APPENDIX A

SAMPLE DERIVATION OF KINETIC MODEL (#6)
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The objective of this derivation is to develop a mathematical
expression for the overall reaction rate, in terms of the sum
of molal disappearance of three active reactant species on the
basis of unit mass of the catalyst, as a function of observable
bulk partial pressures of species at steady state and various

kinetic parameters depending on the proposed reaction mechanism.

Let kj be the forward rate constant for the elementary step j,
kj the reverse rate constant for the same elementary step j,

n the number of carbon atoms present in the species §,

P; the partial pressure of species i in the bulk gaseous
stream, in kPa,

n the net reaction rate, in kmols of (H2+C0+CZH4) per hour

per kg of catalyst,

s the conponent rate of species i, in kmols of i per hour

per kg of catalyst,

”j the intrinsic rate for the elementary step j,

* the unoccupied active site,
i* the adsorbed species i, .

and [ 1 represent the surface molal concentration.

Following the reaction mechanism proposed in Chapter III, the
intrinsic rates for each elementary steps can be written as

belows. The eguation numbers designated correspond to those
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given in the summary figure of the mechanism (Figure 3.1).

rp = gy [10° - iIT° (a.2)
Ay = fgpegl*] - ka[*CO] (A.3)
ny = fz4pczH4[*]2 - gyl*en, ) (A.4)
rg = kgl*CO][] - B[*CIT0%] (A.5)
g = kgpe_y, [#°] - BL*Cytg] (A.6)
ny = by LrCIHeT? - iyLxcH, 10207 (8.7)
rg = g[*CH,ITH"] - B[*CHg10"] | (a.8)
ng = kg[*CHa1(H<] - k3[*CH,I0*] (A.9)
ng = gL CH3*CH,] - kgl CoHs 1L~ (A-10)

nyy = By [*CHGITH*] = By [*CHG 1] (A.11)



115 = byp[*COLHR] - ki [*COHIL*] (A.12)
M3 < b13E*CDH][*CH2] - k.i3[*C(CH2)OH][*] (A.13)
Rip = b.M[*C(CHz)OH][H*] - hi4[*CH(CH2)0H][*] {A.14)

ng * kls[*CH(CHZJOH][H*] - kis[*CH(CH3)0H][*] (A.15)

2 = kygl*CH(CH,YOKI[H*] - Ryg[*CH, (CH3)OHI[*]  (A.16)
M7 - "17[0*][‘**]2 - k5 [*0H,]0*] (A.17)
nqg = kygl*CO][0*] - &ig[*C0,][*] (A.18)
%9 = Byg[*OHIL*COIL*] - kyo[*C0,10H*]? (A.19)

220 = Rl CHC Moy IT¥CH, T = g [*CH,CHLC K, L 30%]
forn>1 {A.20)
7py = oy [*CHCHLC Hy o JTH] -

£ [*CH3CH C oo e 101 (A.21)
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Nyy = kgyl*CHyCH,C Ho 1 IL*CH, ] -

by [ *CH, CH(CHS)C Hy 1 1T

rgy = gl TR CH(THSIC M 10T -
[ *CH3CHCHZ)C Hy 0 1T
%4 = baal*CHtHCHoney 1 -
b 4 [*CHy=CHC Hppyy JTHY)
Rpg = kps[*CHIOHIC Hap  JL*CH, ] -
b [¥CHOM)CH,C Hyo o 1T%]
Tpg = l2pgL*CH(OH)CH U Hpp o IIHD -

héﬁ[*CHZ(OH)CH?_anZni-l][*]

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)
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"oy = kyl*Chg] - Eyyeey, [*]

Nog = kyg[*CoHeT - késpczust*]

Nog = kpgl*CHaCHC Hy 1] = Rogp

A3 = k30[*CH CH(CH3)C H2n+1] -

k30Pc

[*]
n 2n+ICH(CH3)CH3

3y = gy [*CH,=CHC H, 1] -

[*]
©31FCH,=CHC, H,_ 1

3y = kgp[*CH,(OH)C \Hy 5] -

R32Puoc_.n, L*
n+2 2n+b5

33 = Ry3[*0K,] '_késpnzo[*]

Mg = kya[*C0,1 - ké4pcoz[*]

n+2 2n+6

[*]

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)
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Total number of sites, [S], is the sum of vacant sites and

adsorbed sites:

[s1 = [*] + [H*] + [*C] + [0*] + [*COT + [*CH,] +
(roigd + Dol + I [Cruoflams]

