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ABSTRACT

The methanation reaction mechanism under Fischer-Tropsch conditions is investigated with the Steady
State Isotopic Transient Kinetic Analysis (SSITKA) technique over a precipitated iron-based catalyst. The
13CH, transients resulting from a 12C0 — 13C0 switch (330°C, 1.2 bar, and H»/CO = 15) provided kinetic
information for the methanation reaction. Six methanation models were screened and only three of
these could describe the methane transient. These models were subsequently extended to account for
the Fischer-Tropsch higher hydrocarbon products by considering C-C coupling reactions and the kinetic
rate parameters were estimated. The result was two indistinguishable mechanisms which could describe
the methane transient as well as the experimental steady-state concentrations. Both mechanisms have
two active pools of carbon (Cy and Cg) on the catalyst surface with both leading towards the formation
of methane. The Cg pool is 25 to 50 times less active than the C, pool for methanation and occupies 92%
of the total CHy coverage (0.25 ML). The C-C coupling reaction was shown to involve both the Cy and Cg
pools. The concentration of molecularly adsorbed CO on the Fe-based catalyst is shown to be extremely
low, with an estimated surface coverage of 9 x 10~% ML.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The Fischer-Tropsch synthesis (FTS) is a heterogeneously catal-
ysed process whereby synthesis gas (a mixture of carbon monoxide
and hydrogen) is converted to liquid fuels (gasoline and diesel)
and chemicals [1]. Dry [2] describes two modes of operation for
the Fischer-Tropsch synthesis, each with its specific selectivity tar-
gets. The high temperature (300-350°C) Fischer-Tropsch process
(HTFT) aims at the production of gasoline and linear low molecular
mass olefins, whereas the low temperature (200-240°C) Fischer-
Tropsch process (LTFT) is used for the production of diesel and
high molecular mass linear waxes. Sasol’'s commercial HTFT and
LTFT processes are described briefly by Steynberg et al. [3] and Es-
pinoza et al. [4], respectively, whilst details of the entire FTS have
recently been published by Steynberg [5]. The HTFT process com-
prises a complex network of elementary reaction steps. Apart from
the usual linear FT products (olefins and paraffins), these steps
include the formation of CO,, carbon, and oxygenates (alcohols,
acids, aldehydes and ketones). To date, the product distribution of
the HTFT process has not been fully described by the mechanisms
in the literature. Kinetic equations proposed for this process have
either been developed empirically or based on a mechanism, using
a postulated rate determining step. Hence these expressions do not
illustrate a uniform picture.
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The steady-state isotopic transient Kkinetic analysis (SSITKA)
technique was developed by Happel [6], Bennett [7] and Biloen [8],
to obtain in situ kinetic information about reaction mechanisms
and reaction intermediates on the catalyst surface. An extensive
review of the SSITKA methodology is given by Shannon and Good-
win [9]. In a nutshell, this technique keeps the catalyst under
steady-state conditions and introduces an isotopic transient by
abruptly replacing one reactant with its isotope. For example,
a feed of Hy/'2CO/Ar is switched to H,/'>CO/He with minimum
disturbance to the system. The inert gas is also switched to de-
termine the gas hold-up in the reactor. Apart from isothermal and
isobaric reactor conditions, the surface composition of the catalyst
does not change during SSITKA, making this technique ideal for
reaction mechanistic studies. The methanation reaction has proven
to be an ideal system for isotopic transient kinetic investigations
due to the simple molecules involved, which are easy to trace by
mass spectrometry (MS). A study of this reaction under FT condi-
tions would be useful in developing a complete kinetic framework
which could also be used to formulate more robust steady-state
kinetic models. It is reasonable to assume that methane is formed
by the stepwise hydrogenation of C atoms producing CHy (x =1
to 3) groups. For iron catalysts, there is still uncertainty about the
abundance and nature of the surface species and the rate limiting
step of the surface reactions. One reason for this is that iron forms
several different types of surface carbides [10,11], some of which
have been shown to be active for FTS. These key questions regard-
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ing iron catalysts have been addressed by several authors also for
other FT active metal (Rh, Ru, Co and Ni) catalysts.

