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Microkinetics of oxygenate formation in the Fischer-Tropsch
reaction

Supplementary information

Details of the molecular microkinetics simulations

In this section, we provide further details on the molecular microkinetics simulations employed in this
study. This section is divided into two subsections. Subsection S1 details the methods used for the
calculation of the elementary rate constants, while subsection S2 explains the microkinetics rate
expressions and the corresponding ordinary differential equations in both the carbide chain growth
mechanism and the CO insertion chain growth mechanism.

Section S1: Methods used for calculation of the elementary rate constants

The reaction energy profile shown in Figures 2 and 3 of main text illustrates the relative energies as well
as the reaction energy barriers for each of the elementary reaction steps of Table S1.

The rate constants for elementary reactions are calculated using the Eyring transition state reaction rate
expression. No change in entropy is assumed for the surface reactions. Hence a standard pre-factor of
10%3 is used for the corresponding reactions. There is a gain in entropy in the product desorption and
loss in entropy for reagent adsorption. In the present study, product re-adsorption is not included.

The rates of CO and H, adsorption are calculated using the expression (S1.1) below.
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Here, A is the area of a single adsorption site, P is the partial gas pressure and T, temperature (in
Kelvin). Except for the subsection 3.1.2 in the main paper in which the effect of the reagent partial
pressure on the final rate of the reaction is explored, the total pressure is 20 bar with H,:CO pressure
ratio of 3:1. Values of 102and 107 are used for the sticking coefficient S of CO and H, respectively.The
rates of CO and H, desorption are calculated using Equation S2 below.
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Here, the partition functions O and Qi of the initial state and the transition state respectively are
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calculated using O=0Q, 0O Q0. . The pre-factor for desorption reduces to —’Z Qf QOF . The

translational partition function is then calculated using the expression (S3) below.
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The rotational partition function is calculated using
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where o is the symmetry number and @, is the rotational temperature. The values for

these are tabulated for various small molecules. For hydrogen, 6. . is 87.9 K and the symmetry number

rot

ois 2. For CO, 6

rot

is 2.73 Kand the symmetry number o is 1.

For all the other types of reactions for which the DFT calculated vibrational frequencies are available,
the prefactors are calculated using the vibrational partition function which is given by expression (S5)
below:
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where Q is defined as
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Using the above mentioned expressions (S1) to (S6), the calculated prefactors are listed in Table S1, with
the activation energies for the corresponding forward and reverse reactions. Formation of hydrocarbons

(S1.6)

of chain length n>2 is treated in homologous fashion.



Table S1: List of prefactors and activation energies used in the calculation of the elementary
rate constants. The elementary reaction steps leading up to the production of C; olefin
and aldehyde products are listed below. The rate parameters for higher olefins and
oxygenates are homologous to the respective C; products formation. In columns 2 and 3,
the first number indicates the forward rate, while the second number indicates the
reverse rate. Please note the reversible and unidirectional reactions.

Activation
Reaction u (s?) Barrier

(kJ/mol)
CO (gas) ¢ CO (ads) * 1016 0,120
H; (gas) ¢ H (ads) + H (ads) * 1016 0, 86
cCOsC+0 10%3, 1013 130, 100
C+HS$CH 3.21x10%3, 2.81x10%3 70,70
CH+H$ CH, 2.10x10%3, 1.00x10%3 60, 70
CH; +H % CH3 1.25x10%, 4.53x10*3 130, 130
CH3 +H ¢ CH,4 1.01x10%7, 10%3 80, 32
CH, (ads) 3< CH,4 (gas) 1013 2
CH + CH < CHCH 1073, 1083 70, 90
CHCH + H % CHCH, 1073, 1083 70, 20
CHCH, + H % CHCH; 10%3, 10%3 50, 50
CHCH3 + CH ® CHCHCH3 1073, 1083 70,90
CHCHCH3+ H ¢ CH,CHCH3 10%4, 1083 90, 90
CH,CHCHj; (ads) 3< CH,CHCH; (gas) 1016 80
CHCH; + CO ¢ CHCH3CO 1073, 1083 50, 20
CHCH3CO + H ¢ CHCH5CHO 10%3, 108 50, 20
CHCH3CHO + H ¢ CH,CH5CHO 10", 1083 30,34
CH,CH3CHO (ads) < CH,CH3CHO (gas) | 1016 80
O+H$OH 10%3, 10%0 70, 64
OH + H 3< H,0 (gas) 4.45x1016 106

* The rates of adsorption are calculated using expression S1.1.
-- Adsorption of gas phase products not included in the simulations

The reactions highlighted in brown colored text are the elementary reactions whose rates are varied to
evaluate their effect on the final reactivity.



