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Objectives and sources

+ Extend the models for reactor design to chemical systems of
multiple reactions (in series, parallel and their combinations).

* Calculate the conditions for maximum yield and selectivity of
a given product.

+ Identify the best reactor and its operating conditions for a given
objective, e.g. maximise yield.

* Schmidt: Chapter 4
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3.1 Introduction and basic concepts
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Multiple reactions can be in
- series,
- parallel, or
- combination of series and parallel.

In reactors with multiple competing reactions we are
interested not only in maximising the conversion, X, of
the desired reaction, but also the selectivity, S;, and/
or yield, Y ;, of a given product.

Unfortunately, there is generally a trade-off between X
and Sy (Yj).
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Motivation

Types of multiple reactions

Main
Virtually all industrial/commercial processes involve systems of 1. Reactions in series product
multiple reactions. A—"—B h=kC,
B—t sC 7, =k,C, byproduct
In a single reaction system the objective is often to increase the . .
reaction rate (thus minimising the reactor volume or the 4 > B¢ C
residence time). This is generally achieved by increasing the 2. Reactions in parallel
temperature of operation. A—"1>B n=kC,
A—LLsC n=kC,
However, in a multlple: reaction system the problem is to create 3. Complex systems of reaction: series and paralle]
a reactor configuration to
* maximise the production of a desired product, or A—b s BlyC rn=kC,
* minimise the production of undesired ones. A+ C—RSD r, =k,C,C,
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Selectivity (S) Yield (Y))
S - moles of desired product J formed Y - moles of desired product J formed
/ moles of all products formed ’ moles of reactant fed
So, for example, for a reaction where A — B Y, - N, _F _ G
N F constant ('
S - N, _ F, _ C, A0 a0 Peomstant C g
! NAO _NA FAO _FA p constant CAO _CA
... and for a reaction where A — B
Y, =8,X,
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Some Important Chemical Processes

Process

Reaction

Catalyst

fermentation

methanol synthesis
steam cracking
ethylene oxidation
FCC reactor

FCC regenerator
hydrotreating

steam reforming

NH; synthesis

auto catalytic converter
maleic anhydride

NH; oxidation

HCN synthesis

steam reforming
cyclohexane oxidation
p-xylene oxidation
water—gas shift
autothermal reform
formaldehyde

sugar — C;HsOH + 2CO;
CO + 2H; —» CH:0H
CaHg — CoHy + Hs

CHy + 105 = GH0
Cu>Co+Cs
C+0,— CO,

Cay + Hy — 2C,

CHy + Hy0 — CO + 3H;
N: + 3H, — 2NH;

CO — CO3, NO - N,
CqHyg + 0 = CHL0;
NH; + 30; — NO + H;0
CHy + NH; 4 0y — HCN
CHy + Hy0 = CO + 3H,
¢-CgHly2 —» adipic acid
xylene — terephthalic acid
CO + Hy0 — CO, + Hy
CH, + 30, — CO + 2H,
CH30H + 10, = HCHO

week I atm
min 50

min
min
sec
sec
sec
sec
sec
sec
1 sec
Ih
20 min
1 sec
104 sec

1072 sec

35°C
250
850
280
450

550

250
250
400
400
900
100
800
150
150
250
1000
400

100%
a0
70
10

100

yeast
CuZnO
none

Ag
zeolite
none
Co-Mo
Ni

Fe
Pr-Rh-Pd
VPO
Pt-Rh
Pt-Rh

Ni

Co homog.

Cu/ZnO
Rh
Fe-Mo

Notes: All values are very approximate. Selectivities are based on carbon atoms in the major reactant

A notation for multiple reactions

s i=1,2,..,R
i=1,2,...8
v;= stoichiometric coefficient of species j in

(reactions)

(species)

reaction 7 ; negative if j is a reactant; positive
if j is a product

m;= order of the reaction with respect to
the jth species
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The reactor design equations derived for the single
reaction case are applicable to each of the species

present in the multiple reactions, so we do not have to
re-derive them!

All we have to do is to account for the presence of each
species in all the reactions ...
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Summary of reactor design equations — multiple
reactions

differential algebraic integral
form form form
Batch e =§"fm t=_Cf'°jj R =
atc dt £ ZVUE(X )
R

dc. 1 R -F. X
dtj ‘_( ,fO_Cf)+2fo’”z V=5
= 21/‘.;4
b v
R dX
PFR 95 _ S L
dr £ Zvijr,.()()
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One design equation is created for each of the species
present in the system.

