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Chemicad reackon engt‘ne_en’ng

Chalak-er 8 : Multiple reactons

Pavullel reachons

| - Compe,l-inﬂ reackons

- reactant is consumed btj oo
JIL different PaH’\u.Jacds o form
cdifferent products

ex amp\es .

: €+h:j\ene, oxidatHon

— O\ e*—lndlene_
CHoy-CH, O xidke

CHQ_ = C_,HQ_ + 02

« Fischer —Tr?:)(:sc.h

& Co + 3R, CHy + HO0
CO -4 Dty i [cntanl . +H.O

Notes on , |
Elements of chemical reaction
engineering, H. Scott Fogler

- Ranjeet Utikar

2CO,+ 21,0 Co mPtelre.
Comb ustion
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Sevies reacHons

- Consecutive reackons

— reackons wihere reactantg {ofms
an intermediate product , which
reacts further to formm  anothecr
Pr‘coduc’r.

example :  ethylene oxide (EO) + ammanio
Tl
Cr,— Ctty + NHa  — HOCH,CH, N,
Mmaono eYnanolamng
€O
desired Y__ — > (rocr,cH) nH
PfOo\LLC" oievthanol amine
o, CHOGEH,) M

ieHh anolamine.

Wwdependent reackions

- reacHons thav occcur at the same
Hme  but neither the products nor
Hhe reactants reack with t+hemselues

or ane ancther

A—= B+ cC
O —=» E+F
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exde\e.‘- Crackina of crude ot .
G humdreds  of reackons
e.q-
%L S ———.1 s PP 1
CSH‘S——v CGH.++ SH,y

Complex reacHons

— mu.H—iple. reackions in\lo\ving combinaHon
of series and parallel reactions
At —= C+D
A+ cC =
£ G
example . Formation of butadiere Gom ethanod)

Cy HsOH C,H4 + B0
C:L Hﬁ on C_HSCHO + HQ_

Desired and umndesired reacHons

ko

A — D < desired product
"3
AN 2 U =——— undesired bypoduct due
pXe o Ko, ‘o side readton

—> Minimize formabion of U and maoaximize.
Pormation of D

Greater the amount of U,

-q-m:h#eﬁ g reater \'s Anhe

cost+ of sepcwdl—ion

=
S U
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Sele.ch'ui'\-ld CsD e
- How one product 5 fbvored over ]
the other . Ml

¥
| . v
{ns*-ouv\’cnneou_si The instamtaneous selecHuii-a of D with o
Se‘ef—"i\‘“'b I respec.\' to U (= the rato of the -
} rate of formabion of D o the rate_ :_

. | of formaktion of U f
; ; -]

ﬁ . rate of frmaton of D =

Fu rate of formation o€ U —

e

- &
~ evaluaking  Spyo will guide in the =
design and selection of reactor ¢

.. . &
sustem o maximize selechvuity | ]

SE *’d 6‘*‘;

¢
ovexal) =
Se\e,c,Hvin =y _ Exit molar £low rate of D = {
' D/u "~ F‘ = = m—— .-
U Exit molayr flow rate o Q = 1

¢
3
For a ¢cs™ SD/U: SD/U ﬁv‘
2
For batch . S, ,= Mo ]
reactocr No e]
| Mg : No.of males of D at +he end :_1
S - t‘i
For CSTR  Fg= N - e
Fu oG] el
: tl
e;‘
& !
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Vield (YY) :

instamtanesus  yield \:(D: Yo
-~ roMo ofF the reachtion A
rate of a glven
produck ‘o the reacton mbe of key reactant A.

Ovexnl\)l yield

- rabio of moles of product Grmed ak
+the end of +he reacHon (o the number
of moles oOfF +he ketj reactant A, that
have been consumed.

or q = o For :(—D = Fp

Ry
bu\'Ch NAO_NA CsTR FAO— FA

- For csTR, Yp = Yp .

- Overo\l selechkvites _S—,, and Ldields Y are
important  in  determining profits

— \nstomtaneous selechuities oglve (nsights
e c,hoosmg reactors, opexn\"\*ns conditHons,
omd readHon schemes that will moximize
Pro@i’r.




