6. Multiple Reactions

o Selectivity and Yield
o Reactions in Series
- To give maximum selectivity
o Algorithm for Multiple Reactions
o Applications of Algorithm

o Multiple Reactions-Gas Phase



0. Types of Multiple Rxns |

o Parallel Reactions A Ky sB

A—<2 5C
- Oxidation of ethylene /ECOQ + 2H,0
\ O
__MCH?
o Series Reactions A_ & sB_k s

- Reaction of EO with ammonia

G

cﬁﬁ_\:cﬂja— NH, —— HOCH,CH,NH,

CH,=CH,+0,

—2 5 (HOCH,CH,),NH —— (HOCH,CH,),



0. Types of Multiple Rxns 11

o Complex Reactions: Series and Parallel aspects
combined A—4>32B+C

A+2C—* 33D

- Formation butadiene from ethanol
C,H,0H ~—> C,H,+H,0

C,H,0H —— CH,CHO+H,

o Independent Reactions A% B

C— 5D
- Cracking crude ol



1. Selectivity and Yield |

o Two types of selectivity

| = F
Selectivity Spy = S, =-2
'y =
r ~ F
. Y — D Y _ D
Yield p == - 5 FF

A +B—4D, desired product,r, =k,C:C,

A +B—2 U, undesired product,r, =k,C,C,
r.D _ klc'iCB _ kl C

r-U E k2(:AC:B E k2 :

Example

DU

Apr/18 2011 Spring 4
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1. Selectivity and Yield 11

o Self Test 1
- 3 species were found in a CSTR, C,, = 2moles/dm3

Apr/18

Run

1
2
3
4
5
6

)
T(°C)
30
50
70
100
120
130

=

&

C, (mole/dm?3)

S\

1.7
1.4
1.0
0.5
0.1
0.01

J
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(

Ce

\

(mole/dm?)

0.01
0.03
0.1
1.25
1.80
1.98

4 )

Cc (mole/dm?)

0.29
0.57
0.90
1.25
0.1
0.01




1. Selectivity and Yield 111

o Self Test 2

- At low temperatures
1) Little conversion of A
2) Little B formed

3) Mostly C formed (but not too
much because of the low
conversion - 15to 30% - of A)

- At high temperatures

1) Virtually complete conversion
of A

2) Mostly B formed

Apr/18 2011 Spring




1. Selectivity and Yield IV

o Self Test 3

- Data suggest 2 reactions

(1 A—1 3B —q, =kyCp =Cuhy e /R o

(2] A—2 50 gy =k Ch = Cphg e t¥RT o p
- Reaction (1) is dominant at high temperatures
“E/RT .
ey =dy e T With k; »K,, A; » A,

- Reaction (2) iIs dominant at low temperatures
ky» Ky, BE; > Ey

—1y = (ky +ky ) = @Llﬁ_E“rRT +ﬁkzﬁ_Eﬂ’rRT)3g



1. Selectivity and Yield V

o Self Test 4

/T



2. Parallel Reactions |
A—2D(Desired), r, =k.C?
A—2 5 U(Undesired), r, =k,Ck

o The net rate of disappearance of A
N, =1, + I
o Instantaneous selectivity
o _KCa _ K~
rU kZCE\ k2 a
- If a > 3 use high concentration of A. Use PFR.

SD/u —

- If a < B use low concentration of A. Use CSTR.



