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

Multiple Reactions

kD
A —» D

Selectivity and Yield ko

A —» U

Series Reactions A—» B —» ¢

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
! = F
Selectivity Spu =4 Spy = —>
it F
- _ ' -k
Yield Yo=—+ Yo =—2




Selectivity and Yield
Example: A+B—“»D  Desired Product:  r, =k C?C,
A+B—U  Undesired Product: r, =k,C,C,

S b _ klc,iCB _ K, C
o TRLACNC I, "

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

PFR

CSTR

Batch

Membrane (“i” diffuses in)
Liquid-semibatch
Rates:

Laws

Relative rates

Net rates
Stoichiometry:

Gas phase

Liguid phase

Combine:

Polymath will combine all the equations for yvou. Thank wyou, -

d N,
eV
dt I
dF.
' =r.+R
d})’ ri
dC, - v (Cio—C;)
AL I | B

/




Multiple Reactions

A)
Flow

dF,
dVv
dF;
dVv

:rA

:rB

of each and every species

Batch

dN,

=r,V
d 7
dNg
dt

AY




Multiple Reactions
B) Rates

— = klACAC B

a) Rate Law for each reaction:
—ha = kZACCCA

b) Net Rates:  r, =) Fy=r,+0,,

=1

c) Relative Rates: id — "B —"iC — D




Multiple Reactions
C) Stoichiometry

Gas: C,=C, i (PJ(TOJ
FAO PO T

Liquid:  C,=F,/u,

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

1)
dN,
dt

Ny _
dt

Ne _
dt

V=V, (constant batch)

dc, . dC, _  dC _
aa ~ d 4 d 7
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Batch Series Reactions
2) Rate Laws

—la = klACA ] .
aws
— g = leCB T
rR=rg+rs | Net rates
ha _ls _
-1 1 _
Relative rates
fe _Fac
—1 1
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Example: Batch Series Reactions

A—-B—->C C

(1) A—B A 3 C

2) B—C

/
topt t

1) V =V,

dc, dc, dC. _

a 4 a ° a ¢
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Example: Batch Series Reactions
2) Rate Laws

Laws: [ = —klc A
g = _kZCB

Relative: a _ 15 s :rz_c
-1 1 -1 1

™
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Example: Batch Series Reactions

3) Combine

Species A:

Species B:

dC
— th =—r, =k,C,
CA = CAo exp (_ klt)
dC, _r,

dt

g =lgner =g Tl = kch — kZCB

dC,

dt + kZCB — k1CAO exp(— klt)
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Example: Batch Series Reactions

Using the integrating factor, |.F.= exp(j kzdt)z exp(k,t)

a Ce@Pll_ e explk, kX

att=0, Cy=0

C, = :CAO exp(-kt) - exp(-kyt) |

2

:CAO _CA_CB

C
C.= kCAOk [k2 (1—e"‘1t)— kl(l—e"‘zt )]
2 ™
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Example: CSTR Series Reactions

A->B->C

What is the optimal 7 ?
1)
A: Fo,—F,+r,V=0
CrVy—Covy+r,V =0

C,y—C,+rz=0

B: 0-v,Cy+1V =0
—Cy+1,7=0
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Example: CSTR Series Reactions
A->B->C

2) Rate Laws

Laws: hy, =—-Kk.C,
e =—K,Cpg
Relative: ia _ s e _ Tac
-1 1 -1 1
Net: r,=r,+0=-kC,

g ==l tlhg= k1CA — kZCB

™~
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Example: CSTR Series Reactions
A->B->C
3) Combine C,o-C,-kC,t=0
CA — CAO
1+ kt
-C, +(kC, - k,C,)t=0
kC,t
Cs zlirljzt
“o = 1+ kklgff:kt)
2 1

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

Find 7 that gives maximum concentration of B

C — K, C 0T

* (1+k,rY1+k,)
dC T = 1
=0 me = kk,

™~




Following the Algorithm

Number all reactions

Mole balances:

Mole balance on each and every species

PFR

CSTR

Batch

Membrane (“1” diffuses in)

Liquid-semibatch
Rates:

Laws

Relative rates

Net rates
Stoichiometry:

Gas phase

Ligquid phase

Combine:

Polymath will combine all the

d N, .
a:’.;r =r
dr,
=+ R
dl‘-’; I i
dC; _  Uo(Cr—=C))
dt 4 v

F.pT, F.T,
J mFTP T TOFTT,}
P
V= —
B
Fr=Y F,
J=1
dv ol fr| T
d;’V 2y FTD T’O
U =11y
C,. Cy

equations for you. Thank vou, :
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End of Lecture 12
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Supplementary Slides




Blood Coagulation

k
IF + WIHTF =WII
A’ﬂ

k

TF +VIla ¢ 5 TF = VIa
ky

Es
IF = VIIa+If’H_>TF = Flla + Viin
Fe
J\_?I+P’II_>A?I+PTI(J

L.

I+ VI _y Ila+VIIa
kg Ky

TF =Vila+ X ¢ TF =Vlla= X _TF = VIla = Xa
kg

By

IF =Vila+ Xag 3TF =Vlla= Xa
iz

1
ki3 ks

TF = VIM+LY<_>TF =Vila = LY_>TF = ViIla + IXa
s
Es
Xa+IT _>Xa + Ila
ki

Ila + VHT _>ﬂ'a + Vil

g
Viila + IXa <_>L1'n' = Villa
K - ¥

Ry

IXa =VIla+ X<_>LX?:I =Villa = A'_),LY(I = VIlla + Xa
kxy

VIIIa ¢ 3 VIIIa, - L + VIIa,
Fns

I¥a = VIIla = X __yVIIIa, - L + VIlla, + IXa




"'-25

IIa + V<_),Ha +Va
kar

ka

Xa+Ta VAN Xa=Va
kag

hg kx

Xa=Va+II ¢y Xa=Va= H;>Xa — Va +mila
F3p

mlla + Xa =Fa __‘>Xa = Va + Ila
k33
Xa+TPFT VAN Xa=TFFI
F3q
33
TF =Vila = Xa + TFPI<_>TF =VIla = Xa=TFFPI
Jl'3lf
F3q

TF =Vila + Xa =TFPI;>TF =Vlla = Xa =TFPI

;'-35
Xa —ATHI_)XCI = ATIlI

T30

mila + ATIIT _>.mﬂ'a = ATIIT
;r-ﬂ:
IXa+ ATIIT _)D(a = ATIIT

kg
Ila+ ATII _)ﬂrﬂ' = ATIII

k4

TF =VIla+ ATII _) 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

p]’DCDIl‘»'E]‘tiI]

TF=VIIa

factor TF=VIIa

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=VIIa=X

TF=VIIa=X complex

IX

Plasma Thromboplastin Component

TF=VIIa=IX

TF=VIla=IX complex

[Xa

factor IXa

IT

prothrombin

VIII

antihemophilic factor

VIlla

antihemophilic factor activated

IXa=VIlla

[Xa=VIIla complex

25 IXa=VIlla=X

[Xa=VIlla=X complex
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Notations

VIIIa,L factor VIIIa,L
WVIIIa, factor VIIIa,
V proaccelerin
Va factor Va
Xa=Va Xa=Va complex
Xa=Va=II Xa=Va=II complex
mlla meizothrombin
TFPI tissue factor pathway inhibitor
Xa=TFPI Xa=TFPI complex
TF=VIIa=Xa=TFPI TF=VIIa=Xa=TFPI complex
ATIII antithrombin
Xa=ATIII Xa=ATIII complex
mlla=ATIII mITa=ATIII complex
[Xa=ATIII IXa=ATIII complex
TF=VIIIa=ATIII TF=VIIIa=ATIII complex
[Ta=ATIII [Ta=ATIII complex
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dC
T
dc