‘ Conversion (X))

" - gues (nsightt into problem
- often conflicts with SE.EACHUH—E‘
\deal 3 make as much D as possible
wodd simuMtanesusly  minimizing O
| practical => Greater the c¢onversion more
| eYpedende fre undesired produck U .
— not used umn so\uinﬂ rnu‘ﬁp\e. reackon
problems  bub caleulated latex for

an_czl‘da-.\‘s .

Yor 592::\25 By

; Flow  XpA = S“D’- L Baddn o = Nag~HNa

system Fro sgstem Nag
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G_\c_\or\'!-hrn for mu[h'p\.e. reackons

® \_d_e,nHFU _ ——— Numbor each acnmd
I _evewy reackion se.f:owode(\j

@ mole balanc. L= Mole balance. on each
3 ¥ _OW\O‘ every species
' rave law —t— OB eveny reacHon

~y

net raYes of rxn o—— Cy= 5 Wy .
¢=A4

relabve rakes o———\ a

4 l Fo C e.\lex\j rxn

| v
.»_ € S‘ro.idrnome_\—rtd ——— d;: =Eip=F rS r:jdv
- &

— Cam be appled Yo pavallel, series,
independent, amd wmplex reachHons

—- results nm oo system oF ODEs

(o solue numericn\_\a_ -
- for lguid systems cgnc.._l's__u.sualhj J
the P(eFe(red variable B¢ nole balance .
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Parallel reactons

Selechv il—:j o

e p——

B " R—

Consider two c.ompeHnS reackHons

A —=D  (desired)

A —=— O ( undesired)

14485819
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The rate laws are f_’i
* pe

r.‘D — 'kD CAA' _@ . ¢_{

. g;-..‘

W= koG~ —& =

&

. . 64

Netr rate of dris o.ppearance of A CJ]
_ = = ¢

=

o Ay X ) &

- cp = kgoa + kg QAT ) :

o< i al

- p

.3.0{0 — ...CP_ = 'ECA ‘ _2 -—-—@ _t':J

(‘U __ku | =

D positive  avders
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Case 1 : K\ 7 Ao

oC
SD/u=-k—‘?-QA |

Y T bakYan
reactor

= To moximize se\ech{}-U, we  want o

carry out +the reachon in a manner
Hat  woill keeP Ca as high as Possib)e.
__dqring Hhe reacHon

=2 Use PR or batrdh reactor

Gaos Phase. reackHian . - Use hiah pressure
* run without \nerks

Liquid Phase reacton = minimize diluent .

—-LP Pmper choice o solvenr can
enhance Se.ler_.&-(v(fu for o Nnumber
of reachons

- \n gas phase heterogeneous reackons,
sele_c.ﬁvih:’__is_ inorfany  paramerer
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j Cose_ . . o<.;1 7 X i " _1
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L o

| k ' @]

! . B S D/U = D —— |

fr / ku CAb ) ?r J

| Gl

? R = ]

| = concentryalon of A should ke

| as low as ssible G|

Pe .

; R . i =

=> Use cSTR . dilute feed stream =

) \ -

Reo:;ce !

| A recycles reactor :4

|i Can be wused as wel) L z J‘

| = product s¥ream Feed L G
1 \ =

4 ackrs aos dilvent: = . Praduct :‘1

| — — — E ci

E R B : EI

. Effect of +empambure Need informakion c

- on  acHvaton Qnemy. &

n\5)

Semnsitivity o terrp N ‘?1
oy J il
\AD Ap "'[_(ED“EU)/RTj c.l
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Case 3 @ Eg 7 Ey
. — kg increases more Eo> €0
K
rapidly Fhan kg with So
increase in -io.mpem*ure
TCK)

= Pe,r'(;orm He reacH;Jr\ at hu‘ghes-i-
possible +Qm|oe;ul-ure_-

Coase 4 : Eu > Ep

= reocton should be = Eu > Ep
Carried outr¥ o+ lower —

'l-e_mpo_mmro_ +o  mMaximize

Sajo - , T(K)

