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Supplementary: Kinetic Study Based on the Carbide
Mechanism of a Co-Pt/y-Al20s Fischer-Tropsch
Catalyst Tested in a Laboratory-Scale Tubular
Reactor

Marco Marchese, Niko Heikkinen, Emanuele Giglio, Andrea Lanzini, Juha Lehtonen and Matti
Reinikainen

A - Kinetic model

Kinetic mechanistic steps

uxn

Catalytic site expressed as in the reaction steps

FT-1) reaction paths

MARR=49%
Reaction number | Reaction step Constant parameter
0 Hy + 2% ¢ 2H* KO
CO +H* - CO H*
1rds CO + CHs™* - CO CH3* k1

CO + CnHaner* = CO CnHones™

COH*+H;¢>HC*+H,0
2 Cco CH3* + H, ¢ CHs3 C* + H.O K2
CnHansr CO* + Hp ¢ CyHanea C* + H0

H C* + H, <> H *CH,

3 CH3 C* + H, ¢>CHs *CH, K3
CnHone1 C* + Hy € CnHones *CH,
4 CnHaonet ¥CH; € CyHonet CHy* K4
CHs* + Hy > CH + H* kSM
5rds
CnHaona® + Hy & CyHaoneo + H* k5
CoHs* > CoHg + H* k6E
6 rds
CnHaona® = CyHon + H* ké

Resolution of the mechanism to get the Rates expressions. Description of the probability growths as
the ratio of the growth over the growth and termination, through alpha values for each of the
products.

Reta = ksm [CH3*] Phz
klpco

 kyPeo + ksy Py,
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Reana = kee € [CoHs*] W, = kiPco
kiPco + ksPy, + kepe?c
Rentans1 = ks [CaHans1™] Pha Paraffins n>=2
o = k1Pco
" kyPco + ksPy, + kee™
Rentan = ke €™ [CoHans*] Olefins n>=3

It is possible to apply the Quasi Steady-State Assumption (QSSA) to derive the formulation of the
growth probabilities. For n=1 we apply it on [CH3*] species, for n=2 for [C;Hs*] and for n>2 we apply
it over [CnHan+1*].

d[CH;] . . . . L
ek 0 = Intermediate generation — intermediate termination
= kiPcolH*] = k1Pco[CH3] — ks Py, [CH5]
d[CZH*] * * * *
TS = 0= kyPco[CH3] — kyPcolCoHs] — ks Py, [CoHs) — kepe?“[CoHs]
]
dt
= kyPco [Cn—lHZn—l*] — k1Pco [CnH2n+1*] - kSPH2 [CnH2n+1*]
— ke [CrHpn417]

From the above formulation, we find the same definition of alphas as previously expressed. Thus,
we can express concentrations for the balance of active sites.

[CH3] = a;[H]

[C,Hs] = a,[CH;]

[CnH2n+1*] = 0n [Cn—lHZn—l*]

From the different reaction steps | can then express values for kinetic and equilibrium constants for
the balance of the active sites. The site balance can be expressed as follows:

1 =[]+ [H"] + [CH3] + [C;H5] + [Cp—1H3p—1] + [H CO*] + [CH; CO*] + [Cy—1Hppn—q CO7]
+[HC*] + [CH3 C*1+ [Cn—lHZn—l C*1+ [H*CH,] + [CH5 CH,]
+ [Cr—1Hyp—1"CH,]

The above expression assumes that no active catalytic site decreases over time.
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[H*]? = KoPy,[<]* > [H']= \/(KoPu,) [*]

1 1
[H*CH,] = X, [CH3] = K, aq /(KOPHZ) [*]

1 1
[CH5'CH,] = K. [C;Hs] = X. a,a; /(KOPHZ) [*]
4 4

n
1 1
[Cr_1Hppn—1"CH;] = K_4 [CoH3,] = K_4 a,a; nan /(KOPHZ) [+]

n=3

1 1
[HC*] = KsPr, [H CH;] = KoKsPr, a, /(KOPHZ) [*]
[CH; C*] ! [CH; CH,] 1 K, P,
= = —— *
3 K3Pp, 3 L K3KaPy, a;a; /( 0 Hz)[ ]

n

1 1
[Cho1Hop-1 C7] = @ [Ch-1Hyn—q CH3] = m a,a; 1_[ an ’(KOPHZ) [*]

n=3
1 PH 0 1 PH o
HCO*|=——-[HC*] = - /KP
[ ] K, PH2 [ ] K,K;K, PI?IZ NI HZ) 2

1 PHO 1 PHO
CH; CO*] = ——2= [CH; C*] = —== / K,P
[CH; ] K; Py, [CH; C”] K,K,K, PEIZ ara, [(Ko HZ) [*]

n
. 1 Py o . 1 Py o
(CrsHanos €0') = 522 [Cocsbon s €] = e P—gzalazgan |(KoPa,) 4

| can substitute these expression and get all in terms of [*].