High CO coverage, in some cases near a monolayer, has been
reported by Efstathiou et al. [12-16] and Siddall et al. [17] over
Rh-based catalysts, Agnelli et al. [18] over Ni catalysts, Bajusz and
Goodwin [19] for Ru-based catalysts, and Van Dijk et al. [20] for
Co-based catalysts. In all of these studies, the coverage of CO was
reported to be higher than the monomeric building units (CHy).
The authors of this paper are not aware of any reports in the liter-
ature for such high CO coverage on Fe-based catalysts. Mims and
McCandish [21,22] performed SSITKA experiments on a promoted
Fe catalyst at 237°C, H/CO =1, and 1 bar. There was no measur-
able delay between the Ar and '3CO transients, implying extremely
low CO coverage. Stockwell et al. [23] studied the mechanism of
methane and hydrocarbon formation on a 10 wt% Fe/Al,03 cata-
lyst using 2CO to 3CO SSITKA. The amount of 12C0,4s measured
was very small, only 8 pmol CO,q5/gcar equivalent to 0.1 monolayer
of CO after 1.5 h on stream at 285°C, Hy/CO =9, 1 bar, and 7%
conversion to Fischer-Tropsch products.

The rate of CO dissociation was reported to be rate deter-
mining by both Efstathiou et al. [12-16] and Siddall et al. [17]
over Rh-based catalysts, whilst for a similar catalyst, Balakos et
al. [24] reported that hydrogenation of CHy is the rate deter-
mining step. Stockwell et al. [25] on the other hand could not
distinguish between these two rates on a Ni-based catalyst and
concluded that both are kinetically important. More specifically,
Van Dijk et al. [20] concluded that the C,qs — CH,qs reaction step
was the rate determining step for their Co-based catalyst, whilst
Mirodatos et al. [18,26] showed that the CH into CH, step was
rate determining using both *CO and D, tracing on a Ni/SiO, cat-
alyst. There is uncertainty as to which elementary reaction step
is rate determining during methanation. For Fe catalysts, such
information obtained from transient studies has not been pub-
lished.

The most abundant CHy surface species was identified as CHaqs
by Happel et al. [27] on a Ni-based catalyst. For a Co-based cat-
alyst, Van Dijk et al. [20] identified C,4s as the most abundant
methane intermediate. Krishna and Bell [28] studied chain growth
during FTS over Ru/TiO; using '3CO and D, tracing. They concluded
that the dominant species are monomeric building units (0.2 to
0.6 ML), whilst growing alkyl chains occupy less than 0.2 ML
and CO.qs occupied an additional 0.7 ML. There are no transient
studies reporting the nature of the surface species on Fe cata-
lysts.

Two parallel pools of surface intermediates, C,Hyx and CgHy are
proposed by Balakos [24] to react irreversibly to CH4 on a 3 wt%
Rh/SiO; catalyst. Happel et al. [27,29-31] showed that carbidic car-
bon consists of two pools, a smaller active C,4s pool and a larger
methanation inactive C pool which is not graphitic. More than a
decade later [31], they showed that the data in the aforementioned
studies could be modeled using a mechanism consisting of two
parallel paths, where both paths lead independently to the for-
mation of methane. Bajusz and Goodwin [19] also identified two
active pools (Cy and Cg) which can be hydrogenated to methane.
Both Van Dijk et al. [20] and Soong et al. [32] modeled such a
pathway for a Co-based and a Raney-nickel catalyst, respectively.

The purpose of this work is to develop a plausible mechanism
for the methanation reaction under HTFT conditions for an Fe-
based catalysts using SSITKA. Our approach is to model the 3CO
and 3CH4 transients obtained from a 2CO — 13CO SSITKA ex-
periment and then to use parameter estimation to discriminate
between several rival models. There are no such studies to date
reported in the open literature.

2. Experimental
2.1. Catalyst preparation

The Fe catalyst was prepared by co-precipitation of metal ni-
trates as described by Espinoza et al. [33]. The catalyst used in
this study was supplied by Sasol Technology Research and De-
velopment and contains only potassium as a promoter. The exact
composition is not mentioned due to confidentiality. The surface
area of the unreduced catalyst measured by N, physisorption is
27 m? g;il, which is in the range specified by Espinoza et al. [33]
for this type of Fe-based catalyst.