VI
dr =Ky Crmy =k, - Crp - Cop =k C gy Coyg =K - Cppy - Cog — K5 - Crpg, Co

= k: 'CI'TI’H _kl 'CI'F 'Cm _ks 'CIF 'Cr«m +k4 ' Cm-zfa

AdC
— 2 = ~ky  Crpy + - Cp - Gy
dt
dc,,,
f =ky Crepg, — k3 Crp - Cpp, + k5 - Crpy, Cop kg C oy Oy + k- Cp - Gy
dC e,
% =k, Crpy, + k3 - Crp - Co, + kg - Crpppey — K - Corpp, - Cx — Ky - Crpp, - Cpp +

ku 'CJ'TI’H:;.L}: - k]S 'Cr.rr-'ﬂa 'Cn' "‘ku 'Cmmn' +k15 'CJ'TI’H:;IY - ks?- 'CIFF'H.:: 'C_i'arrpf -

k 42’ Cmm ’ C.&THI

dj‘fﬂ =k Crame Cro + K Crmmans + K2~ Crrarmar + Kas  Crare = Ko7 - Cxip -Gy +
Kss * Cougrer — K33 Crp * Crppy —kiyg " Cy - Cppy

dj—fm!: kg CrCp+kyCop  Cry =Ky Crpy  Cy

d;X = —kgCrrpm, " Cx + ks - Crepmay — Koo " Crmma - Cx + K1 Crpmmar + Kas * Cpgarmrar
—dCI;:E“’Y =ksCrrym - Cx — ks - Crppmay — 1o - Crrvmar




| —
—';:‘"'m = 33'-_“ 'Cm-'.':-_._:.' + 'Ifn "::m-:l:u . ':ru - '!fu 'Cm-:-mu + '!fqn . ':m'.'.--_mrﬁp.- - k.as. . C.'FI:T.'.:-J.'.:C.‘F'.'
dC, .
= =,l:' l:: ey —|II:'--'!:— '!:
it 14 - “TFRNAY 13~ “TFIMa ~ =~ I¥
| — i
% =K - Crnr.'m':r + 'Ifls 'ETFI':ITa 'E:r - ;"'.5 'C."J-‘r'-'f--'f
dC,
d}*’, = lIirl! 'CF}'JT-:L'-' - k‘.ﬁ 'CI‘T-'-'-.- | Cmr - ;715 'C.-.nn.-:-.. + ‘If:a . C.w-_.n.-.-.,_r - 3'7.1:- ":.'ru"ca i
%Cu ok, CyCy+ity Crgar ~Fp - Cras - Ci
dt ' -
ACy
:i"fh =_'£:1.1 "!:.'.'a 'CF-'.'JT
dC
d};hd = 3;'1_, "':JT 'CF.'.'.' - 'I'-'Hi "Ere'.'m. "::.-.ru + 'Ifls- ’ C.':r.rm.'a - 'I'-':a 'CFT-'Iu * kid 'CFT-'I'-. L.
| — i
I;;”Ld = jr'.ﬂ ) ':IT.'.'.: | ':.'A'.r - ir._q 'C.'.Tul']'.'.'-r - jrﬂ 'CLI.'.:F-'.'.'I..LT - 'I":n: 'Emr.'.l:., ) ':r LT C-‘A’:r:-':'r-'af
| — i
h-!?f = —ﬁ':, ' Cu‘ai‘-‘ﬁaf T Hy Cmr:-':'m 'C.'I:' -k 23 C.-r-_.m.-,_l.- —k 28 - C-‘A’a}':'l-'nf
d': Iia -L "
'::rr b = -I‘:-_1:., - CF:']TH - I!'L"n - '::;',-.lj',,l..'_ ; CF.'.'I-H: + k:ﬁ ) I::..'.'I:'.JI:T.'J".IJI"
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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 I
Schematic of Blood Coagulation
Red Blood Cell Red Blood Cell
@ @ Tissue factor
Platelet (
Intact endothelium Injured endothelium ))/ Cut
Tissue factor Subendothelial tissue (A-B
j, (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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