2 [904,0H(0Hy)C ] + [7COH] ¢ [(OHIH] +
n'—:

[*GH(OH)GH,] + DAGHOMIGHS] + % [-CH(OHIC,y iy 3]
+ [¥0Hy] + TCHG] + £ [*Coiponeg]
n=

z [*CHgCH(CH3)Cpn ey ] I DOH,=CH M 1 *

[*C o qtpnsa0H] + [*OHy] + [*CO,1 (A.35)

nes8

n=1
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The system to be solved involves an infinite number of unknowns
(rates and surface activities) and knowns (bulk partial pre-
ssures of chemical species and kinetic parameters), in an in-
finite number of nonlinear algebraic rate equations. Therefore,
mathematical simplifications must be imposed so that a solution

of practical usefulness can be obtained.

The first simplification is to apply the rate-determining
assumption made in the proposed mechanism (in Capter 1I1) to
reduce the infinite number of unknown rates to a finite rate
expression. The assumption of rate-determining step means
that this particular elementary step proceeds much slower than
the other steps so that equilibrium conditions can be assumed
for all non-rate-determining steps, and thus the net rate of

the reaction is sorely governed by the rate-determining step.

By defining a set of equilibrium constants for all non-rate-
determining steps, the number of kinetic parameters is hence
cut in half. Once the rate-determining simplification is
employed, the system becomes more manageable because only
those variables in the rate equation for the rate-determining
Step are of concern and they can be obtained through a
sequence of mathematical manipulations of the rate equations

of the non-rate-determining steps.
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More specifically, [H*] and [*C2H5] in Eqn. (A.6) are the only

two unknown variables considered. [H*] can be determined
simply by solving Eqn. (A.2) with the simplification that

n, = 0 from the assumption of being the non-rate-determining

step. The final form of [H*] is in terms of the bulk hydrogen
partial pressure and the concentration of empty sites.

Similarly, [*C2H5] can be obtained by solving Egqns. (A.2),

(A.11) and (A.28) simultaneousiy, as a function of the
measureable partial pressure of ethane product and the

concentration of empty sites.

Sinece the concentration of empty sites, [*], is present in

both [H*] and [*Csz] expressions and it is a nonobservable

unknown, [*] must be replaced by the total number of the sites
[s] from Eqn. (A.35). Thus, the next task is to find all the
intermediates in terms of measureable guantities. Substituting
the expressions for the intermediates back into Eqn. {A.35) and

solving it for [*]1, and then plugging [H;], [*C2H5] and [*]

into Egn. {A.6) will result in the desired rate equation for
the rate-determining step, in terms of measureable component
partial pressures and kinetic parameters to be determined by
the techniques of data fitting. Details of the mathematical

manipulations are given in following pages.
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Since the elementary step #6 is assumed to be the rate-
determining step, all other rates will approach the

equilibrium, thus,

it Tl Tt St M- Sl Bl T Bt § Wi
M2 " M3 " Mg M5 g " M7 T Mg T e T

200, T TR0l T R, T T

n=1

of

2|, st ”‘22|n_;_="23{n=1 = s = 53

n=l oo
Moa| T T sl T Mesl g T T sy LT
26y T T T 26 2T T T 27 e

og] LT v T8l 29 -1 T

n=1

| PP o1 - + | IR - | I

n=1 n=1 e

32|,y T T M2l T Ma3 T Mag B O (A-36)

n=1



let Kj and K& represent the equilibrium constants for step j,

and be defined as follows:

&

7~
m

(A.37)

[
r

=

1

(A.38)

P
o

Combining Equs. (A.2), (A.36) and (A.37), and solving for

[H*] results in:

fHel = JKZPHZE*] (A.39)

Similariy, from Eqns. (A.3), (A.36) and (A.37),

[*€0] = Kypgol*] . " (A.40)
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From Eqns. (A.4), (A.36) and (A.37),

[*CHz] = ”K4PC2H4[*] (A.41)}

The concentrations of all adsorbed product species can be
determined from the corresponding termination (desorption)

steps, hence,
[*CH4] = KéYPCH4[*] (A-42)
[*Cyttg) = Kzgrep [*) (A.43)

[*] forn>1 (A.44)

[ Cheotonegd = Kogp,
2 2n+6s © C29PC M, o

[*CHCH{CHZ)C H, T = Kiop [+1  (A.45)
313 Colanurd = K3oPe w, | chlen,)ch,

[*CHY=CHC H, 1] = K3 1Py o [*] (A.46)
2" CaManed = KaaPen =cc w, .

