Lecture 12

Chemical Reaction Engineering (CRE) is the
field that studies the rates and mechanisms of
chemical reactions and the design of the reactors in

which they take place.




Lecture 12 - Tuesday 2/19/2013

Multiple Reactions

Selectivity and Yield k

A —» U

Series Reactions 4 —» 3B —» ¢

A+B —» C+D

Complex Reactions

A+C —>» E




4 Types of Multiple Reactions

Series: A—-B—-C
Parallel: A—D

A— U
Independent: A— B

C—D

Complex: A+B —->C+D

A+C —>E

With multiple reactors, either molar flow or number of
moles must be used (no conversion!)




Selectivity and Yield

There are two types of selectivity and yield:
Instantaneous and Overall.

Instantaneous Overall
4 ~ F
.. S =D S =_L
Selectivity U WoR
_Ip B F,
Yield p=—"- =




Selectivity and Yield
Example: A+B——D  Desired Product:  r, =k C>C,
A+B——U  Undesired Product: 1, =kC,C,

r, kC:C, k
SD/U — rD — leACB — kl CA
U 2~AB 2

To maximize the selectivity of D with respect to U run
at high concentration of A and use PFR.




Gas Phase
Multiple Reactions

Following the Algorithm

Number all reactions

Mole balances:

Mole balance on each and every species

dF;
PFR =7 =
dVv i
CSTR Fo—F,=—r;V
Batch d_‘M = ,—jV
I
N . dF;
Membrane (i diffuses in) =r;+R,
dVv
dC, Uy (C;p—C
Liquid-semibatch —L =y 0(Cjo 2
P J | e
Rates:
Laws rijzkijl)‘i(C‘J.,C")
. ria te ric T
Relative rates A _ B _ 7iC_"7iD
—a; b, ¢ d,
q
Net rates rp= Z ry
i=1
Stoichiometry:
. . . F,op7T . F, T
Gas phase C;=( ml_"lrl-T(,-‘_I':E I's ml_‘l‘rf;{y
P= 5
I‘-r= Z F‘I
J=1
o P i 4
aw 2p \Fro/ Ty
Liquid phase v=1uvyg
CA. CH. - - .

Combine:
Polymath will combine all the equations

for you. Thank

you,




Multiple Reactions

A)

Flow

of each and every species

Batch

Ny _ r,V
dt

dN,
dt

reV




Multiple Reactions
B) Rates
-1, =k ,C,Cp
-1y, =k ,CC
b) Net Rates: 7, = Er.A =r, +0,

i
=1

a) Rate Law for each reaction:

c) Relative Rates: A B _ i€ _ 7D




Multiple Reactions

C) Stoichiometry
I
7

F
Gas: C,=C,,—
FAO

P
5

Liquid: C,=F, /v,

Example: A—-B—>C
(1)A— B Kk,
(2)B—>C Kk,
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Batch Series Reactions
1)
dN
dt

dN 1V

dt

dN .

dt

V=V, (constant batch)

dC, dC, dC.
=T =T r

¢ 4 a4t dt °

=1,V

=1.V




Batch Series Reactions

2) Rate Laws

11

—Ip = klACA

—Iig = leCB

Ta

Iy =Iig + L,

1N

-1

g

-1

I.lA

I

1

I)c

1

Laws

Net rates

Relative rates




Example: Batch Series Reactions

A—-B—->C C,

(1) A—B A B C

2) B—C

/
’topt t

1) V=V,

dc, dc, dCe _

a 2 d " d

™~
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Example: Batch Series Reactions
2) Rate Laws

Laws: I, = —kIC A
r,, =-k,Cy
Relative: La I Ly I

-1 1 -1 1

™~
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Example:
3) Combine

Species A:

Species B:

Batch Series Reactions

4G,
dt
Cy=Choexp (‘ klt)
dCy _
dt

-1, =k,C,

I.B
Iy =Igngr =L T = kch — kch

dc,

” +k,C, =k,C,, exp(— klt)
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™~

Example: Batch Series Reactions

Using the integrating factor, /.F. = eXp( k2dt)= explk,?)