Section S2: Microkinetic rate expressions

The microkinetics model used in this work consists of reaction sites that form (111)-type hexagonal
lattice. Only one reaction site is assumed per lattice unit cell. Rate equations are derived using a mean
field approximation.

Corresponding to the elementary steps shown in Table S1 above, the kinetics is described using the
following set of coupled ordinary differential equations for carbide mechanism:

do® :
CO __ 7.ads des diss rec Sform rev
dt - kco ®v - kco ®co - kco ®C0®v + kc0®c®0 - kCHCH3C0®CHCH3®CO + kCHCH3C0®CHCH3CO®v
Oc _jang © _j 0 k"0 0, +k<0, O
dt — "co CO™~v co~Cc>~o0 CH C~H CH ~CH v
d®0 _ kdiss® @ _krec® @ _kﬂ)rm® @ +kdiss® @
dt —Mco M co~y co~c~o OH O~ H OH ~OH ~v
Oy _ 19 @ k0 0, — k"0 0, +k0, O —k o, ©
dt =My, P H, “HH oH Yo~ H OH Y oH ™y H,0 OH " H ****
Sorm rev form rev
—kiy OO, +ky®, O, =k "0, 0, +koy O, O
Sform rev Sform rev
— ke, Ocy, O +key Oy O, =kl " Oy Oy +kiy Oy O,
form rev form rev
- kCHCH2 ®CHCH®H + kCHCHZ ®CHCH2 0, - kCHCH3 ®CHCH2 0, + kCHCH3 ®CHCH3 0,....
Jform rev form rev
o kCHZCHCH3 ®CHCHCH3 ®H + kCHZCHCH3 ®CH2CHCH3 ®v B kCHCH3CHO®CHCH3CO®H + kCHCH3CHO®CHCH3CHO®v """
Sform rev
- kCHZCH3CHO®CHCH3CHO®H + kCHZCH3CHO®CH2CH3CH0®v
d®,,

_ 7. form rev Sform rev Sform rev
dt - kCH ®C®H _kCHG)CH@v o kCH2 ®CH®H + kCH2®CH2®v _kCHCH®CH®CH + kCHCH®CHCH ®v --------
Sform rev
- kCHCHCH3 ®CHCH3 ®CH + kCHCHCH3 ®CHCHCH3 ®v

d®., : ,
_ 1. form rev form rev
o L= kCH2 0,0, —kCH2®CH2®V —kCH3 @CH2®H + kCH3®CH3®V

®
CH; 7 form rev form rev
dt - kCH3 ®CH2®H _kCH3®CH3®v _kCH4 ®CH3®H +kCH4®CH4®v

do®

CcH,

dt

_ 1. form _ ey __ ], desorp
_kCH4 ®CH3(’DH kCH4®CH4®v kCH4 ®CH4



d®OH _kfarm® ® d[ssG) ® kdesorp@ ®
—"on Yo~ "on You v M0 H Y OH

dt
Ocucn _pim g o k= @ @ k"o O +k O @

dt — "CcHCH ™ CH ™ CH CHCH ™~ CHCH v~ "cHcH, ™~ cHCH ™ H CHCH = CHCH, = v
DOccn, =k O ey @ — ks Oy O =K O Ly O K Oy ©

dt — Mcrcn, Y caen ™~ n ~ Meren, ™ cacn, Py T Mercry P cHCH, P H CHCH, = CHCHy v
d®

CHCH; 1 form rev

dt - kCHCH3®CHCH2®H - CHCH3®CHCH3®V ''''