[HCHy (O Cry Monegd = Kigpe w,  onl*] (A.47)

n+2 2n+5
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[#C0,) = K3gpcg, [*] (A.48)

Combining Egns. (A.18), (A.36) and (A.38) and solving for

[*0] gives,

Kig[*C0,30*]
f0*] = (A.49)
[*cal :

Substituting [*C0] from Eqn. (A.40) and [*COZ] from Eqn. (A.48)

into Eqn. (A.49) ends up,

Kigksy P00,
fo*] = ( ) ( Y*] (A.50)
K3 Pco

Combining Eqns. (A.5), {A.36) and {A.37) and solving for
[*C] yields:

Ks[*COI[*]
()= —— (A.51)
[0*] .
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Plugging {*COJ from Eqn. (A.40) and [0*] from Eqn. (A.50)
into Egn. (A.51) gives:

2 2
K4Kg Pco
[*C] = ¢ oL 1E*] (A.52)

KigKag Peg,

Combining Eqns. {A.9), (A.36) and (A.38) and solving for
[*CH3] results in,

Kéf*CH4]£*]
[*CH3] Z —— (A.53)
il
Substituting [H*] and [*CH4] from Eqns. {A.39) and (A.42)

into Eqn. (A.53) gives,

Kgkyy Py
[*CHy) = (———) (—I[*] (h.54)
A ey

2



Combining Egns. (A.11), (A.36) and (A.38) and solving for
*
[ C2H5] produces,

K11 [*CoH D]
[*C,Hg] = v (A.55)

Substituting [H*] and [*CZHSJ from Eqns. (A.39) and (A.43)

into Egn. (A.55) gives,

Ki1Kzg  PCoHg
[C,H.d = ¢ Y (———) ] (A.56)
“E; 'sz

Combining Eqns. (A.19), (A.36) and (A.38) and scolving for

[HZO*] results in,

Ky gL*C0,ITH=1
[HZU*] = (A.57)
[*colr*3
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Substituting [H*], [*C0] and [*502] from Eqns. (A.39), {A.40)

and (A.48) gives,

KpKigksg — PHP
[1,04] = ( ) )[*]

K3 Peo

(A.58)

For intermediates of n-alkanes, combining Eqns. (A.20), (A.36)

and (A.37) results in:

Kool Caafons 0*CH,]

l:*Cn+2l-12n‘l-5] B [*]

{A.59)

Assume all rate constants in the propagation phase are independent

of the chain length.

For n =1,
Kygl*CH,]
[*CyHo] = (————)[*C, 4]
37 [*] 2'5
For n = 2,
Kogl*CH,
[*CaHg] = ( J[*C3H, ]

]

(A.60)

(A.61)



Plugging [*C3H7] from Eqn. (A.60)} into Eqn. (A.61) gives:

Kool *CH,)

* = 2 *|
[ C4Hg} = ( ) [ c2H5] (A.SZ)

[*]

Similarly, E*Cn+2H2n+5] can be determined as below,

Kopl*CH,]

— )'[CH] forn>1  (A.63)

(*Chiafonss] = ¢

For 2-methyl alkane intermediates, Combining Eqns. (A.22),

{A.36) and (A.37) yields (for n > 1),

Kool *C satipnes I0*CH,]
[*CH,CH(CH3 )C Hypyy ] = — (A.64)

For n =1,

Ky, [*CH,]

[*CHZCH(EH3)2] = )[*C3H7] {A.65)
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Forn = 2,

Kapl*cH,]
[*CH,CH{CH, ) C H ] = (————E:i————)[*CHZCH(CHB)2] (A.56)

Plugging [*CH,CH{CH,),] from Eqn. (A.65) into Eqn. (A.66} gives,
2 3’2

K22[*CH2]
* = 2 &, '
[ CHZCH(CH3)C2H5] = {—E-*J‘—-) [ C3H7] (A.67}
Similarly,
K22[*CH2] .
[*CH,CH(CH,)C Ky 1] = ( - Y T*C4HS] (A.68)

Combining Eqns. (A.12), (A.36) and (A.37), and solving for
[*COH] results in,

Kyp[*C0I[H+]

[*COH] = (A.69)
[*]
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Substitute [H*] and [*COJ from Egns. [A.39] and [A.40],
_ ¥ ¥ *
[*COH] = K2K3K12PHZPC0[ ] {(A.70)

Combining Egqns. {A.13), (A.36) and (A.37), and sclving for

[*C(CHz)OH] yields,

K,3L*CORIC*CH, ]