1

[ =
DENOM1

— 1 1 1 PHy0
DENOM1 =1+ ,/(KoPy,) + / (KoPy,) (1 + ra + KoKaPm, + Kakaks 72, ) (a1 + g, +

n j
a,1a; Zjig n=3 an)

Substituting the expression of [*] in the expressions of the different active sites and back to the
definition of the reactions rates, it is possible to write the latter as follows.
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Reu, = ksu K(?'S Pé'zs aq []

Re,n, = kg e /(KOPHZ) ay ay [#]

n

_ 0.5 pl.5 | |
Re,Hones = ks Ko Py oy ay an [#]

Paraffins n>=2

n=3
n
Re,n, = ke €™ /(KOPHZ) g ay nan [*]
n=3

Olefins n>=3
The same procedure is applied to the definition of all the mechanisms.
FT-2) reaction mechanism
MARR=41.2%
Reaction number | Reaction step Constant parameter
0 Hy + 2% ¢ 2H* KO
1RDS CO + H* <> COH* k1
CO + CH3* — C20H3*
CO + CyHoner™ € Cns1OHonar ™
2 COH* + H* ¢ CH* + OH* K2
C20H3* +H* & C2H3* + OH*
Cn+10Hans1™ + H* € CyHang™ + OH*
3 CNHzN.l* +H* & CNHZN* + * K3
4 CNHZN* +H* & CNH2N+1* +* K4
5 OH* + H* <& H,0 +2* K5
6RDS CH3* + Hy, - CH4 + H* k6M
CnHans1™ + Hz & CyHanez + H* k6
7RDS C2H5* - CoHy + H* k7E
CnHone1™ = CyHon + H* k7
Definition of the rates and probability growth values.
k1Pco
Rey, = kem[CH3] Py, o =
* Y kiPeo + keuPuz
Re,n, = kog €% [CoHs] oy = k1Peo
k1Pco
chH2n+2 = ke[CnHon+1]Pu2 N

T kiPeg + kgPyy + Ky €N
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Reyt,y = k; €™ [CyHyy41]

QSSA for the expression of the probability growth.

d[CrHzn 4]

it = 0 = Intermediate generation — intermediate termination

= klpCO [CN—lHZN—l] - k1PC0 [CNH2N+1] - k7PH2 [CNH2N+1] - K7enC[CNH2N+1]

Same applies to C=1 and C=2 to express alphal and alpha2.

[CH3] = ay[H]

[C;HZ] = a,[CH3]

[CnH2n+1*] = an [Cn—lHZn—l*]

Balance:

1 = [#] + [H] + [COH] + [CH3] + [C,0H3] + [CH] + [C,H3] + [OH] + [C;Hs] + [CH,]
N

N N N
+ 1CoH + ) [CuHiaa] + ) [CaHinoal + ) [Cuin] + ) [€a0H;y ]
3 3 3 3

_ 1 [CH,] go & 1 .
1) =2 Ty M= &, T )
i [C2H,] o = J1% 1 .
C2ts) =2 T 1= ok, T
_ L1 [CHs] 1 a;(KoPy,) g ® o,
chal =5 T M= &~ Taems 17 & U
1 [C,H
(Gt = i = S
[CoHs] = a; @, /(KOPHZ) [+]
_ [+ 1  Puo .
(OM) = Preo Th1k = Kz [ |
_ l [CH][OH] _ a Py,o0
[COH] = K, [H] Ky K Ko K5 (Koy )
_ 1 [GH][0H] —  aa, Py,0
(GQOMsl = 1 = T G KKK (KoP )™
N ne j
[ChHin41] = aqa an (KPZ)[*]
Z 2N+1 1 zj=3g / ofn
N ne j 1
Z[CnHZN—l] = o ap ! an K, K4\/m []
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N ne j
« a1a;
Dleatinl = 22 3 | an 1]
4
3 =3 n=3
N ne j p
alaz H,0

Z[CnOH;N—l] Zl—[“n : 15 L*

3 Ky Kz Ky Ks S (KoPu,)

From this | can extract [*] and the value of DENOM?2.

DENOM2=1 + /(Ko Py,) * (1 + (a1 + qya, + 21, 2?23 11:3 an)) + ((al +a,a, +

ne ] 1 1 PH20 1 Puyo
a102 Z}'=3 n=3 an)) K4 + ,(KOPHZ)K3K4 + (KoPH,)"(1.5) K2K3K4Ks + Ks /(KOPHZ)
’ k1 Pco
Rey, = komay (K9PH2) Py, [vac] o = kP + ko P
1fco 7TMEH2
, k1Pco
Re,n, = kgr e*aya, (K9PH2) [vac] o = k1Pro + kyPyy + kgpe?
n
chH2n+2 = k;aqa;, n“n ’(K9PH2) Py, [vac]
n=3 - k1PCO
n N k1PCO + k7PH2 + k8E eCN
RCNHZN =kge™ aja, 1_[ an ’(K9PH2) [vac]
n=3