¢ Reactor Selection |

o Criteria
- Selectivity
- Yield
- Temperature control
- Safety
- Cost

(b} Tubular reactor

Apr/18 2011 Spring

11



% Reactor Selection |1

o Application of Batch
- High A with low B (d)
- High B with low A (e)

TN
-_-——-"""}/

Pura & |

ipritiatly

- -~
—— . -
Thens J—
- R s o,
- T, - -,
- " iy [T ttr s .
T s gty B Lk LT R
e o L R

{d} Semibatch

Pure B Q-

inially

&) Semibatch




¢ Reactor Selection 111

o Application of PFR (Membrane)
- High A with low B (f)
- High B with low A (g)

A
B

—

4

T 4

{t} & membrane reactar or 3 tubufar
reactor with side streams

¥

Ly

—

-~ (0} A membransa reacior or o tubular

resacior with side streams



¢ Reactor Selection IV

o Low A & B with temp. control

B

Aﬁé

{h} Sertes of smal C3TRs

|
o

ST

- s

TR 7

S L 3{_ B (1} Tubular reackor with regycke
A S
g

i)
e e AED)

\_\__J/

{i) CSTR with recycle



¢ Reactor Selection V

o Reversible reaction
- Shift equilibrium by removing C

f’r’”{”

> [

A A
B >—(J - ~ -J—ﬁ &) _ ................ e

L LG —~

(k) Membrane reactor {l} Fleachve distillalion




2. Parallel Reactions |11

o Maximizing the Selectivity - Parallel Reactions 1

- Determine the instantaneous selectivity, Sy, for the
liquid phase reactions:

A+B—>D 1 =k CiCg
A +EHU1 ryy, = kﬂcﬂ CE
A+B——T,;  ry, =ksCuCh

S k;CiCp Gy
1, -|‘I'T_T2 I‘EECA CE- +1£3C?|'_-1CE 1{2 +1'E3':ji

SD_I'U T2 = r

Sketch the selectivity as a function of the concentration
of A. Is there an optimum and if so what is it?



2. Parallel Reactions 111

o Maximizing the Selectivity - Parallel Reactions 2
m kyC4Cp kG
1, -|‘I'T_T2 I{ECH CE- +1{3'E:ACE 1{2 +1{3':ji

SD.I'U Uz = r

I

':15 *2 * i+ |
—— =0=lkyfky +ksC kiCp Bl C

4ac, 1[2 3 H} 1 P&F 3 P‘]BD,-’UME :

I

* k !

CHZ —2 |

kg '

Use CSTR with exit concentration C,



3. Series Reactions (p. 283)

o Example: Series reaction in a batch reactor 1

A Ky =+ B K 5

- This series reaction could also be written as

* Reaction (1) A—*—B : -r;,=k,C,
e Reaction (2) B—*—C : -rg=k,Cg
- Mole balance on every species
* Species A Batch Reactor V' =7

1 dN
v, d

:r:]

Apr/18 2011 Spring
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3. Series Reactions |1

o Example: Series reaction in a batch reactor 2

- Net rate of reaction of A, r,=r,+0
- Rate law,
- Relative rates,

dc
- = kl..-IC..-I
dt

r1a=-K14Cx

rg="T1a

- Integrating with C,= C,, at t = 0 and then rearranging

Apr/18

Ca =CagBxpl- kqt]

2011 Spring

19



3. Series Reactions 111

o Example: Series reaction in a batch reactor 3
- Net species B: dCg
ot

* Net rate of reaction of B rg =rgner =fp +Ip
 Rate law, r,g=-k,Cg

 Relative rates g = H1|:'.-J,| _HEI:EI
dC g
dt

= K4 C g BHR[-Kyt) = K5 Co

e Combine iC

Tt K2Cp = KyCpap BHPI- Kyt

= Ist order ODE



3. Series Reactions IV

o Example: Series reaction in a batch reactor 4

- Using the integrating factor, i.f.; (p 1012, A 3)
£, = exp [ Kyt = explk,t)

 Evaluate d[EE. EHF"IHEtH
ot

= K4C ap EXP(K, — Ky )t
catt=0,Cg =0

k1L ap
ko —ky

B [Exp (= Ky t) - exp(- kot




3. Series Reactions V

o Example: Series reaction in a batch reactor 5
- Optimization of the desired product B

-Species C, C.=C,,-Cg - C,

R )