[*C(CH,)OH] = (A.71)
£*]

Plugging [*CH2] and [*COH] from Eqns. (A.41) and (A.70) into

Ean. (A.71) gives,
[*C(CH,)OH] = "3"3"?13"’?12'%0”32%1 A (A.72)

Combining Eqns. (A.18), (A.36) and (A.37), and solving for

[*CH(CHZ)UH] results in,

KM[*C(::HZ)OH][*H]'

[*CH(CH, )OH] = (A.73)
2 *
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Plugging [H*] and [*C(CHZ)OH] from Eqns. (A.39) and (A.72) gives,
* = 3 3
[*CH{CH,)OH] = K25354%13%14Pn, ProPe L] (A.74)

Combining Egns. (A.15), (A.36) and (A.37), and solving for
[*CH(CH3)OH} results in,

Kls[*CH(CHZ)OH][H*]

[*CH(CH,)OR] = 7 (A-75)

" Plugging [H*] and [*CH(CH,)OH] from Egns. (A.39) an< (A.74)
into Eqn. (A.75) produces,

o3 3 3 3
[*CH(CH3)OH] = /K, K3K4K13K14K15*pﬂz Pcopc2H4[*] (R.76)



For higher oxgenated intermediates, combining Eqns. (A.25),

(A.36) and {A.37)}, and rearranging ends up, for n > 1,

KZSE*CHCOH)CnH2n+1][*CH2]

[*('-'H(OH)cr1+ll'12n*l-3-'1 = [*]
Forn =1,
Kp5[*CH, 1
[*CH(OH)C2H5] = )[*CH(OH)CH3]
For n = 2,
Kpsl*Cpl
[*cagou)c3u7] = T } [*CH(GH)CH3]
For the general n,
Kog[*CHy]
[*CH(OH)C 1 0o 5] = ( )"[*CH(OH)CH,]

(A.77}

(A.78)

(A.79)

(A.80)
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In order for the propagation steps to proceed, all forward

rate constants must be greater than the reverse ones, i.e.,

Kog» Kpp0 Kyg 2 1 (A.81)

However, as soon as initiation starts, all the steps followed

will release at least one site, hence,

[*CH, ]

[*]

<< 1 {A.82)

Therefore, the combination of Eqns. (A.81) and (A.82) proaduces,

Kyl *CH,] KooL*CH, ] Kog[*CH, ]
|- s | ls | | <1 (A.83)
£*] [*] [*]

Summing all alkyl intermediates in Eqns. (A.60), (A.62) and

(A.63) and applying the geometric progression rule gives,

- [+CH]
*C H I |l*C _,H = A.84
[ CZ 5] + n:]_[ n+2 2!‘I+5] KZO[*CHZJ ( )

[*1

1 -
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Substituting [*CHZ] and [*Cszl from Eqns. (A.41) and (A.56)

into Eqn. (A.84) gives,

vi*CZHSJ * nzl[*cn+2H2n+5]

' 1 P
K11K28 y CHg

( ; : [*]
K Pno
2 H,
= {A.85)
3 : .
1 - KaKaoPe H,
Similarly, the sum of all 2-methyl alkane intermediates
from Eans. (A.65), (A.67) and (A.68) becomes, -
E [*CHZCH(CHa)CnH2n+1]
n=1
Kol T3 CH,3
: = ) ) (A.86)
[+ Kpp[*CH, ]
1 - ————

[*]



Combining Eqns. (A.41), (A.58), (A-60) and (A.86) yields,

z

n_l[*cnzcﬁ(cﬂ3 ) C H

2n+1]

- - Pr u P
K4K11K0K02K23 CoHy CoHg

; 3 ( : 1[*]
K5 P,
= ; (A.87)
3
1 - KK ap
22Pe ,
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Summing [*CH(OH)CH3] and all higher oxygenate intermediates

from Eqns. {A.78), (A.79} and (A.80), and applying the rule of

geometric progression ends up,

[*CH(OH)CH3] + nilf*CH(OH)Cn+1H2n+3]

[*CH(OH)CH3]

A.88
Kol *CH, ] -
1-
[*+]

Substituting [*CHZJ and [*CH(OH)CH3] from Eqns. (A.41) and

(A.76) into Eqn. (A.88) gives:

[*CH(OH)CH,] + nfl[*CH(OH)C"+1H2“+3J

3 1 31
(K§K3K§“13K14K15)(Pﬁﬂpcopézn4)[*]

