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The Fischer–Tropsch (FT) reaction is a heterogeneous cata-
lytic reaction that converts synthesis gas, that is, a mixture of
carbon monoxide (CO) and hydrogen (H2), into mainly linear
hydrocarbons. Fundamental interest in this reaction[1] has
been renewed because of its use in the conversion of natural
gas, coal, and biomass into liquid fuels.[2] The reaction is
initiated by dissociative adsorption of CO at the catalyst
surface. Adsorbed hydrogenated single carbon atom CHx

intermediates self-organize into adsorbed linear hydrocarbon
chains, which desorb from the surface as alkanes or alkenes by
reaction with hydrogen atoms or as aldehydes or alcohols by
insertion of CO.[3–6] A persisting challenge is the design of
a catalyst that maximizes the production of long-chain
hydrocarbons while limiting the formation of undesired
methane.

Recent important insights in the influence of specific
catalytic surface sites on the individual reaction steps,
obtained from many computational (mainly DFT-based
quantum-chemical) studies,[7–12] are that the rates of CO
dissociation and C�C bond formation[13] are highly dependent
on the structure of the catalyst surface, and that the chain
growth reaction is reversible.[12, 14] The latter contradicts the
generally accepted view that the chain growth consists of
a sequence of irreversible reaction steps,[2] an assumption
which provides a basis for widely used kinetic models of this
reaction.[15,16] In addition, a major advance in computational
catalysis has been the formulation of a theoretical framework
that enables to predict the activity of a catalytic reaction from
the relative (free) energies of reaction intermediates and their
corresponding elementary rate constants. Competition
between reagent activation and product formation leads to
a volcano-type dependence of the reaction rate on the
reactivity of the catalyst surface, called the Sabatier princi-
ple.[17] An important question is whether such a general
framework also exists for the selectivity of the Fischer–
Tropsch reaction.

Here we present, inspired by our recent models for
dynamic supramolecular (co)polymerizations,[18] a kinetic
model that takes into account the full reversibility of the
chain growth to analyze the kinetic parameter relations that
actually control the selectivity and activity of the Fischer–
Tropsch (FT) process. Trends in the reactivity as a function of
the relative stability of the reaction intermediates and the
positions of catalytically reactive metal in the periodic system
are indicated. It is shown that on a Langmuir surface, where
all adsorption sites have an equal affinity for the adsorbing
species, the high chain growth condition does not coincide
with a high conversion, as the surface becomes poisoned by
growing hydrocarbon chains. Finally, based on previously
published quantum-chemical results,[19] a dual reaction center
model is proposed that is shown to have substantially higher
chain growth at high CO conversion.

Our model, which is based on the currently generally
accepted carbide mechanism for the formation of hydro-
carbons by the FT reaction,[6] is schematically depicted in
Figure 1a, whereas Figure 1b shows different catalyst states.

In the model, we do not consider hydrogen transfer steps
explicitly, but include them and other reaction steps with the
rate parameters for the carbon species. CO adsorbs to and
desorbs from vacant surface sites with rate constants kads and
kdes, where adsorbed hydrogen atoms are considered not to
affect chemisorption.[20] Adsorbed CO can dissociate, with
a rate constant kdiss, to give C1, where we do not distinguish
between hydrogen-assisted or direct CO dissociation and
include the formation of adsorbed CHx in one reaction step,
such that also only one type of CHx monomer is considered.
Removal of Oads from the surface is considered to be fast. All
chain growth reaction steps, converting a Ci chain plus a C1

into a Ci+1, are considered to being reversible with rate
constants kf and kb, which are independent of the chain length.

Figure 1. Fischer–Tropsch model for single reaction centers. a) The
reaction steps, their rate constants, and their dependencies on
reactants, where VCO represents adsorbed CO, Vi adsorbed chains of
i carbon atoms, Vv vacant surface sites, and Pi desorbed alkanes of
length i. b) Different states of the catalyst surface. On the right side:
Surface with adsorbed CO and CHx only. In the middle: Hydrocarbon
chain growth accompanied with CO adsorption/dissociation. On the
left side: A surface poisoned with growing carbon chains.
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Finally, C1 desorbs as methane with a rate constant ktm,
whereas chains Ci with i� 2 (C2+) adsorb with a rate constant
kt, which is independent of the chain length. Readsorption of
product molecules is not considered.