3. Series Reactions VI

o Self Test 1

- Concentration-time trajectories

- Which of the following reaction pathways best
describes the data:

a) A »B >C >

by A——FE
A 2 >

0 A > B > >
A—D

Apr/18 2011 Spring 23



3. Series Reactions VI

o Self Test 2

- Concentration-time trajectories

- Sketch the concentration-time trajectory for the
reaction

fd40 b

Self Test - Ca

) A+ EB——C

480 L

2:] E+ ,_: ED a4 |
Cpag=4 mol/dm® 0
Cpg =6 mﬂl,"rdmﬁ e |

o= Cpp= 0

oao0 L

o.on

o.o0 [L1] 0.40 060 0.20 1.00 1.20 1.40 1.60 1.20 ]



4. Algorithm for Complex Reactions |

Multiple Reactions

Reactions 1 Number sach reaction
(1) A+2B——C
Q) 3A+C—2D

Mole Balance 2 Write mole balance on each and every species
&, , dfy , dF, , dfp, .
=1y E:=rn~ =, md — =1
dW dW dW dW
Net Rate Laws /3 Write the net rate of reaction for each species N

FASTja +Tha Th = Tip iy, T =T FHc, 3 B = xip + 1y
4 Whnite rate law for one species in every reaction
Ha =k C Ac;‘i and 13, =-k3,CC
In each reaction relate the rates of reaction of each species to one
another

Ly " 2MA. fe =4, fag =0, p=0, 1y =x, /3 and ny=-3n,

& Combine net rates, mie Jaws, and relative rates to write the net rates i
tenms of concettaions

1A ==k ,C oGl =k, C o Co, 1y ==2k,C GG

\_ =k CuCh =k, C Cc /3), 1= +k2CaCe

2ULL Spring

Apr/18




4. Algorithm for Complex Reactions ||

Y

Stl::u:'.':m:-l:::lt:l}' "'r'?_ For isothenual (T =T ) saz-phasereactions, write the concenmrations in N
rermns of melar flow rates
ez, Co=Cy == v Cp=Cy, — v with Fr=F, +Fp+F. +Fp
B FI‘ i FI.'
For lguid-phazereactions. just use coacenfrations as they are e g, P
Pressure D:u::-p 8 Write the gaz-phasepressure drop tenn i tenns of molar flow rates
dy _ a Fe T ; _P
- == —— —, with y=—
d"l;l;. :.Ill :I-ln:- T.:. PIJ
Combine 9 Tse an ODE sobver (e.g, Polymaht) to combine steps 1 through 8 to

solwve for the profiles of molar flosr rates, concentration, and pressure
for example

L

Apr/18 2011 Spring



4. Algorithm for Complex Reactions 111

o Mole Balances (p 327)

Reactor Type Gas Phase Liquid Phase
Batch LI Ta_r,
Semibatch dgtﬂ =T m;t’“ =y - U”?
e v+ Feo dgtﬂ =rE,+‘JE'[[::E'E';[::E'J
CSTR Ve Vg 0 rf”
PFR va A=, Ta_r,
PBR o =T *a_r,



4. Algorithm for Complex Reactions IV

o Rates 1
- Number every reaction (1) 24 > B

(2) 4+3B>2C

- Rate laws for every reaction

(1) rn.= _kucf_r
(2) rn, =—k,,C ,C; (non elementary) o

- Relative rates for each reaction
for a given reaction i

(i) a,A+bB—>c,C+dD

Apr/18 2011 Spring 28



4. Algorithm for Complex Reactions V

o Rates 2
- Relative rates for each reaction 2

I I I I,
Iﬂ=IE=IC=ID MI:?’{A:J‘EB .
-a, -b, ¢ d -2 1
P a4 kl..-‘:[ CE
1B — — A
2 2
RXN 224 =3 _ Tc
-1 -3 2
1y = 3