FT-3) reaction path

MARR=70%

Reaction number | Reaction step Constant parameter

0 Hy +2* ¢ 2H* KO

1 CO + * <> CO* K1

2 CO* + H, <> H,CO* K2

3 H.CO* + H,; <> CHy* + H,0 K3

4 RDS CHy* + H* - CH3* + * k4
CHy* + CH3* - CoHs* + *
CH.* + CnHoner™ = CnaaHones™® + *

5 RDS CHz* + H* - CH4 + 2* k5M
CnHans1™ + H* = CyHansz + 2% k5

6 RDS CoHs* - CHy + H* k6E
CnHonea® = CoHon + H* k6
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k,[CH,][CH
RCH4 = kSM[CHS][H] o = k 4 2l[CHs]
4[CH,][CH3] + ksy [CH3][H]
RC2H4 — k6E eZC [CZHS] a, = k4[CH2][C2H5] :
k4[CH,1[CoHs] + ks[CoHs][H] + kepe©? [CyHs)
CnHany2 Paraffins
= ks[CyHyn41][H] n>=2 w = k4[CH,[CyHay+1]
Re,n, Olefins " ky[CHyCyHan 4] + Ks[CyHan 1] [H] + kee™ [CyHaon4]
= ke €™ [CyHan44] n>=3

Application of the QSSA.

d[CHz] ) ) . , ..
Frank 0 = Intermediate generation — intermediate termination
= k4 [CHZ] [H] - [CHs](k4[CH2] + kSM[H])
d[C,HZ]
;t >==0= ky [CH,] [CH3] — [CoHs)(ky[CH,) + ks[H] + kepe®©)
d[C,H; 1]
% = 0= ky [CH;] [Cy—1Han-1] — [CyHan 41 (ka[CHy] + ks[H] + kge™)
[CH3] = ay[H"]
[C;HZ] = a,[CH;]
[CnH2n+1*] = an[Cn—lHZn—l*]
Balance:

N

1= 6]+ [H] + [CH3] + [CoHs] + ) [CHiyag] + [CO] + [H,CO1 + [CH,]
3

1) kiaPcol*] = k1-[CO] > [CO] = K;Pco[*]

2) kZdPHz [CO] = ko [H,CO] - [H,CO] = KZPHZ [CO] = KK, PHZPCO[*]

Pco P, [+]

P
3) k3aPu,[H2CO01 = ks, [CHl Pyyo > [CHal = K3 ——= [H,C0] = K1K,K3

Hy0 PH,0
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4) [H] = v (KOPHZ) [+]

And from the definition of the probability growths | can obtain

[CH3] = oy (KOPHZ) [*]

[CoHgl = ay ay [(KoPy,) [#]

n

[CaHonst] = a1 az an (KOPHZ)[*]
3

n

1

[ =
DENOM3

Pc

o Pf j
Pr :2 + (KoPu,)(A + oy + aya; + @12, 2?23 H£1=3 @)
2

DENOM3 = 1 + K, Pco + KKy Py, Peo + K1 K, K

Ren, = ksu Ko Py, aq [+]?

Re,n, = ke e?¢ /(KOPHZ) ay @ [*]

n

RCnH2n+2 = ks K, PHZ a; a; 1_[ apn [*]2 Paraffins n>=2
n=3
n
Re,n, = ke e™ /(KOPHZ) a Ay 1_[ an [*] Olefins n>=3
n=3

It is possible to check how the derivation of [*] must pass from an iterative solution.
FT-4) mechanism path

MARR=77.4%

Reaction number | Reaction step Constant parameter
0 Hy + 2* < 2H* KO
1 CO + * & Cco* K1
2 CO* + H; ¢> H,CO* K2
3 H,CO* + H, ¢ CHy* + H,0 K3
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4 RDS CHy* + H* > CH* + * k4
CHy* + CH3* - CoHs™* + *

CH* + CnHone1™ = CnaaHones™ + *

5 RDS CHs* + Hy* > CH4 + 2% k5M
CnHonaa® + Ho* = CyHonea + 2% k5
6 RDS C2H5* - CoHg + H* k6E
CnHaner™ = CoHan + H* k6
k4[CH,]
Rep, = ksy[CH3]P w =
CH, sm[CH3]Py, AR konPo,
k4[CH,]
R =k ezc C,H =
catty = g €7 [CoHs] %2 = 4 [CHy] + ksPy, + kgge
Reptyney = kslCyHon1]Py, Paraffins n>=2 kLG
_ 4lCH;
= KQCH,) + ksPy, + kge™
RC2H4 = kee™ [CyHan11] Olefins n>=3
Balance:

N

1= [x] 4 [H] + [CHy] + [CoHs] + ) [CaHiy4a] + [CO] + [H,€O] + [CHy)
3

[CO] = K1 P¢o[*]

[H,CO] = K,Py,[CO] = KK, Py,Pcol+]

_ PH, _ Pco szlz
[CH,] = K; P [H,CO] = K, K;K5 [+]

Hy0 PH,0

[H] = /(KOPHZ) [+]

And from the definition of the probability growths | can obtain

[CH3] = a4 (KoPh,) [+]