The surface consists of catalytic sites that can either be
vacant or occupied by an adsorbed CO molecule, a C1, or
a carbon chain with i� 2. These occupying molecules are
described by concentrations Vv, VCO, V1, and Vi, respectively,
with the constraint VCO + Vv + �iVi = 1. The kinetics of the
model is described by the standard rate equations corre-
sponding to the reactions in Figure 1a, while the steady state
can also be calculated using a mass balance approach (see the
Supporting Information for details).

Since the rate constants are chain-length independent (for
i� 2), the ratio a = Vi+1/Vi is chain-length independent and
given by the quadratic Equation (1),

kfV1�ðkfV1 þ kbVv þ ktÞaþ kbVva2 ¼ 0 ð1Þ

where only one of the two square roots is physically mean-
ingful, that is, between 0 and 1, keeping the total mass finite.
The product distribution (i> 1) will thus reflect the character-
istic logarithmic Schultz–Anderson–Flory dependence on the
chain length, which is often found experimentally.[3, 15] Inter-
estingly, the analogous formula for a1 = V2/V1 shows that this
ratio is, even when ktm¼6 kt, also equal to a. Because of the
chain-length independent a, �iVi = V1/(1�a), and the CO
conversion and selectivity for methane are given by Equa-
tion (2)

rCO ¼ ktm � kt þ
kt

1� að Þ2
� �

V1 ð2Þ

and Equation (3),

SelCH4
¼

d
dt CH4½ �
� d

dt CO½ �
¼ km

km � kt þ kt

�
1� að Þ2

ð3Þ

respectively.

First we study the dependence on individual rate constants
(kdes, kdiss, kf, kb, and kt) by varying one rate constant a time, for
the case ktm = kt. Figure 2a shows the kb dependence of the
chain growth rate a, the rate of the conversion of CO , and the

surface coverage for three values of kt. We observe the
expected decrease in a upon an increased termination rate.
Then the rate of product formation becomes so high that
chains no longer get the chance to grow and the decrease in
the concentration of growing chains increases the concen-
tration of the surface vacancies. One observes that a is not
affected by kb until kb/kf equals one and only starts to decline
steeply when this ratio exceeds ten. This is important as it
appears from DFT calculations that the ratio kb/kf may
strongly depend on the surface structure and the
metal,[10,11, 14, 21] and the classical expression a =

kfV1/(kfV1+kt) can thus only be used if kb/kf< 10.
Figure 2b shows performance parameters a and rCO, and

surface concentrations as a function of kdiss for various values
of kf = kb. The solid lines represent the case without chain
growth where only methane is produced. We recognize three
different kdiss/kt regimes. For low dissociation, kdiss/kt< 1,
termination is fast compared to C1 formation, resulting in
a low concentration of C1 as well as a small a, but high CO
coverage. In the second regime, 1< kdiss/kt< 10, CO on the
surface becomes gradually displaced by growing hydrocarbon
chains. CO dissociation remains rate controlling, resulting in
an intermediate value of a. In the third regime, kdiss/kt> 10, kt

is rate controlling, a is high, and the CO coverage is low.
Figure 2c shows the steady-state production, surface

coverage, and reference CO concentration (VCO
ref) as a func-

tion of the CO surface coverage, where VCO
ref = kads·PCO/

(kads·PCO+kdes) would be the CO coverage in absence of CO
dissociation and where CO coverage is changed by varying
the rate of CO desorption. The bottom part of Figure 2c
shows that, starting from a low desorption rate, that is, VCO

ref

� 1, the surface concentration of CO decreases much stronger
than the reference CO coverage. As also observed exper-
imentally,[22] the surface becomes initially covered with C1

species that replace CO. At lower coverage CO is replaced
increasingly by growing hydrocarbon chains, covering a large
extend of the surface. The coverage of C1 gradually increases
with decreasing VCO as for high desorption rates the surface
finally becomes almost empty. Also the CO conversion and
a show a maximum as a function of the CO coverage.
Although a is almost constant over a large range, it vanishes
when the CO coverage is either low or close to one. At high
CO coverage the surface becomes nonreactive as there are