Cp eXp(kzt)]
dt
att=10, Cz=0

L

=kC o eXp(kz —k, )t

k,C
Cyp=t2 [exp —kt)—exp(—k,t) ]

2

CC =CAO_CA_CB
C. Cao
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Example: CSTR Series Reactions

A—->B->C
What is the optimal 77

1)
A: F,-F,+r V=0

C,vo—-C,v,+r,V =0

C,—-C,+rz=0

B:  0-v,C,+r,V =0

—-C,+r,t=0
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Example: CSTR Series Reactions
A->B->C
2) Rate Laws

Laws: r, =-kC,
I =-k,Cy
Relative: Tia _ 1 Ly _ I
-1 1 -1 1
Net: r,=t,+0=-kC,

ry=~nh,+n, =kC,-k,C,

™~




18

Example: CSTR Series Reactions

A->B->C
3) Combine

C,,—C,—kC,7=0
__Cao
Al kT

—C, +(kC, —k,Cp)T=0
kC,T
Tt k,T
kch OT
(1+ &,7)(1+ &,7)

Cp

C, =

™~




Example: CSTR Series Reactions
A->B->C

Find T that gives maximum concentration of B

C — kICAOT
? (1 + kzr)(l + klr)
1
dC, 0 T .= n
dt

™~




Following the Algorithm

Number all reactions
Mole balances:

Mole balance on each and every species

dF;
PFR a'_l; =r;
CSTR Fo—F=—r;V
dN;
Batch d_rj = ,—jV
e - . dF;
Membrane (i diffuses in) — =r;+R;
dVv
dC, C.o—C;
Liquid-semibatch = 4 M
dt 4 V
Rates:
Laws r,.j=kijf,,(Cj,C")

Relative rates —iA_ B _ iC_7iD

q
Net rates r.o= Z ri

Stoichiometry:

. e . F, T
Gas phase C,=C m/_‘l-r/Tu_;-E C m,__‘-rf;'-’."
P
PEr
Fr = F,
J=1
dp a (F,— ) T
dWw  2p \Fr/ T,
Liquid phase v=uv
CA. (‘B-

Combine:
Polymath will combine all the equations for you. Thank you,
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End of Lecture 12
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Supplementary Slides




2

3

Blood Coagulation

k

TF + VII(_)TF=WI
Ky

TF +Vla ¢ TF =Via
ks
ks
TF =VIla+VII _yTF =VIla+Vla
kg

Xa+VII _y Xa+VIla

IIa + VI _y Ila + VIIa
kg ko

TF =VIla+ X ¢ 5TF = VIla= X _TF =VIla = Xa
kg

TF =VIla+ Xa ¢ TF =Vila= Xa
12

ki3 Ky
TF =Vila+IX ¢ STF =VIla = IX 3 TF =VIla + IXa
kg
kg
Xa+ 1T _>Xa + Ila
k>

Ila +VII _y Ila +VIlla

'i"ls
VIiIIa + IXa PARN IXa =VIla
kg ’ k1

IXa =VIlla - .fY(_>IX—(I =VIlla = .fY_)LY(I =VIlla + Xa
ky

Villa ¢ VIIIa, - L + VIIa,
Eas
E 25

IXa =VIilla=X _yVIla, - L +VIla, + LXa
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ks

Ila + V(_)IIa +Va
ka7

ka7

Xa+TVa VAN Xa="Va
kg

kg k3

Xa=Va+1II ¢yXa=Va=1_yXa=Va+mia
k30

k3
mlIla + Xa =Va _)Xa =Va+Ila

k33
Xa+ TPFI(_)XG =TFPI

ks
K3¢

TF = VIla = Xa+TFPI ¢ TF = VIla = Xa = TFFI
k.
b

TF =VIla+ Xa =TFPI _yTF =VIla = Xa =TFPI

Xa +ATIIIE>Xa = ATII
mlla + ATII] i)mIIa = ATII
IXa + ATIIT E)IXa = ATII
Ila + ATIIT lIIa = ATIII
TF =VIla + ATIII:TF =VIla = ATIII

Courtesy of Hockin, M.F,, Jones, K.C., Everse, S.J. and Mann, K.G. (2002). A model
for the stoichiometric regulation of blood coagulation. The Journal of Biological

Chemistry 277 (21), 18322-18333.