[C,Hs] = a; ay (KOPHZ) [+]

n

[CaHonst] = a1 az an (KOPHZ)[*]
3

n
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1

[ =
DENOM4

DENOM4 = 1 + Ky Py + KKy Py, Poo + Ky Ky Ky —

o Pf j
Pr :2 + (KoPu,)(A + oy + aya; + @12, 2723 HL:g @)
2

Ren, = ksm /(KOPHZ) Py, ay [+]

Re,n, = ke e?¢ /(KOPHZ) ay ay [*]
n

Re, Hynss = Ks /(KOPHZ) Py, ay a, 1_[ ay, [*] Paraffins n>=2
n=3
n
Re,n, = ke e (KOPHZ) ay Ay a, [*] Olefins n>=3
n=3

It is possible to check how the derivation of [*] must pass

FT-5) reaction mechanism

from an iterative solution.

MARR=98%

Reaction number | Reaction step Constant parameter

1 CO +* & CO* K1

2 CO* + H, <> H,CO* K2

3 H,CO* + H, <> CH,* + H,0 K3

4 H, + 2* <> 2H* K4

5 RDS CHz* + CHz* - C2H4* + * k5
CHy* + CyHon™ = CystHons™ + *

6 CHy* + H* - CHs* + * k6
CnHon™* + H* - CyHonet ™ + *

7 RDS CH3* + H* - CHs + * k7M
CnHons1™ + H* = CyHonso + * k7

8 RDS CoHs* - CyHg + H* k8E
CnHaner* = CoHon + H k8

ks[CH,]?
Rew, = kyu[CH3][H] o = Kk [CH,J? + Ky P,
ks[CH,][CoH,)

Ay =

Re,n, = kgg €% [C,Hs]

ks[CH,][CoHy) + k7[CoHs][H] + kgre?[CyHs]
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Paraffins

Re iy, = k7[CnHon1][H] N>=2

aN

_ ks[CH, 1[Gy Ha]

Re,n, = kg €™ [CyHay 41l Olefins n>=3 ks[CH,][CyHon] + k7 [CyHon41][H] + kgpe©?[CoHs]

Balance from other reactions, we obtain

[CO] = K Pcol*]

[H,CO] = KZPHZ[CO] = KK, PHZPCO[*]

[CH,] = Ky 322 [H,C0] = Ky Ky 202 [
k4dPH2 [+]? = k4r[H]2 - [H] = \/m [+]
[CH3] = Ko [CH[i}[H] = K1K;K;3 K6m PZZ:OEI.; [*] // [CNH2N+1] = K1 K;K3 Pf,(;fz [*] szz an
Balance:
N N
1= 5]+ [H] + [CH3] + ) [Cuinsa] + ) [CyHin] +[CO] + [H,CO] + [CHy)
2 2

With substitution of the previous expressions we can then get a value of

2

Py
1=[+] + Pcol*] (Kl + KiK; Py, + K1 K;K; P 2 )‘*‘ ’(K4PH2) [*]
H,0

Pco P1-21'5 Pco P1-21'5
+ K1K;K3 Kg/ (Ky) P 2 [*] + Ky1K;K3 Ko/ (Ky) P 2 [*]n“n

H,0 H,0 rs
Pco P2 -
+ K K>K3 2 [*] an
H20 n=2
1
[ =
DENOM5
P? P p25
DENOMS =1+ Peo (K1 + KiK; Py, + KiKpKs 2 )+ (KiPr) + KiKoKs Key[(Ky) = +
2 2

Pco P§ Pco Pi
KKy K3 Koy (Ka) =5 02 [Ti=z an + KiK;K3 P OZ [Th=z an
2

2

Application of the QSSA.

d[CH;]
dt

= 0 = Intermediate generation — intermediate termination

= — ks [CH,]? + ks[CH,]?
+ k,u[CH3][H]) (would actually get a null value)
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% =0= —ks[CH,] [Co,Hy] + ks[CH,][C,H,] + k,[CoHs][H] + kgpe?“[C,Hs)
d[C,H,
[ Zt ond = 0= — ks [CH,] [CyHay] + ks[CH,][CyHay] + k7[CyHaniq][H]

+ kge™ [CyHan 1]

Pco PP
Rey, = k7K1 KK KoKy — [+]?

PH,0
Pco Pj
Re,n, = kgr €% K1 K, K3 2 a
H,0
n
Pco P Paraffins
chH2n+2 = k7K1 K, K3 KoK, 2 []2 1_[ an _
P n>=2
H,0 n=2
n
Pco P Olefins
RCnHZn = kg enc K1K2K3 2 H“n —
PHZO 2 n>=3
n=

There is the need of an iterative procedure in order to get values of [*] and of the different alphas.