2.2. Catalyst pretreatment, activation, and FT synthesis

Typically 0.5-1.0 g of Fe/K catalyst is weighed and mixed with
1.0-2.5 g of SiC to create the catalyst bed. The catalyst is reduced
with 50 vol% Hy/Ar mixture (total flow of 80 mlmin~!) at 420°C
and 1.2 bar for 16 h. After the reduction the reactor is cooled under
an Ar flow down to the FT synthesis temperature of 330°C. At
this temperature, the synthesis is started by introducing H, and
CO flows at the desired H»/CO ratio and gas hourly space velocity
(GHSV). The catalyst mass in certain experiments was varied to
obtain a different GHSV.

2.3. Data analysis and treatment

2.3.1. Steady-state results

The steady state performance of the catalyst was monitored on-
line by a Varian CP-3800 Gas Chromatograph consisting of one
thermal conductivity detector (TCD) and two Flame lonization de-
tectors (FID). The unreacted feed and some hydrocarbon products
(N2, Ha, CO, CO2, and CH4) were analysed by the TCD, whilst C; to
Cs hydrocarbons was analysed by the FID.

2.3.2. Transients using the online mass spectrometer

A Balzers ThermoStar™ (GSD 301T) mass spectrometer was
used to monitor the reactants (Hp and CO), inerts (Ar and Ne),
and small molecular weight products (for example CH4 and CO3).
The m/e values used in our experiments were 2, 15, 17, 22, 28, 29,
40, 44, and 45 for Hp, >CHy, 13CHy, Ne, 12€0, 3CO, Ar, 12C0,, and
13C0,. The transient responses are normalised between the initial
MS intensity before the isotopic step change and the final MS in-
tensity at the moment in time when the unlabeled atom in all
surface and gas phase species is replaced by its labeled counter-
part, as shown in Eq. (1) in the case of the inert Ne:
INe,t - INe,rnax

(1)

INeN=—"——"F——,
' INe,max — INe,min
where Inen is the normalised transient of Ne, Ine is the MS in-
tensity of Ne, Inemax is the maximum MS intensity of Ne, and
INe.min iS the minimum MS intensity of Ne.

2.3.3. Reactor modeling

Happel [34] and Bennet et al. [35] showed that SSITKA exper-
iments are optimal in plug flow reactors due to the fast isotopic
step change. In a plug flow regime, all changes relative to the inlet
signal are ascribed to kinetics. The fixed-bed reactor used in this
study is modeled as an isothermal and isobaric plug flow reactor.
The total molar flow rate throughout the catalyst bed is assumed
constant due to the low conversions.

Mass balances for only the labeled gaseous and surface species,
represented by partial differential equations in time and space, are
solved. The continuity equations for the labeled gaseous compo-
nent X* and the surface component Y* are as follows:



256 N.S. Govender et al. / Journal of Catalysis 260 (2008) 254-261

-
o
.

oot
o

.
o

Normalised Response [-]
I
»
(¢]

0 5 10 15 20 25
Time [s]

Fig. 1. The optimal fit for the empirical function used in this study. The open
markers (O, A, and [J) are Ne data collected at H,/CO = 15, 330°C, 1.2 bar, and
GHSV = 7412 mlh™! gc’;t. The solid line is the optimal fit with a; =9.01, a; =0.52,
and a3 = 10.81.
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The initial and boundary conditions for an isotopic step from
gas-phase reactant Z to Z* are as follows.

Initial conditions:
t=0, Cx#=Ly#»=0, for any x.