Notations

Species symbol

Nomenclature

TF

Tissue factor

VII

proconvertin

TF=VIIa

factor TF=VIla

Vila

factor novoseven

TF=VIIa

factor TF=VIIa complex

Xa

Stuart prower factor activated

IIa

thrombin

X

Stuart Prower factor

TF=VIIa=X

TF=VIIa=X complex

TF=VIla=X

TF=VIIa=X complex

IX

Plasma Thromboplastin Component

TF=VIIa=IX

TF=VIIa=IX complex

IXa

factor IXa

II

prothrombin

VIII

antihemophilic factor

VIIIa

antihemophilic factor activated

IXa=VIlla

IXa=VIIIa complex

IXa=VIIIa=X complex

CS [Xa=VIIla=X




26

Notations
VIIIa,L factor VIIIa,L
VIIIa, factor VIIIa,
V proaccelerin
Va factor Va
Xa=Va Xa=Va complex
Xa=Va=II Xa=Va=II complex
mIla meizothrombin
TFPI tissue factor pathway inhibitor
Xa=TFPI Xa=TFPI complex
TF=VIla=Xa=TFPI TF=VIIa=Xa=TFPI complex
ATIII antithrombin
Xa=ATIII Xa=ATIII complex
mITa=ATIII mITa=ATIII complex
[Xa=ATIII [Xa=ATIII complex
TF=VIIIa=ATIII TF=VIIIa=ATIII complex
[Ta=ATIII [Ta=ATIII complex
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dcC
d—;z k2 'CITVZI _kl CTF 'CVII _k3 'CTF 'Cl'ﬂa +k4 ' CTFI-‘TIa

dCyy
dt

ACrepy
dt

dc,

i=k4 Creyge — k3 Crp - Cppg, +k
dt

dc

TFVlla _
—dr = _k4 'Cn'ma +k3 'CIF 'Cma + k9 'Cn-'max _ks 'Cn-'ma 'CX _kn 'CIFVUa 'C_ra +

= kz 'Cm-n _kl 'Cn' 'Cm _ks 'C.Ya'cm _k7 'Cﬂa 'Cm _ks 'Czrma 'CVJJ
==Ky Crpyyg + k- Cpr - Copy

Creymy “Crg+k C oy Coyp + k7 - Cp, - Copy

5

k12 'Cmm.ra - k13 'Cm-m 'Cn' + k14 'Cm’uan' + le 'Crrrzzan' - k37 'CIFWJa 'C.WTPJ -
k4z 'Cmvza 'C.amz
dC-X—ﬂ

dr =k Crevge " Cra + Ky Crmvmaxs + K * Cravmar +Kas " Corara — ka7 Cy - Cypp +
k34 'C.mrfm - k33 'C.l:a 'Cm>1 _kss 'C.ra 'C.mu
dCy,

dt = k16 'C.ra 'Cﬂ '*'ksz 'Cnma 'C.m'a _k41 'Cua 'C.um
dc,

dI: =~k Crepp. " Cx + kg Crmppay =Ko Crirme " Cx + K1 Crivmar + K5 * Crarmar
dcm-mr
T =k sCrrma " Cx — k9 Crrvmax — klO Crrviiax
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ACrvmar,
—— = klo : Cmm\' + kll ’ Cmﬂc . C.t’a - k]Z ’ Cmmra + k36 ) Cmm\'amw - kJS . C?FWId’a CTFPI

dt

dg:v = ko - Crrmax = ks - Crevma - Cr

"Cf;% =k, -Corrmse + ks - Coopme - Cor =Fos - Corpmnae

di;.\’c =k - Crmpmar =K1 - Cota - Coxe + K10 - Covarnze + Kis - Covasmnar = K40 -C e -Carmm