FT-6) reaction mechanism

MARR=77.8%

CHy* + CH3* - CoHs™ + *

CHy* + CyHonaa™ = CnaaHones™ +*

Reaction number | Reaction step Constant parameter
0 Hy +2* ¢ 2H* KO
1 CO + * <> CO* K1
2 CO* + H* <> HCO* + * K2
3 HCO* + H* <> C* + H,0* K3
4 H,O0* ¢ H,0 + * K4
5 C*+H* <> CH*+* K5
6 CH* + H* < CHy* + * K6
7 RDS CHy* + H* - CH3* + * k7

8 RDS CH3* + H* - CH, + 2* k8M
CnHonsr™ + H* = CyHonsz + 2% k8

9 RDS CoHs* - CoHa + * k9E
CnHoner® = CnHon + 2% k9

Definition of the rates and probability growth values.
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k;[CH,]
R = kgy|CH3|[H =
cH, = kem[CH3][H] % k,[CH,] + kgy[H]
k,[CH,]
Re,n, = ko €€ [C2Hs] o = A

chHZn,,Z = kg[CyHon41][H]
k7[CH,]

k;[CH,] + kg[H] + kqec™

AN =

Re,n, = ko €™ [CyHapy 1]

Application of the QSSA.

d[CHz] ) ) . , ..
Frank 0 = Intermediate generation — intermediate termination
= k,[CH,] [H] — [CH3](k;[CH,] + kgy[H])
d[C,HZ]
= 0= k;[CHy] [CHy] = [C;Hs)(ky [CHy ] + kglH] + koge™)
d[C,H;p 1]
% = 0= k;[CH,] [Cy-1Han-1] = [CxHon+11(k7[CHR] + kg[H] + kge™)
[CH3] = ay[H"]
[C;HZ] = a,[CH3]
[ChHon1'] = an[Ch1Hyp_1']
Balance:

1= [*] + [H] + [CO] + [HCO] + [H,0] + [C] + [CH] + [CH;] + [CH3] + [C,H5]
N

+ ) [Caliyaa]
3

[H] = /(KOPHZ) [*]

[CO] = K1 Pco [*]

CO|[H
[HCO] = Kz% = K1K>Pco /(KOPHZ) [+]

_ [HCO][H] _ Py, Pco
[C] = K; T Ky K; K3 K4 Ky Py [*]
1
[H,0] = X, Pu,o [¥]
1.5
[CH] = Ks S = Ky K, Ky Ko K K3 222 [+]

[*]

PH20
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[CHz] = Kg

[]

[CHIH) _ K, K, K3 K, K¢ Ks K¢

2 Ph, Pco [+]
PHzO

Substitute all in the balance of sites to get the expression for the free site fraction/concentration.

1
1=[x]+ ’(KOPHZ) [#] + K1 Pco[*] + K1 K2 Pco ’(KOPHZ) [«] + K, Py,o [*]

Py,
+ K K, K3 Ky Ky ————

PCO

Ph,0

+ Ky Ky Ky Ky Ko Ks K2 —2

nc

t+aa; Z ﬁ an /(KOPHZ) [+]

]:3 n=

From this | can extract [*] and the value of DENOMS6.

There is the need of an iterative process to find the solution.

FT-7) reaction mechanism

MARR=52.38%

Pl.
[] + Ky K, K3 K, K K35 22—

P
co [*]

Py,0

P§, P
T (<] + a\/@ ]+ “1“2@ "

Reaction number | Reaction step Constant parameter

0 Hy + 2* ¢ 2H* KO

1 CO + H* <> COH* K1
CO + CH3* <> C,0H3*
CO + CnHans1™ € Cns1OHonst ™

2 RDS COH* + H; - CH* + H,0 k2
C,0H3* + Hy = CH3* + H,0
CnOHan1™ + Ha = CyHana™ + H20

3 CH* + H, - CH3* K3
CoHs* + Hy & CoHs™
CnHont™ + Ha > CyHoniet™

5rds CHs* + H, - CH4 + H* k5M
CnHoner® + Ha = CyHonez + H* k5

6 rds CoHs* = CoHg + H* k6E
CnHans1™ = CyHon + H* k6

Definition of the rates and probability growth values.
ka[C,0H;]

Rcn, = ksu[CH3]Py,

a; =

k,[C,0H3] + ks [CHs]
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kz[C30H,]

R =k.. e [C,H =
catty = Keg € [C2Hs] %2 = 1, [C30H,] + ks[CyHs) + kgge

chHZn,,Z = ks [CNH2N+1]PH2
k,[CyOHyy_4]

k,[CyOHyy_1] + ks[CyHoyiq] + kge™

ANy =

Reym,y = ke e™ [CyHyy41]

QSSA application.

d[CH;}

[dt ! = 0 = generation — termination = kg;n[CH3] Py, — Py, k,[COH] + Py, k,[C,0H3])
d[C,H:

[;t 5] =0==Ks [CZHS]PH2 + Kge?°[CoHs] + K,K  Po [CZHS]PH2 — KK Pco[CH3] Py,
d[C,H5 1]