Ly The +em)a-erq’rure. should
not be very low as + Might atbect
reackon exteny. Reackaon may not
! -~ proceed atr \ow remperatures o
. any .513r\i(:\‘can’r extent .
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Two simul- |

tavneous
reactHions
ond Two

reochremts

Reactor sgeleckon amd op.exa’ri.nq condikans

Consider +wo (.amPeHrB reachons
with  two reacants

A +8 —Se D

A + & 2 O

A\
rD = \&‘ Cp., Cg'
o

fu = ka2 G*Cg

|_v_1:5|-wr\h3meou«_;, seleﬂ-ﬁvﬂy

0(\—0(2 'B.‘ﬁz
o - K
SD/U = -‘_:-), = CA 66
v ko O

“Se\eLHuii-ﬂ dePends oaNn the ovders
Ay, %, B, and 'ﬁ::. :

— Sevexa\ reactor comloinations exist .

— Reocror seleckion criterio,
— Safety L - sele_d-iu(.\rS
— Yield —  Cos%
e Wnpem\'ure csnbol
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M oaxi Mizing S@\ed'i\/“‘ﬂ

Case 4 Ay 7 Ao By 7 B2

0(\ - X2 T a

To  moximize selecﬁvﬂfj
— maintain +he concentlbans of baoth
A, and B as ImSh as poSS'lb\e,..a
— Use - tubular reactor -
-~ _* batthh  reactor o o
h't.sh pressure. ( gan phase),

reduce  inerks
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cose 2. Ay Jdn , Pa 7BV &G @ |
“|

“|

Letv o) — &y = a,lb >0 .

= 139_ - l3| = G"—l

. |

= ..k_'- Ca_ b I

Serv =y ¢

-

To moximize .se\ec.ﬁvi-_f-s G__I

—= make conc. of A as high as possible Gl
make tC(onc of B low :l

-

Readors . ~ semibatdn reactor with & s Q,I
fed s‘loujla into larae_ amt of A GI

— membrane reattor /tubular : ]

reacior with side stveam of B rl

Con+inuqlln fed into +he reactor c.,l

— sexies of small csTRs ¢_|

L A Rd onlj +o Ficst reactor z_l

s small amt of B fd +o each ct-l

. reactor | I
£ T 5 ) &
| _1‘ AJ I 1] o = I
O MEbs R A
_ [»53 .  — I
membrane ceacdor, <evies of smal) e.rl

L v tubular ceador CSTR< . o
sembg\;cb._ﬂ,_m“h o S . e-l
<
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Case 3 : o £ K, , P < Ba

lek A = &, -« a,b 7o
b pui Bg_—‘a|
Soju = K |

To make S5pyy, as large as possible
e low conc. of A ,omd B.
Yeadors — CSTR
~ Feed diluted with inerts
- low pressure  ( gas phase)
— PR with large recyde rakio .

—+ubular
reactor

—] - Qoo phage
i\ b 2 | - D,
(@) 2 u

CsTR - @
Tubular  reacter  with recycle
6;.9::! for high\vg exothermic reackHons

- Y‘P_C—ljc.\ta. stream is cooled oand returned

+o the meacdrar to dilute and coal inlet+
Sircam.

— Ovoid Vot spots and runway reacHons.
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ﬁ cose 4 ;. K Lo, , P17 Ba
L—e*" a.=0(a_"0(.|

b=

Bi-P2

b
b S.DIL) = LMC@

[« 8
k, C

a,lbo 70

A
To  maximize S9O
— Semibatch reactor

T

— Mmembrane reador with side stream ofA

amount  of &

with A Slo(.l.l\vj Pe.d o

CARCARC A AR\ ARE AR N N SN S R O

i 1 k. . ay
e — e — — — — — — — — — — U T S . S TS W S

— Series of Small CSTRs  with fresh A to =

€eoch reactor <

| e
. A "
bl ] 3 :D—’ 5 -
j 8 — > -
O—i— c
Semioatrcn membrmne.  reador . oc (=

Yeactor “4ubular readar with side stream 5‘

“l

— ) =

AR X Y| | o GJ\
B ,::L 1 l - l —
_ . : - 0,0 5_‘5_;'
G "

E Series Of =mall CStRs  Wwith =
.' A fed 4o eadh reacdor "'"‘{
E _ i — s G—i
&

et

=

L 0 0

n
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A

o \nstemntomeous .se_\ecﬁvi-!—:j . Spyu can e
used 4o guide inital selection of tyee
of reactor and reactor s\:js‘-em.