We end up with a system of n simultaneous equations in
n unknowns (the concentrations of the species as a
function of time).

In some cases the yield/selectivity of a species is non-
monotonic, i.e. it has a maximum value in the range of
X=0.0..10.

3.2 Multiple reactions in series

© R. Banares-Alcantara 3-13 © R. Banares-Alcantara 3-14
(Aug 2013) (Aug 2013)
. . . ac, &
Series reactions in a PFR A
. —h =kC
In the case of a PFR we get a system of simultaneous - Reaction system: ) B =
differential equations. B——C ry =kCy
dC,_ o
' ; ; ; « Mole Balances for PFR: dr i =t
Let's solve a system of two 15t order reactions in series : i
(the simplest case). The same method is applicable to 9Co vk C,-kC,
more complicated systems, i.e. more than two dt
reactions of any order. dCc =1 =kC,
dt
BCs: C,=C, ; Cuo=Ceo=0
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Series reactions in a PFR (2)

dC
Solve eqn. 1 (separable) -~ L=-kdr = ’CA = Cexp|- klf]

A

& +k,Cp =k C exp[— klrjl

Solve eqn. 2. Subst. C, into eqn. 2; T

not separable, use Integrating Factor  IntFact = CXP[ ) k2dT:| =t

k
and get: C,=C, ﬁ(exp[—klr] —exp[-k,])

2 1

To get C. we could substitute Cy, into eqn. 3 and solve, but we
notice that (C,,-C,) = Cy + C.. Hence, solve for C.. and get:

2 1 2 1
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k k
C.=C,,|1- ﬁexp[—klr] un lk exp[—kzr]}

A—b5-B

Series reactions in a PFR (3) Bk .C
Series rxns. PFR. (k2kk1)<0.1 |
N Dimensionless plot
039 7% 1 |
08 f——— 3 :
gé ; 2 - - STy i CA/CAO’ CB/CAO’ CC/CAO i
Sos \ - = = cBicAo|| | VS i
© :; Y T & CCICAD :
02 — :
01 . \\’; | kl T
o —
0 2 4 6 8 10 -
*tau Series rxns. PFR. (k2/k1)=10
o; 2 £ 1
08 4
They have a 07 Yo,
N 06 x -
maximum CB S 05 = CB/CAD
c Q; " & CC/CAD
01 ——
. ) T
Looks like o 0 1 2 3 4 5
A—C Kki*tau
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Maximum yield of B in PFR (series reactions)

v, - G

B
constant
L CA 0

There is an optimum T to maximise Cg

4ie)-0-L e, b (e o)) mm) -k
d‘L’ B d‘f A0 k2 _ kl opt k2 _ kl

substitute T,

opt 10t0 expression for Cy to get Cpyy

K

k, Y-k
Cymae = Caol
q B max A()(kz) o

ky—ky
YB max CB = (kl)
C‘AO k2
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In the case of a CSTR operating at steady-state we get

a system simultaneous algebraic equations.

Let's solve a system of two 15 order reactions in series

(the simplest case). The same method is applicable to
more complicated systems, i.e. more than two
reactions of any order.
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Series reactions in a CSTR Cro=Cy =T 2y
. A—kl'_>B n= kICA
* Reaction system:
B—t—sC r=k,Cy

C,=Cy=-1(kC,)
Cp=Cyy=7(k,C, - k,Cp)

e Mole Balances for CSTR:

A—b5-B

Series reactions in a CSTR (2) Bk,

Ce = Coo =7(kyCyp)
C,=Ch 3 Cp=Ceo=0
. Solver o _ C, Ca=Cu B0 = Lo =Y
T (I+kT)

_ kC T
A+ kT) 1+ k,T)
. kkC,T’
A+ k)1 + k1)
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Series rxns. CSTR. (k2/k1)=0.1
o i Dimensionless plot
08 3 3
o6 S ——cacad|| | CA/CAO’ CB/CAO > CC/CAO
§05 N — =~ |-=-CBICAD|| ;
oo ~ P o ccrcaol[ | VS.
02 e 3
01 e : kl T
0 2 .
0 4 6 8 10
k1*tau Series rxns. CSTR. (k2/k1)=10
1
09
08 - —a
07 a
, jé 4 —e—CAICAD
Soe * = CBICAD
oo -~ a CC/CAD
02 - —
01 -
. 0 — " . +
Looks like 0 ; 5 3 ' s
A—C k1*tau
© R. Banares-Alcantara 322
(Aug 2013)