Figure 2. Dependence of the steady-state production (rCO), chain-growth rate a, and surface coverage on the rate constants. a) As a function of kb

for three values of kt. b) As a function of kdiss for three values of kb = kf. c) As a function of VCO (by varying kdes) for three values of kb = kf. Values of
not mentioned rate constants are kads PCO =100, kdes =20, kdiss = 11, kb = kf = 1, and kt = 0.05.
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hardly any surface sites available for chain growth, whereas at
low VCO the surface becomes nonreactive as it is completely
covered by growing chains.

From the above-mentioned results we conclude that
a high chain growth (a) can be obtained when kb does not
exceed kf, kdiss is large compared to ktm, and kf is large
compared to kt. However, we also notice conflicting con-
ditions for a high conversion and high a, because a high
conversion requires sufficient CO on the surface which should
thus not be poisoned by growing hydrocarbon chains. More-
over, the different rate constants cannot be varied individu-
ally, as all are a function of the surface reactivity,[17] that is
identified with adsorption energies of Cads and Oads. The
reactivity increases from right to left as for the metals in a row
of the periodic system.[23] A well-developed procedure in
computational catalysis uses Brønsted–Evans–Polanyi linear
activation–reaction energy relations to relate activation
energies of surface reactions with changes in the adsorption
energies of the surface adatoms or reaction intermediates.
Thus, the four controlling rate constants, kdiss, kt, kf, and kb, are
correlated. Extensive literature exists on the selection of the
Brønsted–Evans–Polanyi proportionality constants.[13, 17,24]

To illustrate the effect of the performance-controlling rate
parameter relation of the catalyst, Figure 3 shows the result-
ing dependence of a and CO conversion on the surface
reactivity, where also the positions of different metals are
indicated schematically.

Starting at the right-hand side, one observes catalysts with
low carbon adsorption energy to be either inactive (Cu) or to
form exclusively methane (Ni). When the surface reactivity
increases from a low reactivity surface, at which hardly any
CO dissociates but CHx intermediates are rapidly hydro-
genated, to a surface that can dissociate CO with a slightly
decreased rate for the CHx hydrogenation, a and the
conversion of CO increase. Next to CO also intermediate
CHx appears on the surface. When the surface reactivity
increases further, the rate of the chain termination is
controlling and a high chain-growth parameter a is found.
For a high surface reactivity the reverse reaction of C�C bond
cleavage becomes fast and the chain-growth selectivity
decreases. The trend in methane selectivity agrees surpris-
ingly well with experimental observations.[6] The optimum
rate of the CO conversion is related to the initial decrease in
the CO coverage and the increase in the C1 concentration.
The decrease in CO conversion to the left relates to the
increasing coverage with growing hydrocarbon chains.

Approximate expressions can be derived for the opera-
tionally relevant case where CO dissociation is not rate
controlling and a is high [Eq. (4)]:

a ¼ 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kt

kf 1�VCOð Þ

s !�1

rCO ¼ ktm � ktð Þ
ffiffiffiffiffi
kt

kf

r
1�VCOð Þ1=2þ

ffiffiffiffiffiffiffiffi
ktkf

p
1�VCOð Þ3=2

ð4Þ

with Equation (5).

VCO �
KCO

eq PCO

kdiss

" #1=2

kfktð Þ1=4: ð5Þ

These expressions show that for such high values of a the
rate of CO conversion is suppressed with increasing CO
pressure, which is due to poisoning of the catalyst with
growing chains.