Tl,dt2n+1 = 0 = KS[CNH2N+1]PH2 + K6enC[CNH2N+1] + KZK].PCO [CNH2N+1]PH2 - K2K1PCO [CN—lHZN—l]PH2
[CH3] = ay[H"]
[CZH;] = a’z[CH;]
[CoHonst] = an[Cro1Hopn_1']

o = k2K1Pco

! k2K1Pcot+ksm

k2 K1 Pco P,

a2

koK1 PooPu, + ksPy, + kepe®

o ko Ky Peo P,
N kyKyPcoPy, + ksPy, + kee ™
Balance:
N N
1= [*] + [H] + [CO] + [CH3] + [C;0H3] + [C,Hs] + Z[CnH;N+1] + Z[CnOH;N—l] + [CH]
3 3

N

+[CoHs] + ) [Cuiy -]
3

[H] = /(KOPHZ) [+]

[COH] = K1 Pco[H] = K1 Pco /(KOPHZ) [+]

[CH3] = y[H] = a4 ’(KOPHZ) [+]
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[C,0H3] = K1 Pco[CH3] = KiPco a4 /(KOPHZ) [x]

[CoHs] = a1a;[CH3] = a4 ay /(KOPHZ) [+]

1 1
[CH] = Ky Py, [CH3] = K; P, ay /(KOPHZ) [+]

1 1
[C:H3] = K; Pr, ——5— [CHs] = K3 Py, a; a; /(KOPHZ) [+]

N 1 ng j
Z[CnH;N—l] = K. P /(KOPHZ laj a, nan

3 3 Hy j=3n=3

N ng j
N [Ca0H3y-] = KiPeo [(KoPy) [ s Y | [ e

3 ]:3 n=3

N ng j
Z[CnH;N+1] = / (KOPHZ | aja, Z 1_[ an

3 ]=3 n=3

From this | can extract [*] and the value of DENOM?7.

NO iteration needed.

FT-8) reaction mechanim

MARR=60.7%

Reaction number | Reaction step Constant parameter
0 Hy + 2* <> 2H* 0
1 CO + H* <> COH* K1

CO+ CH3* 4 CzOHg*
CO+ CNH2N+1* 4 CN+1OH2N+1* (AS CNOHZN.l)

2 COH* + H; - CH* + H,0 K2

C,0Hs* + Ha - CHs* + Hy0

CnOHon-1™ + Hy = CyHan™ + H0

3 RDS CH* + H; - CHs* k3

CoHs* + Hy - CHs*

CnHana™ + Hy = CyHonaa ®

5rds CHz* + H, > CH4 + H* k5M

CnHaona® + Hy & CyHaoneo + H* k5
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6 rds C2H5* -> C2H4 + H* k6E

CnHaner* > CyHon + H* k6

Definition of the rates and probability growth values.

k3[CyH3] Py,
k3[CyH3] Py, + ksy[CHs] Py,

RCH4 = kSM[CH3]PH2 o =

k3[CsHs] Py,
k3[C3Hs] Py, + ks[CoHs|Py, + kepe©?[CyHs)

Re,n, = ke €% [C,Hs] 0z =

chH2n+2 = ks [CNH2N+1]PH2 o
N

k3[CyHapy-1] Py,

e k3[CyHyn—1] Py, + ks[CyHyyiq + 1]Py, + keeN[CyHay 1]
RCNHZN = k¢ e [CyHyy41]

By substitution of the different species expressions, based on the reactions

P
[CzH3] =K; _P:Zo [C;0H;]; [C20H3] = K1Pco [CHs3]; [C3H5] = K1K2Pc0PH2 [C2Hs]
2

O(2=

QSSA application.

d[CnHzp44]

dt =0= —ks[CyHzpn4+1] PH2 — kee™ [CyHayn41] — kipPcolCnHon41] + K3[CyHoy-1]
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PcoPi,

d[CrHzny4]
dt

= —ks[CyHyy44] Py, — kee™ [CyHani1] — k3KoKq [CyHoni]

Py,

+ k3K;K 1 Peo [Cy—1Hay-1] P
H,0

Same applies to C=1 and C=2 to express alphal and alpha2. Considering always

[CH3] = ay[H]

[C;HZ] = a,[CH3]

[ChHan1'] = an[Ch1Hyp_1']

Balance:
N N
1 =[] + [H] + [CO] + [CH5] + [C,0H3] + [C3Hs] + Z[CnH;N+1] + Z[CnOH;N—l] + [CH]
3 3

N
+[CoHs] + ) [CaHiy )
3

[H] = /(KOPHZ) [+]

[COH] = K1Pco[H] = K1Pco /(KOPHZ) [+]

[CH3] = ay[H'] = a4 /(KOPHZ) [x]

[C;0Hs] = K, Pco[CH3] = Ky Peo ay /(KOPHZ) [x]

[C2Hs] = az[CH3] = a; a /(KOPHZ) [+]
[COH] = K, K,

PH2 PHZ
= /(K Py,) [#]
Pyo Py,o N 0T

[CH] = K,

PcoPy
[CH;3] = a; KK, P ? /(KOPHZ) [+]
H,0

N ne j
PcoPy ’
z [ChHin-1] = K1 K, P 2 (KOPHZ ] ay azz:l_[an
3 Hy0

j=3n=3
(4

J
[CaOH3ns] = KiPeo [(KoPu) [l @ty Y [ [ tn

nc

j
[ChHan+1] = /(KOPHZ laia, Han

j=3n=3

N
3 j=3n=3
N
3




Catalysts 2019, 9, 717 S19 of S25

From this | can extract [*] and the value of DENOMS.