"iﬂ = kg Co-Cy + kg - Cospar = H - Corars -

T ey Cou-Com

% =k Cra - Com =R - Coma - Coa + 819 - Crrane =Ky - Core + K - G 2
.dcz—;”"" =Iys - Come - Cove =Ko - Covarmne * %oy - Crvapmmar = Ko - Covarnna - Ce + 522 - Crpamnmar
d Cu‘r;;war. UL e AT [ N U] e NN et ) S s—m—

d sz;«rt = ks Coma =K - Comyz - Com, s - Coramas

"C;’t"% =k - Come = Foe - Comig - Coma, + ¥ - Crvarmar
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dac,
T; - —kx ’ Cﬂa . Cr
dg;'a = k)s - Clta N C;f + k;g - C_‘,’ B C}'a -kz.’ - C.\’a - Cy‘
dC.\’c}'a
dt
ACoin _
ar
ac
d.;”‘ = K31 Crarar = K32 - Crre - Crare = F35 - Conia - Coizan
dC?FPI’

dt

dC.\'cTFPI .

dt

dC?Fﬂ’lcl' aTFri
dr
dC .y

dt
k 42 7 C?Fﬂ’la - CA?LTI
ac

= _klx : C.l'a : Cl'c + k27 ) Cx.. ) CVn - kl‘) ) Cﬂa&'u ) CLT + k30 ) Cxul’a'l + le . Cl’al-‘d]

k:-: : Cn.m; - Clt "'kso 'Cxarav —ka, . Cxurav

=k 38 C.\’oTFPI - kJS - C.\’a ) C?FPI’ + k% . C?'Fl‘ﬂa.l’uml - kBS ) CTFl‘ll'u.!‘a . CTF‘PI
kk . CAhIT’PI + k37 : CXa . C?FPI - k37 : C?Fl"ﬂa . CIaTFPI
=—kK 36 Cm’lla.\’cml + kBS . Cm"l’hl'u ) CTT’PI + k37 ) C!‘F'l‘llu ) Cx..rrrr

= _kas - C.l’a - Carm - k39 - C-d’h . erm - k-oo - CI.\’c - C.«rm - k-u . Cﬂ'a ) C,«mr -

NaldTHT  __
- 3. k38 - C.\’a - CAT!TI

dr
dac ..
% =k - C-.m: - CA?HT
AC 1 irir
—Haarly k. .C
dr o
dcm"murm' =k..-C
dt =
ac

HNaATHT
- kll - Cﬂa - lem

dr

e C.Aml

TFVlas Carm
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Results
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Figure D. Total thrombin as a function of
time with an initiating TF concentration
of 25 pM (after running Polymath) for

the abbreviated blood clotting cascade.
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Figure E. Total thrombin as a function of
time with an initiating TF concentration of
25 pM. [Figure courtesy of M. F. Hockin et al.,
“A Model for the Stoichiometric Regulation
of Blood Coagulation,” The Journal of
Biological Chemistry, 277[21], pp. 18322-
18333 (2002)]. Full blood clotting cascade.
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Blood Coagulation

Many metabolic reactions involve a large number of
sequential reactions, such as those that occur in the

coagulation of blood.
Cut — Blood — Clotting

Figure A. Normal Clot Coagulation of blood
(picture courtesy of: Mebs, Venomous and Poisonous

Animals, Medpharm, Stugart 2002, Page 305)

/




4 N
Schematic of Blood Coagulation
Red Blood Cell Red Blood Cell
@ Q Tissue factor
Platelet (A
Intact endothelium Injured endothelium f ot
Tissue factor Subendothelial tissue (A-B
/ (B) —B complex)
Subendothelial tissue
Figure B. Schematic of Figure C. Cut allows contact of
separation of TF (A) and plasma to initiate coagulation.
plasma (B) before cut occurs. (A + B — Cascade)
32
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