Boundary conditions:

t>0, x=0,

x=0,

Cz+ = input function, f(t),

t>0, Cy# =0, for X* £7¥, (4)

where Cx (mol mg_3) is the concentration of component X in the
gas phase; Ly (mol kgm) is the surface concentratlon of Y; T (s) is
the residence time; t (s) is the time; pp (kge,e My ) is the density
of the catalyst bed; &} (m my ~3Y is the catalyst bed porosity; Ry x#

(molkgc_;t s~1) is the steady state production rate of X; x is the

dimensionless axial position in the catalyst bed.
The residence time t can be calculated as:

ep VR
= —, 5
Fy (5)
where Vg (mg) is the volume of the catalyst bed and Fy (m3s~!)

is the total volumetric flow rate at reaction temperature and pres-
sure. The input function f(t) is represented by the transient of the
inert tracer. The optimal fit for the empirical input function used
in this work is shown in Fig. 1.

2.3.4. Parameter estimation

The set of partial Differential Equations (Egs. (2) and (3)) with
its initial and boundary conditions (Eq. (4)) is solved using the
software package gPROMS (general PROcess Modeling System). Pa-
rameter estimation in gPROMS [36] uses a maximum likelihood
objective function (Eq. (6)) in which @ is the objective function,
N is the total number of measurements taken in all experiments,
6 is the set of model parameters to be estimated, NE is the number
of performed experiments, NV; is the number of variables mea-
sured in experiment i, NMU is the number of measurements of
variable j in experiment i, Uz]k is the variance of the kth measure-
ment of variable j in experiment i, Z;j is the experimental value
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Fig. 2. CO conversion data obtained at H,/CO =
7412 mlh~' g2l

15, 330°C, 1.2 bar, and GHSV =

for the kth measurement of variable j in experiment i, and z;j
is the model prediction for the kth measurement of variable j in

experiment i
(Zuk - Zuk) ] }
Ouk

(6)

The principle of parameter estimation is based upon the min-
imization of the difference between the experimental values and
the model predicted values (Eq. (7)), in which &; is the difference
between experimental and predicted value for measurement i, z; is
the experimental value for measurement i, and z;(6) is the pre-
dicted value for measurement i

& =12; — z(0). (7)

The maximum likelihood principle assumes &; to be indepen-
dent and normally distributed with zero mean and standard devi-
ation oj. Several variance models that can describe the standard
deviation for &; are available in gPROMS. The constant variance
model in which the measurement error has a constant standard
deviation is used in our study.

NE NV; NMjj

ln(2n)+ mm{ZZZ[ln uk

i=1 j=1 k=1

3. Results and discussion
3.1. Steady state results

Both the catalyst and the reaction should be at steady state be-
fore performing a SSITKA experiment. Steady state was monitored
online by calculating the CO conversion. The data for one of our
runs in Fig. 2 shows that there is a sharp decline in the CO conver-
sion in the first 10 h exposure to synthesis gas. This is attributed
to the changes in the catalyst morphology. Dry [37] showed that
during this induction period, the iron catalyst changes from iron
oxide and iron to mostly iron carbides. Du Plessis [38] observed
the same high CO conversion in the first 5 to 10 h for potassium
promoted iron catalyst under HTFT conditions and used in situ XRD
to show that this initial change in activity is due to the forma-
tion and stability of the various iron carbides. It is safe to assume,
based on the aforementioned study and our data, that minimal
changes to the catalyst occur after the first 10 h of operation. Most
of our SSITKA experiments were performed after 20 h exposure
to synthesis gas. To avoid excessive carbon formation, the synthe-
sis was stopped overnight and re-started the following morning.
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Fig. 3. Normalised transient responses for '>C0O (O) and Ne ([J) obtained at H/CO =
15, 330°C, 1.2 bar, and GHSV = 7412 mlh~! gZ,!. For clarity reasons, data from only
one run is shown.

Typically, the catalyst undergoes a quick re-activation (shown in
Fig. 2 at 15 h) and then reaches the same steady state CO conver-
sion.