Sform rev
CHCHCHj ®CHCH3 ®CH + kCHCHCH; ®CHCHCH3 ®v """

__ g form rev
kCHCH3CO®CHCH3 O + kCHCH3CO®CHCH3CO®v

do®
CHCHCH; 7 form rev
Jt = kCHCHCH3 ®CHCH3 Ocy — kCHCHCH3 ®CHCHCH3 0,....
_ I Jorm rev

CH,CHCH, ®CHCHCH3 O, + CH,CHCH, ®CH2CHCH3 0,

d®CH2CHCH3 :kform

rev desorp
CH,CHCH. ®CHCHCH ®H ~ "cH,cHCH ®CH CHCH. ®v — "cH,cHcH ®CH CHCH.
dt 2 3 3 2 3 2 3 2 3 2 3
M _ kform e) . —k e) e) _kform ® 0. +k ® ®
dt - CHCHCO ™~ CHCH; ~ CO CHCH;CO ™~ CHCH;CO ~v CHCH;CHO ~ CHCH,CO >~ H CHCH;CHO >~ CHCH;CHO ~v
dG)CHﬂ _ kform ® ®. -k ® ® _kform ® O + ke ® ®
Jdt = Kencn,cro™ cucryco n ~ Kencn,cno cucrycno™y ~ Kem,crycno™ cucay,cno P n T Ken,cnycno™ cu,cy,cno Py
de .
CH,CH;CHO __ k‘/‘orm @ @ _krev @ @ _kdesorp @
Jr = Kew,cnyeno™ cacrycno P n ~ Rem,cr,cno ™ ca,cycHo v~ fewycrycno ™ ey ca,cHo
de,  d®, do., d®, d®, dO, dO,
dt dt dt dt dt dt dt
d®CH3 _ d®CH4 _ d®,y _ dO cyey _ d®CHCH2
dt dt dt dt dt
d ®CHCH3 _ d@)CHCHCH3 _ d®CH2CHCH3 _ d®CHCH3CO _ d®CHCH3CH0 _ d®CH2CH3CH0

dt dt dt dt dt dt



CO insertion Mechanism

Table S2 Elementary reactions and the respective barriers used in the microkinetics of Fischer-Tropsch
Reaction based on the CO insertion mechanism. The elementary reaction steps leading up to the
production of C, olefin and aldehyde products are listed below. The rate parameters for higher olefins
and oxygenates are homologous to the respective C, products formation. In columns 2 and 3, the first
number indicates the forward rate, while the second number indicates the reverse rate. Please note the
reversible and unidirectional reactions.



Reaction

v (s?)

Activation
Barrier
(kJ/mol)

Elementary reactions common to mechanistic schemes shown in figures 4(a)

and 4(b) of the main article

CO (gas) ¢ CO (ads) * 1016 *120
H, (gas) ¢ H (ads) + H (ads) *, 1016 * 86
CO® C+0 1013, 1013 130, 100
CO+H®CH+O 1013, 1013 130, 100
C+H<S CH 1013, 1013 70,70
CH+H® CH, 103, 1083 24,12
CH, +H ¢ CHs 10%4, 10%3 100, 122
CH;+H$ CHy 10Y7, 1083 80, 32
CH, (ads) 3< CH4 (gas) 1013 2
CH, + CO ¢ CH,CO 103, 1083 51,9
CH,CO + H ¢ CH5CO 1013, 1083 57,102
CH5CO + H ¢ CH3CHO 10%4, 103 76, 65
CH3CHO (ads) $< CH5CHO (gas) 1016 110
CH5CH < CH,CH, 104, 1013 70, 20
CH,CH, (ads) < CH,CH, (gas) 1016 89
O+H$OH 1013, 10%° 70, 64
OH + H 3< H,0 (gas) 4.45x10%6 106
Elementary reactions specific for mechanistic scheme shown in figures 4(a) of
the main article
CH3CO ® CH3C+ 0 1013, 1013 89, 145
CH3C + H $ CH;CH 1013, 1013 58, 20
Elementary reaction specific for mechanistic scheme shown in figures 4(b) of
the main article
CH3CHO $ CH3CH+O 1013, 1083 70, 98

* The rates of adsorption are calculated using expression S1.1.