* Final selectian should be vmade after
Ca\culqlr-ing _overall Sebdivi{-cj' Spru For the
reactor awnd opem\-ina candiHansp chosen.

Other ceactors

© Nighly exathermic ligutd phase reactiong
—» CSTR with f‘eCdC-\Q__,
— owold hot spobks,

runo.uua.% reactons .

DL pPrsduct as diluant

. Tho:(modx\.)nam\ca\lnj limited reacktions where
Lauilibrium  \ies far to the left
Ax B —=—= C\-\-_D/remov’e C conHmou.sld

s membrane actor e reackwe distllatron
s phase tqud phowe
C C.

\’ \b\- D‘U

1\DOOOOO\‘\)\)0000\!0000000000000000000000000000000&
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Reackons in series ((tonsecutive readions) =
T

. L 2

° The mast impar*-qm- voviable (s time c
C @atch rime ( real +me) =

— Space Fme (continuous readcr) &

=

: b, 1 =

corsider . A ——p 2 ¢ -
t::iﬁfn';rcu:l pmd.ud— C»—‘

. G’r_|

o * IF K<<k, - Fest rxn is slow |

' &

? B C. Lexheme\uj diffcult to -
C; Produce sta\liﬁ‘can\- amt c(_‘
of & <

A LIf W, Yrk,— Rirk rxnis fast ‘:_4

t C \ar‘ae. tdleld of B Can t‘J

B _ be achieved . .;]}

For" k| 22 k‘a’l - g—‘r
—= \t reaction is allowed o pmce..e__d for a _(aﬂﬂ :J
Hme in batdn reactor  or (n a very Iong -
tubular reactor 7 desired pmdud.- B wil) e:{
be convexrted 4o undesired Produd- i 51
 predickion for ":'4

el fﬂcg.umr-j OF'{'HrQe- Nneeded ‘o carry out- | e'l
e reackon (= vitel. ___.._-t‘}

- e
-
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Sexies reacktons .uwm a batrdh reactor

Consider 4ne reacton

{ ¢
desired undesired J/waste

po duct preduct

We are (nterested in
— Conc. g tme Pm(—‘{le_
— Mo conc. of B
— quench time ( Hme to stop when (g iz )

Mmax

- Ovexyll selez:Hvil-fj and Uield.

Number of reacdHons
The sSeries reaction com be writlten as

two reacHans

‘. A K,

= —ha= WG

Wy c — rﬂﬁ - \4(5

Mole. balarnces

Next e wnte mole bglances for al)
Hwree Species . . o

Ll




Mole balance on A

—~ relakwe mbtes -

anla . 1,V
dt
> A _ for V=V,
dt
= Nia="ka
A& _ -k G
olC
. oy s
‘\ﬂ“e&m\tz S _é& = g—k‘dt
; Ca
Cho £
G _ k.t
Cap
ke
.Solu}nﬂ or A - Ca = Cpp @ ®
Mo le balance on B
dCE; Y
dE -
rb :
—~ a. Ele.m&n\-urtj reactom : Top= -k, Cq

rare of formation of B

= rate of disappeavance of’—A in

\““3:-‘— A = klﬁlcﬁ

(N r<xn4

OO EEEEEEEED N

rxn\

-

ARRAARRAQAONQANGONQAAQOND OO

A%

2| X8

TR ERENR
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Nnet mYtes -

Ca = r\& +* Yon

d*____Cg o kl Ca — k:z CB
ot

Substitubing  for Ca Ceq @)