A two center site with one center for CO dissociation and
one for chain growth could prevent such poisoning. Recent
quantum-chemical calculations indicate the possibility of such
a site,[19] which is not to be confused with, though this idea is
also not opposing, the idea of multiple types of independently
operating sites on a working catalyst.[25] Extension (see
Figure 4a) of the model to incorporate this feature indeed
shows a substantial improvement in the consumption rate for
a highly selective production of C2+ (Figure 4b). The essential
expression that changes for the dual reaction center model is
that for the surface coverage with C1 [Eq. (6)].

V1 ¼
kdissVCO 1�VCOð Þ

kdissVCO þ kf V1

1�að Þ
ð6Þ

From this expression we readily find that at a high rate of CO
dissociation, V1 = 1�VCO and Equation (7).

VCO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kt

kdiss
kadsPCO

r
ð7Þ

Figure 3. Performance of the catalyst as a function of the surface
reactivity. a) Brønsted–Evans–Polanyi relations
kx ¼ Ax exp � E0

x þ bxEadsðCÞ
� �

=RT
� 	

are used to relate rate constants to
the surface reactivity (Eads(C)), at temperature T = 500 K and parameters
At =1017 s�1, bt =�0.30, and Et

0 =50 kJ mol�1 for a termination rate kt,
Adiss = 1013 s�1, bdiss = 1.2, and Ediss

0 = 200 kJ mol�1 for a CO dissocia-
tion rate kdiss, Af = 1013 s�1, bf =0.0, and Ef

0 = 50 kJmol�1 for a chain
growth rate kf, and Ab = 1013 s�1, bb =1.0, and Eb

0 =250 kJmol�1 for
a bond cleavage rate kb. b) Total CO conversion (rCO), production of
carbon chains C2+ rC2þ

� �
, chain growth factor a, and selectivity for C2+

production (Sel C2+). c) Surface coverage, where Vt ¼
P1

i¼1 Vi ;
C2+ = Ci with i�2.
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The dissociation of CO is only limited by competitive
covering of type I centers with C1. Higher hydrocarbons
grow on the type II centers. The expression for a and the
intermediate CO conversion are then given by Equations (8)
and (9).

adual ¼ 1þ kt

kf

1
1�VCO

� ��1

ð8Þ

rCO ¼
k2

f

kt
1�VCOð Þ3 ð9Þ

The linear dependence on the ratio kt/kf for adual implies an
increased value compared to the single-center counterpart for
the same rate parameters. adual is found to remain high when
the rate of CO dissociation increases and the CO coverage
becomes displaced by C1. The rate of CO consumption
remains finite even when kt becomes small. In this case the
CO consumption is controlled by the rate of incorporation of
C1 species into the growing chain. This shows that apart from
direct impact on elementary reaction rates, such as the CO
dissociation and the cleavage of hydrocarbon chains, the
catalyst structure also influences the overall performance
more indirectly. Whereas the approximate expressions for
a catalyst with single reaction center sites show that the rate of
CO consumption to produce C2+ is proportional to the fourth
root of the product of rates of CHx insertion into the growing
hydrocarbon chain and that of chain termination, and that the
reaction rate decreases with increasing CO pressure because
of the poisoning of the catalyst with growing chains, the
expressions for the dual reaction center model show that the
presence of two types of reaction centers may resolve this
problem of suppression of CO conversion by the growing

hydrocarbon chains. Moreover, these approximate expres-
sions also provide an opportunity to improve macroscopic
reactor engineering models that, in analogy to polymerization
kinetics, are based on the assumption that C1 formation is rate
controlling.[26]

To conclude, we analyzed the kinetics of the Fischer–
Tropsch reaction using a new model that includes reversibility
of the chain growth. This model shows that reversibility can
be ignored as long as the backward rate is smaller than the
forward chain-growth rate. The model also explains the
experimentally observed maximum in selectivity for longer
chains as a function of the surface reactivity. Moreover, it
shows that the surface reactivity for optimal production on
a single center site is lower, due to poisoning of the catalyst
with growing chains, whereas for a catalyst with sites
combining two reaction centers, which might for instance be
formed by the addition of promoting reducible oxides, high
conversion and selectivity can go hand in hand.
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