Differential Equations corresponding to CO-insertion mechanism depicted in figure 4(a) of the main
article and the elementary reactions shown in Table S2.

d®CO ads des diss rec formyl— forw
dt = kco ®v _kc0®c0 _kco ®C0®v + kco®c®0 _kCH g G)CO@H

Sformyl—rev __ I Jorm rey
+kCH ®CH®O kCH2C0®CH2 ®C0 + kCHZCOGCHZCO®v

dG) iss rec form rev
dtc = kgo ®C0®v _kc0®c®0 _kaH ®C®H + kCH®CH®v
d® iss rec ormyl— Jorw ormyl—rev
dto =ki50.,0, — k500, + kLm0 0, =kl YO, 0,
- kofgm(ao@H + kggY®OH®v+ kéigr'ch)CH}co@v - kgz3c®CH3c®o
de,,

dt = k:]fve)v@v - k;-i[zS@H@H - kg;;m®0®H + kggs@OH@v - k}iiYOG)OH@H""

Sform rey Sformyl— forw Sformyl—revy Sform rey
_kCH ®C®H + kCH®CH®v - kCH ®CO®H + kCH ®CH®0 - kCH2 ®CH®H + kCH2®CH2®v

Sform rey Sform rey
_kCH3 ®CH2®H + kCH3®CH3®v _kCH4 ®CH3®H + kCH4®CH4®v

__ I form rev __ 1. form rey
kCH3C0®CH2CO®H + kCH3C0®CH3CO®v kCH3CHO®CH3CO®H + kCH;CHO®CH3CHO®v """

form rev
- kCH3CH®CH3C®H + kCH3CH®CH3CH®v
do
CH __ 1, form rev formyl— forw formyl—rev form rev
dt - kCH ®C®H _kCH®CH®v + kCH ®CO®H - kCH ®CH®O _kCH2 ®CH®H + kCH2®CH2®v

d®

CH, _ g form rev form rey form rey
dt - kCH2 ®CH®H - kCH2®CH2®v - kCH3 ®CH2®H + kCH3®CH3®v - kCH2C0®CH2®CO + kCHzCOGCH2C0®v
CHy 7 form rev form rev
dt - kCH3 ®CH2®H _kCH3®CH3®v _kCH4 ®CH3®H + kCH4®CH4®v
CH, __ 1 form rev desorp
dt - kCH4 ®CH3®H - kCH4®CH4®v - kCH4 ®CH4
Ocrco _ K™ 0 Oy =k 0O s co®, = k2™ 0Oty 0@ + K 00O it c0®
dt — "en,co™~cH, ™~ co CH,CO™> CH,CO v CH,CO™~ CH,CO™~ H CH;CO ™~ CH,CO v
do®
CH;CO 7 form rev Jorm
dt - kCH3C0®CH2C0®H - kCH3C0®CH3CO®v - kCH3CHO®CH3CO®H ~~~~~

rey Sform rey
+ kCH3CHO®CH3CHO®v - kCH3C®CH3C0®v + kCH3C®CH3C®O

d®CH3CH0 — kﬁ)rm @

rev desorp
dt CH3CHO CH3C0®H - kCH3CHO®CH3CH0®v - kCH3CH0®CH3CH0



d®.,,

C _ g form rev Sform rev
- kCH3C®CH3CO®v - kCH3C®CH3C®O - kCH3CH®CH3C®H + kCH3CH®CH3CH®v

dt
d®CH sCH 4 form rev Sform rey
—=k O, 0,k C) O -k 0 +k (©)
dt — "™CH,;CH ~' CH,C ™~ H CH;CH ~ CH;CH v CH,CH, ~" CH;CH CH,CH, ~" CH,CH,
do®
CH,CH, __ q_form __qrev __ J.desorp
dt - kCHzCHZ ®CH3CH kCHZCH2®CH3CH0®v kCHZCH2®CH2CH2

Differential Equations corresponding to CO-insertion mechanism depicted in figure 4(b) of the main
article and the elementary reactions shown in Table S2.

