7.

dC'y



Solution to Q10:

a) The numerical values of the forward reaction rate constant k; and the backward reaction
rate constant ks are to be determined. We therefore require two independent equations in k;
and k3. One equation could be obtained from the information the concentration of A drops
from 0.8 mol/litre to 0.6 mol/litre in one minute, provided we first find the dependence of
C'4 on time. The other equation could be obtained from the information that the equilibrium
concentration of A is 0.52 mol/litre.

To determine the dependence of C'4 on time, let us start with the design equation for
reactant A in an ideal batch reactor, which is

—A Vv (3.58)

and the rate equation for the given first-order reversible reaction, which is
ra=—ki Caq+kyCg (3.59)

Stoichiometry for the given reversible reaction yields that when one mole of A disappears
in the reaction, all of it would be converted into one mole of R. Therefore, we get Ny, — N4 =
Ngr — Ng,, which, since V is a constant, reduces to C'y, — C4 = Cr — Cg,. It is given that
there are 0.8 mol/litre of A and 0.5 mol/litre of R present in the reactor initially. Therefore,
we get

0.8 —Cy=Cgr—05 (3.60)

Combining (3.59) and (3.60) so as to eliminate Cg, we get
rTa = —]ﬁ CA—f—kg (13-0,4) (361)

Combining (3.58) and (3.61) so as to eliminate 74, we get

since Ny = C'4 V and since V could be taken as a constant for a liquid-phase reaction.
Equation (3.62) could be integrated as follows:

dCy

— k k = 1.3k
pm + (k1 + ko) Ca 3 ko

GAC exp (b + k)l = 13k exp(hy + ko)

1.3k
Ca exp[(k1 + k2)t] = ot ; exp [(k1 + k2)t] 4 const (3.63)
1+ K2

Since C'y = 0.8 mol/litre at ¢t = 0, (3.63) gives

13ky  0.8k; — 0.5k,
ki +ky ki ko

const = 0.8 — (3.64)
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Eliminating const from (3.63) and (3.64), we get the following:

1.3 ko 0.8k1 — 0.5 ks
C k1 + ko)t] = ki + ko)t| + —————
4 exp [(k1 + ka)t] k1+k2eXP[(1+ 2)t] + b+ oo
1.3 ko 0.8k — 0.5k,
= — (k1 + ko)t .
Ca k1+k2+ — exp [— (k1 + ko) ] (3.65)
Since C'y = 0.6 mol/litre at ¢ = 1 min, (3.65) reduces to
1.3k 0.8k — 0.5k

0.6 > ! 2 exp [~ (k1 + k)] (3.66)

Ttk ki

which gives one equation relating k; and ks.

It is also given in the problem statement that at equilibrium, the concentration of A is
0.52 mol/litre. Since r4 = 0 at equilibrium, (3.61) gives

"4|at equilibrium= %1 (0:52) + k2 (1.3 — 0.52) =0

which gives
ky 078

k2 052
Using k1 = 1.5 ks from (3.67) in (3.66), we get

1.5 (3.67)

_E+0.8>< 1.5—0.5
25 2.5

0.6 exp (—2.5 ko)

which gives ky = 0.5 min~!. Substituting it in (3.67), we get k; = 0.75 min~".

The equilibrium constant K., is defined by K., = k1 /ks, which as per (3.67) is 1.5. And,
of course, K., has no unit in this case.

b) Since K., = 1.5 at 720 K, we could write

(_AH) 1.5 (3.68)

exp | mopp ) o L. :
It is given in part (b) of the problem statement that C.,,, = 0.520/2 mol/liter at 630 K.

Using the Ceypp, in (3.61), we get

—k1 (0.52/2) + ks (1.3 — 0.52/2) = 0

TA‘at equilibrium —

which gives
k1 1.3—-0.26
T ks 0.26
Since K., = 4 at 630 K, we could write
—AH
4 )
P (630 R) > (3.69)
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Dividing (3.68) by (3.69), we get
(AL A1
PV R 720 630/ T 4

—AH =4943.4 K x R = 41,100 kJ/kgmol
when using R = 8.314 kJ/(kgmol.K) in the above.

which gives

Solution to Q11:

a) Design equation for reactant A in an ideal batch reactor with constant volume is given by

dC'4
W =TA (370)
The rate equation for the first-order reaction given by A — B is
rqg = —kl CA (371)