3.2. SSITKA results

A delay on the 3CO response is usually observed with 2CO —
13CO SSITKA experiments which results from the time required for
the 13CO to replace the reservoir of '2C0O,4s. This phenomenon
is commonly referred to as the chromatographic effect [9,34,39].
The absence of this chromatographic effect in our results, shown
in Fig. 3, suggests an extremely low surface coverage of CO,qs.
The breakthrough of 3CO is extremely fast and in all cases over-
laps the Ne signal. This is consistent with the results by Mims
et al. [21,22], Saudsakorn et al. [40] and Stockwell et al. [23] ob-
tained on other Fe-based catalysts using the same transient tech-
nique at LTFT conditions. It has also been well documented [41,42]
that low temperatures (—80°C) are required to accurately measure
CO chemisorbed on iron catalysts because it readily dissociates at
room temperature. We could only measure 37 pmolco g;& at 25°C
corresponding to a coverage of 0.1 ML, based on a surface area of
16 m? g~ obtained by N, physisorption. The surface concentration
of CO,qs can also be calculated according to:

o0
TcoFco  Feo
Lo=——"= f Ev2co(t) — Ene(t) | dt, (8)
Wat Wcatt 0[ © <]

where Lo is the surface concentration of CO,q4s in mol kg;]t; Fco is
the molar feed rate of CO in mols~!; 7¢o is the mean residence
time of CO,qs in s; Wea is the weight of catalyst in the reactor
bed in kgeat; Et2co is the normalised transient of 12CO; and Ee
is the normalised transient of Ne. The surface concentration calcu-
lated in this way is independent of the reaction mechanism. The
mean residence time could not be accurately determined because
of the extremely low CO coverage. A maximum value of 0.05 s
was used in our study which resulted in a surface concentration of
2.4 x 10~ molkg_,! (~9 x 10~* ML). This amount of CO on our
Fe-based catalyst is 32 times lower than that reported by Stock-
well et al. [23]. This deviation can be best ascribed to the higher
temperatures used in this study.

The 13CH4 transients for different runs at the same experimen-
tal conditions are presented in Fig. 4. The '*CH, transients reached
100% marking after 45 min but 90% of this is observed in the first
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Fig. 4. Normalised transient responses for >CO (4p), Ne (@) and 3CHy (O, O, A,
and <>) obtained at H,/CO = 15, 330°C, 1.2 bar, and GHSV = 7412 mlh~! gz
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Fig. 5. Normalised transient responses for Ne (O) and '3CHy4 ([J) obtained at 330°C
and 1.2 bar after a Ar — CH4/Ne transient switch.

15 to 20 min. It seems that there are two distinct processes occur-
ring; a fast route to methanation in the first few minutes and then
a slower route which takes at least a further 30 min. The possi-
bility that methane can readsorb and hence causes such a delay
was also investigated. This was performed by using the transient
switch, Ar — CHy4/Ne after the catalyst reached steady state and
the reactor was purged with inert. The results (Fig. 5) show that
there is no delay between the Ne and CH,4 transients confirming
that methane does not readsorb onto the catalyst surface under
our reaction conditions. The surface concentration of Cq,4s can also
be calculated from the transient data according to:

L= Tc1FcoXco
Weat
Fco X v
co Xco
= — E —E
Wcat ( /[ 12CH4(t) Ne(t)] dt
=0
o0
1
- 5 / [Elzco(t) - ENe(t)] dt)» (9)

t=0
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Fig. 6. Schematic representation of the six methanation models based on CO and CHy in the gas phase and CO,qs, C» and Cg as the surface components.

Table 1

Optimised parameter estimates for the methanation reaction according to the models in Fig. 6. The surface concentration of CO,4s and the gas phase concentration of CHyq

are the model predictions using the corresponding optimal parameter estimates.®

Model 1 Model 2 Model 3

Model 4 Model 5 Model 6

kcor 624x107'£29x1072 1.40%2.4 x 107!

kco2 1.25x 107" £1.6 x 102
km1 1.62x 107" £5.4 x 102

km2 98x1072+63x 103

kpt  910x 103 +£8.0x107% 840x102£3.0x 103 1.97x1072+2.4x 1073
kip2 1.90x 1073 +2.0x 1074
x2® 1243 1652 1652

WR® 4084 3856 455

2.34x107%£1x 10~
6.17x 1074 +£2 x 1074

Lco 2.80 x107%£1x 10>
CHgss 1.76 x 1073 4+2x 1074

5.26 x 10~ £1.6 x 1072

279 x107% £1 x 10>
1.96 x 103 £2 x 1074

4.85 % 107! +12.74 6.49x10714+2.9%x 1072 6.26 x 1071 £2.9 x 1072
1.51 x 1071 +£12.73
2.29 +237 2.57 x 1072 £3.6 x 1073
240x 1073 +3.0x 1074