- —e
dCe _ K, Cap € — K, Cq

olt

e -kt

__,djfg_ + KaGg = K G e —®

This equahltom s of the frm

_‘A_j,-r ‘FCI)L’ = QCX)

dx
'FCI_) = ‘kq_ —‘(' £
9 Cx. ) .= kl Choe

we can Freatr it as  a \inear equahlon

JJJJJ

omd  use ir\*\'eguh'na factor CIF)
Bescgitat

multiplying both sides of @ with IF

k,t (wa-¥k) €

?i_"t cﬁe S klcﬂoe—
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Ckz— kl)

- Mole balance on C

' dCc — (e
olt
| ==Tg = kaCp

| =

- o E’_EC_ == kQ_CB

j_ ot

_ -
Sushitubing  IG& = KikaGro {F_, -
® ot Clp- b)) _

—
N]

n-‘

o

'.'\

v S S PSS -
| -
integrating both sides 1|

'\I

k,t U‘)“kl)‘& «

g e — kG o +C =
(ka““l) ==

@ t:. O CB =0 ;_,

o @)j

c = — kiCro |

- (kg, - k|) N ‘

K.C Cka-k) & -

(ka-k,) oka kat ==

=
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EREAREERR

‘“\'ECJMHna @
-k, t -k, E
e, = kikaCapo 1 e ..,.__e,z + C
Ckg_“|<|) k‘ 2.

} Cka.““&) ki k’"
i ' -kt -k, &
Ce = KikoCoo | =) & "4 L 1‘3.1‘@L ]
Cka."lﬂ.) kl k)_

% S P2 ho = ST
Ckl.. k‘)_ k‘ kz

—k, & ~k, b
C, = Cro [kzo—e) —k (1-e )] —®
Q‘a_“ka)

Lo

As t —=oo C_ — Cpp

= C. Could have been obtined more
easily  from overall balance

cc,= Qﬂ-o_cﬂacﬁ ﬁ@
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Concentyaton & arnd +Hme at maximum
To find maximum lets setr Ale =g
At

~k, -
4% _ kre [-k.e— Zk;e.k’_t:l
dt (ks -%0)

@ €t =tpox  FC/dt =O

Solving for tmox )

,k‘tma\x _kﬁ-—tMa\)‘
_Cu—z"-kotmax

ko — e

K,
ok inj l03 )

Cmox = I S _\i’:) i

(kl —k,) Wy
Conc- (® onax - __k%k;-k,\

o = [

» -y ka

—

Qe,:. kf”cﬁ_o_‘,‘<_’i" ?—k. - C._»_l‘_.-) Ko~k _
k’l"‘ﬂ kﬁ)! (-(2
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Ancther approach s 4o =olve F'o\lou_)in_ca
diferen hial  equakions :‘:imulhﬂeouslwd.

®

&
®

dCp _-kC
ECE

dle _ k, Co — k C
=T =k Ce

dCe = k,Cg
ac

= Can be done using G\ppmp\riq'\-e_

Nnumerical methed -




Servies reackHons in CSTR
) [4'
Consider A=
B__k_?:-» C;

. detYermng exit conc. fom csTR
* value of spak Hme T ‘+hc- ol

of

conNc.

=

Mo ximize

A

Mole balanwe on

N — oult geneml-ion
Fa Ay

Yoo — =3

mocﬁo ==

Wwe use +Hhe same pm(_ec\ure_ e & and C

l
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é ™ ole

balance on &

I

O

N — Ouy 4 %ﬁe: 3enerqun

F%, — Fa + @V

i

I

r& = \(‘Ch‘ \42 C’B

\+ K, C

Substtute Ffor Cpn

C@ — k\cﬁo C ______@
C\‘\'k.t) Cr+ kz"C)

balance on C

in — our o rae.ne_mh‘on =0
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Qqntﬁeuccoo

Gp—
substitubing  for Cc @ |
e

K, K > “

CC. = ¢ L_CP.-OC o -@ =

(& T)(1+ k, ©) P

¢

Op\-:'mmm concentralkkon ofF B :
ac ~

For op\-\'_mum concentrabon - S -~-G —
dt p |
— dce k\Cﬁ-oL"\'\P(‘r)((4\‘31)~R\Cﬁqtc‘(‘+ka‘\' ak.k,_l) ?_‘
e e = =~ -
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