Maximum yield of B in CSTR (series reactions)

v, - G

B
constant
L CA 0

There is an optimum T to maximise Cg

d d kC T 1
—(C.)=0= —| ——1—A0" q T, =
dr( 2 dr((1+ kT)(1+ k2r)) "k,

substitute T,

opt 10t0 expression for Cy to get Cpyy
kICA 0

C max = 2
ﬁ ' (k]% ¥ k;/Z)Z

Y — CBmax _ kl

B max 2
C g
A0 (kl/2 +k24)
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The behaviour of PFRs and CSTRs operating with
multiple reactions in series is qualitatively similar.

But are PFR and CSTR identical with respect to multiple
reactions?
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PFR vs. CSTR for series reactions Bt C

A—b5-B

The PFR gives higher
yield than the CSTR
(for positive order
reactions).

Series rxns. PFR vs. CSTR. (k2/k1)=0.1

1

09

08 {% — —+—CA@PFR
07 \\ s = CB@PFR
gg A SRR T S & CC@PFR
Soa e — 8% [...x--CA@CSTR
03 \"“.. a o ° x . CB@ CSTR
02 <5 red— - o CC@ CSTR
Oé 2 e,

0 2 4 6 8 10

k1*tau

Series rxns. PFR vs. CSTR. (k2/k1)=10

08 & - s [—+—CA@FFR

07 2 — = CB@PFR

0% = » CC@PFR
Sos4 o ---x--- CA@ CSTR
The CSTR has always 03 h N . v CB@ CSTR
B present (reacting into C), 01 . X o CC@CSTR

. 0 R
whereas in a PFR 5 ; 5 5 . M
initially there is only A Ki*tau
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PFR vs. CSTR for series reactions (2)

1. There is an optimum residence time in a continuous reactor or
an optimum reaction time in a batch reactor to maximise yield
of an intermediate.

2. The PFR will always give a higher maximum yield of an
intermediate than a CSTR if all the series reactions obey
positive-order kinetics.
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3.3 Multiple reactions in parallel
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Multiple reactions in parallel are addressed identically to
reactions in series:

One design equation is created for each of the species
present in the system.

Again, we end up with a system of n simultaneous
equations in nunknowns (the concentrations of the
species as a function of time): PFRs result ina
system of simultaneous differential equations, and
steady-state CSTRs in a system of simultaneous
algebraic equations.
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Parallel reactions in a

PFR

dc, &

J
dt 21’”’/[
i=

Parallel reactions in a PFR (2)

. A——>B n=kC ac
* Reaction system: o Solve eqn. 1 (separable) —* =—(k +k,)dt = ‘CA = CAoeXp[_(kl + kz)r:”
A—t—C n=kC, C,
. ac
s L o kC . —kC Solve eqn. 2: subst. C, into eqn. 2; —=2 = kC, exp[-(k + k,)7]
* Mole Balances for PFR: dr b2 a4 dt
dCs _ r=kC, It is separable, integrate and get: |C, = CAOL(l—exp[—(k1 + kz)r])
dr k, +k,
dcc _ r, =k,C
dr 7 Similarly, eqn. 3 is separable, solve and get:
BCs : = ; =C,., =
Cs: Cy=Ch ;5 Cpy=Cg =0 C.=C, Ak ks (1 —exp[—(k, + kz)r])
1tk
. . C, k,
The selectivity to form Bis: S5, = =
p constant CB + CC kl + k2
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. . A——B . . R
Parallel reactions in a PFR (3) At Parallel reactions in a CSTR Cro=Cy==t Xy
Parallel rxns. PFR. (k2k1)=<00 | 4 P B r=kC =
: Dimensionless plot * Reaction system: Lo
os - 1 ; A4——C n=kC,
o7 ol 1 CA/Cx Ca/Clg, C/Chrg |
?112 \z - CBICAD Vs Ci-Ch= _T(kl + kz)CA
oty & CCICAD « k‘) * Mole Balances for CSTR: Cy-Cy =m,C,
) I TK)T
R S S S Ce =Cgy =7k,C,
’ weres Parallel xns. PFR. (k2lk1)=10 cleTIe Il
c ‘ ‘
09 — a4 . . C - A0 "
o  —— Solver B T L vk .
*Q@'@ g¢ x B e TC Selectivity to form B
wo O S04 < aCCICR0 Cp=—"1—40— identical to PFR case:
§ | c ~ U4k + k)T
Tk IH(CAO) e k,C s, - % ___k
v 2 A0 B
( 1+ 2) A 0 1 ?r(khkzrmj 4 5 CC = m p constant CB + CC kl + kz
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Parallel reactions in a