Combining (3.70) and (3.71) and integrating it with the initial condition Cy = Cy, at t
=0, we get

CA = CAo exp (—/ﬁt) (372)

To write the design equation for B, which is a product in A — B and a reactant in
B — C, let us start with the mass balance for B over the volume of the ideal batch reactor
as follows:

mass of B entering the reactor during time dt
+ mass of B being generated in the reaction A — B during time dt
= mass of B leaving the reactor during time dt
+ mass of B accumulated within the reactor during time dt
+ mass of B disappearing in the reaction B — C' during time dt

which becomes

0+ (rp)|, , MpVdt=0+d(NgMp)+(=rp)|, MpVdt  (3.73)

A—>

Removing the molar mass Mp from (3.73) and rearranging it, we get the design equation
for B in an ideal batch reactor as follows:

dNp
W - {(TB>’AHB_(_TB)‘B*>C} 4 (374)
Since (TB)‘A_)B: (—rA)‘A_)B: ki C4 and (T‘B)’B = —kyCp, (3.74)could be re-

—C
duced to

dNp

W:<kICA_kQCB>V
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which, for a constant volumes reactor, becomes

d
W by — ey Cp (3.75)
dt
The stoichiometry of a series reaction could NOT be used to relate A and B. And,

therefore, we shall use C'4 from (3.72) in (3.75) to get a differential equation in Cz as follows:

d
C§;B = kl CAo exXp (—klt) — ]{72 CB (376)
which could be integrated as follows:
dc
TtB + kz CB = lﬁ CAo exp (—klt)

d
pr {Cp exp (k2t)} = ki Cao exp(—kit) exp(kat)

k
Cp exp (ko t) = PG exp [(—k1 + ko)t] + const (3.77)
—ky + ko
Since Cp = 0att =0, (3.77) gives
_kl CAO
= ——"— 3.78
cons Th Tk (3.78)

Eliminating const from (3.77) and (3.78), we get the following:

kIOAo kcho
kot) = ———— —k1 + ko)t] — ———
Cp exp (ko t) _k1+erxp[( 1+ ko)t R
kcho
Cpg = ——— —kit) — —kot 3.79
b = S (o (—hat) — exp () (3.79)

b) When Cj is at its maximum, dCp/dt = 0. Therefore, differentiating (3.79) and equating
it to zero gives
kl exp (—]{1 topt) = k’g exXp (—kg topt) (380)

where t,,; is the time at which Cp reaches its maximum value.
Rearranging (3.80), we get
In (kz/kl)

topt = =4.5 hr
P exp (—ky + ks)

since k; = 0.35 hr™! and ky = 0.13 hr~!. Substituting the values of ¢, k1 and k» in (3.79),
along with C'4, = 4 mol/m?3 and C, = C¢, = 0, we get

0.35 x 4
= R xp (—0.35 x 4.5) — exp (—0.13 x 4.5)) = 2.23 mol/m?

C —
Blmee™ —0.35 + 0.13

c) C4 and Cp as functions of time are given by (3.72) and (3.79), respectively. We need to
determine C¢ as a function of time, which can be done as follows for a series reaction in which
stoichimetry cannot be used.
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The rate of change of Cy4 in the reactor can be obtained by combining (3.70) and (3.71)

as
dC'y
L - 81
h 1Cx (3.81)

The rate of change of Cz in the reactor is given by (3.75).
The rate of change of C¢ in the reactor can be obtained by combing the design equation
for product C' in an ideal batch reactor with constant volume, given as

dCe
dt

=Tc,

and the rate equation for the first-order reaction B — C, given as

re =k2Cp
as 4
c
— =kC 3.82
a P (3.82)
Adding (3.81), (3.75) and (3.82) gives the following:
d(Cy+Cp+C
(Ca dtB c) — k1 Ca+ ki Ca—kyCp+ky Cp =0

which upon integration yields
Cys+ Cp + Co = constant .
Intitial conditions gives constant as 4 moI/m3. Therefore,
Co=(4—-Cy—Cpg). (3.83)

Plot of Cy, Cg and C¢ as functions of time is attached as Set3FigQ11.

Observe in the plot that the concentration of the reactant, Cy, keeps decreasing with
time and the concentration of the product, C¢, keeps increasing with time. Whereas, the
concentration of the intermediate component, C'z, experiences a maximum.

Note:
Solutions to Q12 and Q13 are not provided since they are part of Assignment 1.
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