Hhe =21,

Apr/18 2011 Spring
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4. Algorithm for Complex Reactions Vi

o Rates 3

- Net rate of formation for species A that appears in N
reactions

A
N _ _ 2 [?]
i Tia Yy =Nha _l_?f?a — _klfica _kEACACB

}“A:;
i=1

1
s =tp Thy = EkIACA ~ 3k2ACACB

e =t the =042k, ,C,Cy

Apr/18 2011 Spring 30



4. Algorithm for Complex Reactions VII

o Stoichiometry

- Net rate of formation for species A that appears in N
reactions

- NOTE: We could use the gas phase mole balance for
liquids and then just express the concentration as
Flow C, = F./lv,

Batch C, = NA/V,

F, 1,

I

O =0 —
i 0
E. T

F,=) F=F,+F, +...

Apr/18 2011 Spring 31



4. Algorithm for Complex Reactions VII|I

o Self Test
- Writing net rates of formation

 The reactions are elementary. Write the net rates of
formation for A, B, Cand D

)  A+2B—-20  kia=01{m ol J fmin

(2)  20+iB—=3D  wyp=2(dmfmol } fimin

SODA vy =1y +rgs =114 +0

2
r = —K1aC8 Cp

2
rp = ki CnCp



4. Algorithm for Complex Reactions IX

o Self Test 2
B rp=rp+mnp

e _ T1a

2

y
rp =<ty =—2kyp Lp Cf

28 _ D
~12 3

1
g =_EI'ED

172 -2
ran = kap GE.JQCC

[?]

1 142 .2

IR :_EkEDCB .
2 1 _y2.2
fE:_EklﬂcﬂcE_EcE{ L




4. Algorithm for Complex Reactions X

o Self Test 3
C I'.: = I'lc +I'2|:

rie = 2k, Cy C

ac _Iap

— 3

2 21
fac =-3 kapColg

2 2 7 12
re =2k CaCp ~ S kapte Ch




4. Algorithm for Complex Reactions XI

o Self Test 4
D rp=np+rp =tpn

2
I'D = 1{2]:] CGCEI?I‘

- These net rates of reaction are now coupled with the
appropriate mole balance of A, B, C, and D and
solved using a numerical software package.

 For example for a PFR:

dF
-:1_{; - _kmcﬁ.ci

IE:]':FE P 1 152~ 3
=B - -2k, .00 = CFC
e 14~ 4FE g B C



5. Applications of Algorithm |

NOTE: The specific
reaction rate k,, Is
defined wrt species
A.

NOTE: The specific
reaction rate kK, IS
defined wrt species

C.

A+IB —=C (1) —-r, =k,C.C2

IC+28 =D (2) o =Ky CICH

Apr/18 2011 Spring 36



5. Applications of Algorithm I

o Example A: Liquid phase PFR 1

- The complex liquid phase reactions follow
elementary rate laws

(1)A+2B - C -I15 = K aCACg2
(2)2A+3C —>D -I,c = K,cCA2Cg°
- Equal molar in A and B with F,, = 200 mol/min and

the volumetric flow rate is 100 dm3/min. The reaction
volume is 50 dm? and the rate constants are

{43 1
km:m[ijz/mm kzc:ﬁLiU /min

- Plot F,, Fg, F¢, Fp and S5 as a function of V

Apr/18 2011 Spring 37



5. Applications of Algorithm 111

o Example A: Liquid phase PFR 2
- Solution
* Mole balances

(1) o I (Fup =200 mol/min
(2) %: Iy (Fpg =200 mol/min )
(3) %:rc Vg =50 dm?
4 o _ I'n