A—t—-B

CSTR (2) e

Parallel rxns. CSTR. (k2/k1)=0.1
g Dimensionless plot Similarly to the case of multiple reactions in series,
08 ——— -t 1 PFRs and CSTRs are qualitatively similar but
P A — “cacad|| | CA/CAO’ CB/CAO ’ CC/CAO . . .
goe ol quantitatively different.
o o4 '\\ o corcagl | VS.
5 - :
01 —— et (k1+k2)1:
0
0 2 4 6 8 1
(k1+k2)*tau Parallel rxns. CSTR. (k2/k1)=10
o !
(@53'&: oe —
‘{\@*Q g‘ 5 FH N P~ . —+—CAICAD
&‘0 r\o‘ B (CAU—CA) S os .t = CBICAD
) T =— [=) 8g ~— a CC/CAD
CA (k] + k2) g$ e, —
I e e —
0 1 2 3 4 5
(k1+k2)"tau
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A—h s B
PFR vs. CSTR for parallel reactions | ,—« .
Parallel rxns. PFR vs. CSTR. (k2/k1)=0.1
N ——— For parallel, irreversible,
po \\ - P e == E‘égiii first-order reactions:
06 |\t e . .
§ 05 1Y soser™l ¢ thetis smaller in a PFR
o= 8@ CSTR e .. . 4 | | NI 1 |
0 W N — ccacor| * selectivity is identical 3.4 Instantaneous se eCt|V|ty and yie d
R s i
0 2 4 6 8 10
(K1+K2)"tau Parallel rxns. PFR vs. CSTR. (k2/k1)=10
1
09 e e -+
08 _— . [+=cagrrr
07 1% Lo e —a—CB@PFR
06 i s CC@PFR
Egi S ... CA@CSTR
o3& 8N T «..CB@ CSTR
9\: ~ e =—x | o  CC@CSTR
MG e i S S S S
0 1 2 3 4 5
(k1+k2)*tau
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Instantaneous (differential) selectivity and yield

An alternative definition of selectivity and yield is in terms of the
rates of formation of the species (rather than the
concentrations or molar flowrates), i.e.

. rate of formation of product J _ rate of formation of product J
" rate of formation of all products s rate of depletion of reaction A
5 = dCJ dCJ
I prods Yyra=-
dc, dcC,

i

i=

Note: sometimes the selectivity is defined
in terms of the formation of unwanted
products, rather than formation of all products.
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Example: Trambouze reactions

Parallel reaction system: A—EB n=h
A—E4C n=kC,
A—55D r=kC/
Selectivity
(instantaneous): . - dC, _ kC,
¢ dC,+dC.+dC,  k +k,C,+kC,’
k=Lk=4k;=2; .
Ca0=2.0 06 e
Plotting s vs. X 4 S B

N
3
\

(with C,=Cro [1-X]) | %0,

SC,max @ Xmax =0.646 ::l
CA,max =(.708 0 0.2 04 06 08 1

X=(C_AD - C_A)/CA_0
Scmay = 0.586
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3.5 Reactor selection for systems of multiple
reactions
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Choice of reactors for multiple reactions

e Series reactions

— If an intermediate product is desired: there is an optimumt for Y ..
PFR gives higher Y,
CSTR gives higher Y, . if reactions have negative order

if reactions have positive order,

max

— If a final product is desired:
PFR requires shorter time and produces less intermediates (for +ve order)

+ Parallel reactions
— Reactions with same order: PFR and CSTR give equal Selectivity

» Series-parallel reactions
— Solve mass balance equations!
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Summary

For systems of multiple reactions we must solve R simultaneous
mass balance equations.
Series reactions
* There is:
— an optimum residence time in a continuous reactor or
— an optimum reaction time in a batch reactor
to maximise yield of an intermediate.
* The PFR will always give a higher maximum yield of an
intermediate for positive-order kinetics.

Parallel reactions
+ 7 is smaller in a PFR, selectivity is identical in PFR and CSTR.

3-41
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