do®

CO __ 7.ads des diss rec Sformyl— forw
dt - kco ®v - kco ®c0 - kco ®co®v + kco®c®0 - kCH G)CO@H """
Sformyl—rev Sform rey
+ kCH ®CH®O - kCHZCOG)CHZ ®CO + kCH2C0®CH2CO®v
d®C _ kdiss® @ _krec® @ _kform® @ + krev® @
dt — "Mco Yco™y co~cCc~o CH C~H CH ™~ CH v
do,

__ 7.diss rec Sformyl— forw Sformyl—rev
dt - kco ®c0®v _kco®c®0 + kCH ®CO®H _kCH ®CH®O

form diss form rev
—kow OOy + ko 00,0, + kCH3CH®CH3CHO®v - kCH3CH®CH3CH®O

do ‘
H __ 7.ads des form diss des
P kH2 00, - kH2 0,0, -k,"0,0, +k,0,,0, _kH20®OH®H""
Sform rev Sformyl— forw formyl—rev Jform rev
_kCH ®C®H + kCH®CH®v o kCH ®CO®H + kCH ®CH®0 o kCH2 ®CH®H + kCH2®CH2®v
form rev form rev
—kCH3 Oy, Oy + kCH3®CH3®v —kCH4 O, Oy + kCH4®CH4®V ........
Sform rev Sorm rey
- kCH3C0®CH2CO®H + kCH3CO®CH3CO®v - kCH3CHO®CH3CO®H + kCH3CHO®CH3CHO®v
do
CH __ 1, form rev Sformyl— forw Sformyl—rev form rev
7 - kCH ®C®H - kCH®CH®v + kCH ®CO®H - kCH ®CH®O - kCH2 ®CH®H + kCH2®CH2®v
d®CH 2 _ 7. form rev form rev Sform rev
—=k2"0.,0, -k 0., 0 k"0 O, +k. Q. O —k O, 0.tk O ®
dt — "™CH, Y CH™~H CH, ¥ CH, ~v CH, CH, " H CH; ~CHy v CH,CO™~"CH, ~ CO CH,CO ™~ CH,CO v
4Ocy, =kl"0., 0, -k 0., 0 —k'me,., 0, +k 0., 0
df — "“CH, CH, " H CHy; ' CH; v CH, ~“CHy; " H CH, ~CH, v
CH, g form rev desorp
dt - kcm ®CH3®H _kCH4®CH4®v _kCH4 ®CH4
d®CH2CO

__ 7 form _qrev __p.form rev
- kCH2C0®CH2®CO kCHZCOQCH2C0®v kCH3CO®CHZCO®H +kCH3CO®CH3CO®v

dt



do®

CH,CO

dt

_ 1, form ey __ I Jorm rev
- kCH3C0®CH2CO®H kCH3CO®CH3CO®v kCH3CH0®CH3CO®H +kCH3CHO®CH3CHO®v

d®CH3CH0 — kﬁ)rm @

ey __ I Jorm rev __ [, desorp

dt CH;CHO CH3CO®H kCH3CHO®CH3CH0®v kCH;CH®CH3CHO®v + kCH3CH®CH3CH®O kCH3CH0®CH3CHO
d®CH3CH _ kﬁ)rm @ @ _krev @ @ _kform @ +krev @

dt — "™CH;CH ™~ CH;CHO ~v CH;CH ~" CH;CH 0O CH,CH, " CH,CH CH,CH, ~ CH,CH,
do®

CH,CH, _ 1, form rev desorp

- kCHZCH2®CH3CH - kCHZCH2®CH3CH0®v - kCHzCl—lz@CHzCHZ
dt

Since these rate expressions are solved for a (111) type of hexagonal grid, the rate expressions involving
the reaction of adsorbates on two sites are multiplied with the coordination number Z = 6. Parameters
are assumed to be independent of lateral interactions.

The equations are solved using a stiff ODE solver (ode15s) in MATLAB.

As can be seen from the above rate expressions, all the elementary reaction steps, excluding the
product re-adsorption are considered reversible. This is a novel feature in our simulations as against
conventional FT kinetics models where the chain growth steps are considered irreversible.