5. Applications of Algorithm IV

o Example A: Liquid phase PFR 3
- Solution

* Net rates
(57 o =T 1o
(&) 'y =Iip
7 Iy =1+
(&) 'y = Iyp

* Rate laws
©) s =~k CuCh

(10) Py =~ C5 C 2



5. Applications of Algorithm V

o Example A: Liquid phase PFR 4
- Solution

* Relative rates
e _hOp _Nie

Eeaction 1
-1 =2 1
{1 ].:| I‘IE = 2 I‘]..;'l'".u.
{12} r]_l: = _rlPi

oe _Toc _ IOp

Feaction 2

-2 =3 1
2
(13) Faw = oo
3
1
{14] I'mnp =——Tgp

3



5. Applications of Algorithm VI

o Example A: Liquid phase PFR 5
- Solution
» Selectivity

* If one were to write S = F/Fp In the Matlab
program, Matlab would not execute because at V=0
F- = O resulting in an undefined volume (infinity) at
V =0. To get around this problem we start the
calculation 104 dm?3 from the reactor entrance where

Fp will note be zero and use the following IF
statement.

(15 Semp= 1f{‘J:=E3DD1}then[§ Jelﬂe{[}
L

Apr/18 2011 Spring 41



5. Applications of Algorithm VII

o Example A: Liquid phase PFR 6
- Solution
« Stoichiometry

(16)
(17)
(18)
(13)

Apr/18

Cu=Fyfug
Cp=Fp/vg
Ce =Fq fug

Cp=Fp/ug

Parameters

(20) Ly =100 dm? /min
(21) k. =10 (dxnUmal)z /min

(22) koo =15 (dm’ /mc::l)4 /min

2011 Spring 42



5. Applications of Algorithm VIl

o Example A: Liquid phase PFR 7
- Solution

Apr/18

200E+2

1.80E+2

1.60ER2 |

1.40E+2 |

1.20E+2

1.00E+2 |}

GO+ |

G.00E+1

4001 |

ZO0E+1 |

0.00E+0

Multiple Liquid Phase Reactions in a PFFR

_'_,.,--""_TH_ L L i i P "
D00E+D 5S00Ee0  100Eef 1506+ 20041  250Ee1  300Ee1 350641 4.00E¥1  450E¢1  S00EM
W
2011 Spring
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5. Applications of Algorithm IX

o Example B: Liquid phase CSTR 1
- Same rxns, rate laws, and rate constants as example A
A+2B —> C (1) -r;p, =k,;,C,Cg? NOTE: The specific
reaction rate k,, is
defined wrt species A
3C + 2A — D (2) —r, = k,C%C,? NOTE: The specific
reaction rate k,¢ Is
defined wrt species C

- Liguid phase reactions take place in a 2,500 dm? CSTR.

e equal molar in A and B with F,, = 200 mol/min,

* v, =100 dm3/min, V, =50 dm3.

- Find the concentrations of A, B, C, and D exiting the
reactor along with the exiting selectivity.

- Plot F,, Fg, Fe, Fg and S5 as a function of V

Apr/18 2011 Spring
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5. Applications of Algorithm X

o Example B: Liquid phase CSTR 2 — Solution

- Liquid CSTR

 Mole balances (13

e Net rates

(2)
(3)
(4)
=)
)
L7
()

f{':jﬂ UDCHD_UDCH +I‘E-I;ur

Hh

(C

— UDCC +I‘|:1;ur

i

)=

f{Cq J=0gCpp—0gCp +1rpV
)
)

f{Cp

—UDCD-FI‘DH

Fp =T Trop
I'p =g
o =Ty T

I'm =Tan



5. Applications of Algorithm XI

o Example B: Liquid phase CSTR 2 — Solution 2

* Rate laws (g

* Net rates

(11)
(12)

(13)

(14)

7

My =K1, CuCh
7 3

e = —k o CLCR

Ne _Ope _ e

Eraction 1

-1 =2 1

Mp =2 D

N =—Ta
g I" I~ )
2h _ 240 _ 2D Eeaction 2
-2 -3 1

2
Fap = Efzc:

1
rp=——"r
2D 12



5. Applications of Algorithm XI|

o Example B: Liquid phase CSTR 2 — Solution 3

* Selectivity 15 q. T
C/D
(Fp +0.001)