This time | have NO iteration needed.

FT-9) reaction mechanism

MARR=85.1%

Reaction number | Reaction step Constant parameter
1 CO + * < CO* K1
2 CO* +* &> C* + O* K2
3 C* + H, <> CHy* K3
4 O*+H, ¢<>H,O+* K4
5 Hy + 2* ¢ 2H* K5
6 rds CHy* + H* - CH3z* + * ké

CHz* + CH3* - C2H5* + *

CHy™* + CnHont™ = CusaHones™ +

7RDS CHs3* + H* - CH,4 + 2* k7M
CnHonea® + H* - CyHansz + 2% k7

8RDS C;Hs* - CHy + H* k8E
CnHaner* = CyHon + H* k8

Definition of the rates and probability growth values.

k¢[CH,]
Reu, = kou[CH3][H] %= ks[CHz6] + ;7M[H]
k¢[CH,]
R = k eZC C-.H = ’ -
C,Hy = KsE [C2H5] %2 ke[CHy] + kyy[H] + kgge?
Reptyny, = k7[CnHan+1][H] ke[CH,]
AN =

ke [CH,] + k- [H] + kgp e€N
Reym,y = ke €™ [CnHon41] 6[CHz] 7[H] 8E

[CHa] = Ks[C1Py,  [€] = K, 011 10] = 512255 €0 = Ky Poo[#1H] = |/ (RePig )1+

O(l = 2
PcoPh
K1 K; K3 Ky ke Pro 02 + k7m+/ (KsPy,)
2

PeoPh, |,
Py,0

PcoP?
Ky Kz K3 Ky ke —p_ (’)’ [] + ky/(KsPy,) [*] + kgpec?
2

K1 K> K3 Ky kg

Ay =
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Pcople2

K; K; K3 Ky kg [*]

Py,0

AN =
PCOPHZ

2
[*] + k7 (KsPy,) [*] + kge™

Ph,0

K1 K, K3 Ky ke

QSSA for the expression of the probability growth.

d[CnHzp44]

a0

= ke¢[CH,][Cy_1Han-1] — k6[CH3] [CyHyy11] — k7 [H][CyHyyi1] — Kge™ [CyHay41]

Same applies to C=1 and C=2 to express alphal and alpha2. Considering always

[CH3] = ay[H]

[C;HZ] = a,[CH;]

[ChHan1'] = an[Ch_1Hyp_1']

Balance:

N
1 =[] +[H] + [CO] + [CH3] + [C,H5] + [C] + [0] + [CH,] + E[CnH;N+1]
3

[H] = /(KSPHZ) [+]

[CO] = K Pcol*]

_ . lcoll+] _ PcoPH,
[C] - KZ [0] - Kl KZ K4— PHzO [ ]
PcoPi;
[CHz] =K K, K3 K, 2 [*]
H,0
Py,o
[0] = 72 [+]
K4PH2

[CH3] = ay [H] = a4 ’(KSPHZ) [x]

[CoHs] = a; @, /(K7PH2) [+]
N c J
Z[CnH;N+1] = /(K7PH2) [+] a1, Z 1_[ Un

]:3 n=

From this | can extract [*] and the value of DENOMO.

Iteration needed.
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FT-10) reaction mechanism
MARR=74%

Reaction number | Reaction step Constant parameter

0 Hy + 2* <> 2H* KO

1 RDS CO + H* <> COH* k1
CO + CH3* ¢> C,0Hs*
CO + CyHanar* € CnaaOHonar ™

2 COH* + H* <> CH* + OH* K2
C,0H3* + H* ¢ C,H3™* + OH*
Cn+10OHanet ™ + H* € CyHon ™ + OH*

3 CnHona™® + H* ¢ CyHon™ + * K3

4 CnHan™ + H* ¢ CyHonna ™ + * K4

5 OH* + H* <> H,0 + 2* K5

6RDS CHs3* + H* - CH,4 + 2* k6M
CnHaona® + H* = CyHanio + 2% k6

7RDS CoHs* - CHa + H* k7E
CnHana* > CyHon + H* k7

Definition of the rates and probability growth values.
Ren, = kem[CH3][H] o = k1Pcok1P§<(:sM [H]
kiPco

Re,n, = k7g e?¢ [C,Hs] oz = k1Poo + kg[H] + k,gec?

chH2n+2 = ke[CnHon+1][H] Ky Peo

Reym,y = k7 €™ [CyHay 4] e Kfeo + kslH] + ey e

QSSA for the expression of the probability growth.

d[CnHzp44]
dt

=0= kiPco [Cn—1Han-1] — k1Pco [CNH2N+1] — k;[H] [CNH2N+1] — Kge™[CyHyy41]

Same applies to C=1 and C=2 to express alphal and alpha2. Considering always

[CH3] = oy [H"]

[C,Hs] = a,[CH;]