(A.89)
1 i

2, 2
1 - KZK p
47257 CH,
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Combining Eqns. {A.39) through (A.48), (A.50), (A.52), (A.54),
(A.58), (A.70)}, (A.72), (A.74), (A.85), (A.87) and (A.89) with

gn. {A.35) and solving for [*] results in:

KZ gl K:ok:, Peo
co 18534, 07
[*] = [SH1 + K,p, + ( -)( )+ ( )} )
2, "'18"34 Peg, K3 “'Peo
K K pal
1°287C,H,
Y Kgkz7Pcn, 2Pu,
K.p + /K,.p + +
3Pco * "KaPc
28 TRy, Kzo“E4Pc2H4

KyK11Ko0KooK2gP C,H,*
+ 7ol s 6 + KoKy o7y ,Peo *
Kopu, (1 = Kpa/KgPc )

+ ‘/'c—z“a"k;."13pco”"’ﬂ2pc2n4(1 + KoKog/oy ) +

3
K Ky KKy 3K 4K 5Py Pco" C.H

M
+ KZ P +
f— 7PeH
b - Kps"aPe n 4
2
p + I {2 R )
K28Rt I Ke0.0PC oty s *. K30,07C By L CHICH,)CH

1
* K31,nPCH,=CHC_H

+ K2 } +
2 n 2n+l 32""p{:n+2"|2n+50H

K2K19K34Pn,Peo,/ (K3Pco) *+ K34Pco, )71 (A.90)



Further simplification of Ean. (A.90) to a more realistic form
can be obtained by assuming: (1) higher hydrocarbons, C40+ for
normal alkanes, C30+ for Z-meli_:‘hy'l paraffins, C20+ for l-olefins
and C5+ for l-oxygenates, are produced in negiigible amounts,

and (2) [W*], [*C1, [0%], [*C01, [*CH,], [*CHy] and [*Cylig] are

the dominant intermediates other than the product species. Thus,

2 gr P
co
[¥] = (M1 + AK;py_ (K.3 : *(p°° ) + (18322
Ha k32" Peo, K3 ""Peo
e+ 2y M,
+ Koprn + ¥KaP + (———=)(—
37C0 4 C2H4 @ '/FE-
2

K11K28, , “2Ms
+ (———— )( —&2Y + Kyqpey + KogP
‘/EE ‘/F;H_ 27 CHq_ 28 C?_H5
2
40 30

+ L (Kyg P )+ I (K )
I K29,0Pc oHonss 30,7PC Hyo 1 CH(CH;)CHy

20 5

+ T (Kiy P Y+ T (Kis, P );
oy 3LnPCH=CHC Hy 3 g 32,n°C ot 50H

KK K. PH Pco
2 19 34 2 . -1
+ { Y {(—=— Peo )+ K34pco2} (A.91)
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®
The net reaction rate, &, is defined as:
n = + .+t (A.92)
° "W, * "co CoHy
SRty (A.93)
®

Applying the assumption of Eqn. (A.36) to Eqn., (A.93) yields,
nE A
= ks(PczH4[H*] - Kﬁl[*CZHSJ) (A.94)

Substituting {H*] and [*CZHS] from Eqns. (A.39) and (A.56)

into Eqn. (A.94) and rearranging gives,

ke

n = (—=)(Kp, p - KK: . Kiop JI*] (A.95)
Fore 2Pu,Pe h, ~ Kek11K28 C,Hg .
A ,
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Combining Eqns. (A.95) and (A.S1), rearranging, dissolving

k

6 and [S] into the preexponential factor a, and replacing

CH(CH3)CH3’

p p ’ P » P L] p a p
Hy? Po0* Peoty” PeHy* Peolg™ Ploiofonis” “Callane

Pcy.= s P > and p With p,s Pas Pps Pogs
CH=CHE o 1* P oMo co, 2 P3> Py Pz7

Pag> P29 ,n? p30,n, P31.n? P32 .0 and P2 respectively results in,

RT, e, . (Eh11728P28 Ky +
r=ae (Kopop, - )1+ )(
et Kop, gk3s" P3g
. e 34)( 34)  Kypy + Hgpy + (ZE KoKz, (Pa1,
4~4
g % %,
40
11428
+ (—=— )( —28) 4 K3p Poa + I Kig .P
iV 27 * KagPos * T K2o,nP2e.n
30 20 5
* I X%30,0P30,0 " I K31,0P31,n " I K32,0P32,n

K1 PoP
i 19 36y P2P3, , i

-1
Ky Pa 34P34} (A.96)