» Parameters o vy =100 dm? /min

(A7) ks =10 (mnEXmgl)z/mm

(18 kg =15 (rj,n[ﬁ/nm:d)4 /mm

(193 V=2,500 dm’
(20 Cop =20
21 Cpg=2.0



5. Applications of Algorithm XII|

o Example C: Gas phase PFR, no pressure drop
- Same rxns, rate laws, and rate constants as example A
A+2B —> C (1) -r;p, =k;,C,Cg? NOTE: The specific
reaction rate k,, is
defined wrt species A

3C + 2A — D (2) —r,c = k,cC3C,%> NOTE: The specific
reaction rate k,¢ Is
defined wrt species C

- The complex gas phase reactions take place in a PFR.
e feed is equal molar in A and B with F,; = 10 mol/min

e volumetric flow rate is 100 dm3/min.

e reactor volume 1,000 dms3, no pressure drop

e total entering concentration is C;, = 0.2 mol/dm?

Apr/18 2011 Spring 48



5. Applications of Algorithm XIV

o Example C: Gas phase PFR, no pressure drop 2

- The complex gas phase reactions take place in a
PFR.

e rate constants dI‘ﬂE 2
1{11&1 =100 I‘I‘liﬂ
1ol

r:lm3 *
1{2.: =1,5DD[ ] /mm
ol

e Plot F,, Fg, F¢, Fp and S5 as a function of V

Apr/18 2011 Spring 49



5. Applications of Algorithm XV

o Example C: Gas phase PFR, no pressure drop 3
Sol)
- Gas phase PFR, no pressure drop

e Mole balances
dFy _

() Ty A (Fug=10)
e By (Feg =10
3 % - 1 v, =1,000
@ o _,

v D



5. Applications of Algorithm XVI

o Example C: Gas phase PFR, no pressure drop 4
Sol)
- Gas phase PFR, no pressure drop 2

* Net rates (s ry =Ty + Lo

{'5] I‘E = I‘IE
L) I =M Ty
e Rate law
19) r, =k, ChuCh

(10) fon =~k C2 C2



5. Applications of Algorithm XVII

o Example C: Gas phase PFR, no pressure drop 5
Sol)
- Gas phase PFR, no pressure drop 3

* Relative rates
Na _hp _Tic

Eeaction 1
-1 -2 1
(11) Np=2 Mg
(12) e = Ty
Faa _ Too _ Tap Eeaction 2
-2 =3 1
2
(13) s = 2T

3

1
(14) rap = —EI‘QC



5. Applications of Algorithm XVIII

o Example C: Gas phase PFR, no pressure drop 6
Sol) - Gas phase PFR, no pressure drop 4

e Selectivity (15) Sep = if (V > 0.0001)then [F—CJ else (0)

o Fp
e Stoichiometry .
(16) GH=CTD[F—H}
T

F
(17) Cp = Crp| =2 |y
kFTJ
N ™
E
(18) Ce = Crp| == |y
kFTJ
F
(19) o =CTD[_DJ}’
Fr
(20) y=1



5. Applications of Algorithm XIX

o Example C: Gas phase PFR, no pressure drop 7
Sol) - Gas phase PFR, no pressure drop 5
e Parameters
(22) Crg =02 mol/dm?
(23) y=1

(24) ks =100 (dan/mglf/mm

(25) ko = 1,5DD(dInEch:1f/min



5. Applications of Algorithm XX

o Example C: Gas phase PFR, no pressure drop 8
Sol) - Gas phase PFR, no pressure drop 5

Gas Phase Multiple Reactions in a PFR with NO Pressure Drop

1000

an

a0

nor - Fi

B0

50

4.0

30

20

10

— —

] 100 ] 300 400 =00 &0 Tod E00 a00 1000

g

W
Apr/18 ZULl Spring