[CnH2n+1*] = ap[Cr-1Hyp—1]
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Balance:

1 = [*] + [H] + [COH] + [CH3] + [C,0H3] + [CH] + [C,H3] + [OH] + [C;Hs] + [CH,]
N N N

N
+1CH + ) [CaHinaal + ) [Cuinoal + ) [Cuin] + ) [CuOH3y o]
3 3 3 3

[H] = /(KOPHZ) [*]
_l[CHz] go & 1 .
1) =2 Ty M= &, T )
1 [C,H,] o 1 .
C2ts) =2 - 1= ok, T
_ 1 [CHs] o 1 a;/(KoPy,) g
[CH,] =X ] [x] = X, —'—(KOPHZ) [x] = X, []
1 [CyH;5] _
[CHal = g Tt bl = S 4]
[CHs] = a; @, /(KOPHZ) [+]
B _ L Pmo |
OM) = Preo Th1k = Kz [P |
1 [CH][OH]= ay Py,0
[COH] = K, [H] Ky K Ko K5 (Koy )

_ 1 [GH][0H]  aay Py,0
(GQOMsl = 1 = T G KKK (KoP )™
N ne Jj

[ChHn 1] = a1y /(KP2 *]
Z 2N+1 1 £y 11 0lH
N ne j 1
Z[C Hyy_1]l = oy, Zn 3 m [x]
N ng j
Z[C Hjy] = all(a2 H“n
3 4 j=3n=3 :
N

* . o PHZO

Z[CnOHZN_l] = KK, K. Zﬂ (KOPHZ

From this | can extract [*] and the value of DENOM10.

This time | have iteration needed.

FT-11) reaction mechanism

MARR=93.9%
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Reaction number | Reaction step Constant parameter
0 Hy + 2* ¢ 2H* KO
1 CO + H* <> COH* k1
CO + CH3* <> C,0H5*
CO + CyHaonn* € CnaaOHonaa *
2 rds COH* + H* <> CH* + OH* k2
C,0H3* + H* <> CHs* + OH*
CnOHon-1™ + H* € CyHont™ + OH*
3 CnHana™ + H* €5 CyHon™ + * K3
4 CnHon® + H* ¢ CyHona ™ + * K4
5 OH* + H* <5 H,0 +2* K5
6RDS CHs* + H* - CH, + 2* k6M
CnHanst™ + H* = CyHansz + 2% ke
7RDS CoHs* - CoHa + H* k7E
CnHanst™ = CnHon+ H* k7
Definition of the rates and probability growth values.
k,[C,OH
fen, = FoulCHLIIH] = GOt ]
Reyn, = ko €2 [CoHg] @ = 21601 1]
ko[C3OH5][H] + ke[CoHs[H]+ k7pe?[CyHs)
chH2n+2 = ke[CyHan+1][H] N

RCNHZN =k, e"™ [CyHyy41]

kZ [CN+10H2N+1] [H]

k2 [Cn+10Hay 41 ][H] + ke[CyHon 41 ][H]+ k76N [CyHyy 4]

Given that | can express the intermediates as

[C,0H3] = Ky [CH3]Pco ; [C30Hs] = Ky [CoHs]Peo ; [H] = v (K9PHZ) [x]

QSSA for the expression of the probability growth.

d[CrH3ny4]
dt

=0= —kipPco [CN+1H2N+1] + ks [CN—10H2N—1][H] - k6[H] [CNH2N+1] - K7enC[CNH2N+1]

Same applies to C=1 and C=2 to express alphal and alpha2. Considering always

[CH3] = oy [H"]

[C,Hs] = a3[CH;]

[CnH2n+1*] = ap[Cr-1Hyp—1]

Balance:
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1 = [+] + [H] + [COH] + [CH3] + [C,0H3] + [CH] + [C,H3]

N

N
+ [CoHal+ ) [Ca3nia] + ) [CaHinoal + ) [
3

3

524 of S25

+ [0H] + [C3Hs] + [CHy]
N

3

N
Cain] + ) [CaOHiy ]
3

Get values of other intermediates concentration with respect to the reactions

[H] = /(KOPHZ) [+]

(CH) = T = @ [+
(Cats] = - ot 1 = 22 @ [+
(CHa) = T [ = 2

(Cotl) = - 2t b = G2

[+]? 1 Pyo [+]

[H]KS - K_S (KOPHZ)

[COH] = K Pco[H] = K1Pco |(KoPy,) [*]

[C,0H3] = K{[CH3]Pco = K1Pco @1 |(KoPp,) [#]

1
(Catizna) = @ ) | | an s[4
" S0 1" Ky Ka[(KoPy)

[Nz [«[M]z |« [Nz [«[N] =z

From this | can extract [*] and the value of DENOM11. This time | have iteration needed.

B - Catalyst testing
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Figure B1. Products distribution data reproducibility: a) 483K, 20bar, H,/CO 2.09, Xco R1: 12.31%, Xco R2: 11.96%, b) 493K,
20bar, H,/CO 1.06, Xco R1: 9.34%, Xco R2: 9.2%.