134x1072+13x 103

129x 1072 £2.2 x 1073

9.40x103£1.0x103 1.49x102+£1.4x 103

1.60x 1073 +1.0x 1074
1652 1652 1652
2456 436 2070

2.87x107%£1x 10~
1.70 x 103 £2 x 1074

291 x107%£1x 10>
1.90 x 103 £2 x 1074

2.80x 1074 £1x 10>
1.80x 103 £2 x 1074

3 Units: all k's in (s™'), Leo in (molkg,;) and CHygs in (molmg?).
b
¢ WR is the weighted residual obtained from the parameter estimation results.

where Xco is the conversion of CO. The mean residence of Cqaqs
was ca. 1000 s which resulted in a surface concentration of
0.08 molkg™" (or 0.2 ML) for the total Ciads species. This higher
surface coverage of Cyags than of CO,¢s on our Fe catalyst is dif-
ferent to all other FT metals (see introduction). This is consistent
with recent kinetic modelling. Botes and Breman [43] have shown
that at commercially relevant conditions, the reaction order for CO
on the iron-based is positive whilst for the cobalt-based catalyst
it is negative. This implies that the CO coverage on the iron-based
catalyst is lower than for the cobalt-based catalyst.

3.3. Model identification and discrimination

Based on two gas phase components (CO and CH4) and three
surface species components (COads, Cyads» Cpads). Van Dijk et
al. [20] tested six possible methanation models, shown in Fig. 6.
Some of these models have also been used by Happel [34] and
Soong et al. [32]. The same set of models was screened in our
study using parameter estimation. Apart from model 1, there are
six kinetic parameters to be estimated for each model. Our initial
efforts showed that some of these parameters are highly corre-
lated. To simplify the parameter estimation process, Kiqs and kqes
were fixed. The adsorption/desorption of CO was considered to be
a fast reaction and in equilibrium. The consumption of CO,qs to

x?2 is the 95% chi-squared value obtained from the parameter estimation results.

form FT products relative to desorption into the gas phase was
insignificant for k,qs values greater than 0.07 moll<g;alt s71 re-
sulting in a CO equilibrium constant of 2.6 x 10~> mol kgc_al. So,
for modeling purposes any arbitrary value of k,qs greater than
0.07 mol kg;ft s~1 can be chosen and kges can be calculated from
the CO equilibrium constant. In this study, the modeling results
for a k,gqs value of 0.1 mol kg;ﬂ]t s~1 with a corresponding kges of
38 s~! are presented.

The model predictions for *CH, obtained using the optimised
parameters (in Table 1) are presented in Fig. 7. Methanation mod-
els 1, 2, and 4 fail to describe the 3CH,4 transients, whilst mod-
els 3, 5, and 6 give the best fits. A weighted residual value less
than the chi-squared value is considered a good fit. In Table 1,
the weighted residuals for models 3 and 5 are lower than the
chi-squared values indicating a good fit, whereas model 6 has a
higher weighted residual, and hence is considered a bad fit. How-
ever, all three models predict both the surface concentration of
CO,4s and the gas phase concentration of CH4 equally well. So,
at this stage of the modeling, we cannot rule out model 6 based
only on the weighted residual value. This issue of model identifi-
ability and distinguishibility with this type of modeling has been
discussed by Happel [34] and was also reported by Van Dijk et
al. [20]. These authors showed that successful further model dis-
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crimination is possible if either more experimental data other than
from SSITKA is considered, or the models are extended to incor-
porate the formation of hydrocarbons. An example of the former
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Fig. 7. Model predictions for the '>CH,4 transients for the methanation models
shown in Fig. 6. The symbols (O) are *CH, data points obtained at H,/CO = 15,
330°C, 1.2 bar, and GHSV = 7412 mlh~! g_! and the solid lines are the model pre-
dictions.

Model 3.1
co CHag co

9 K 9
Kads lT Kaes y Kads l Kdes

keoz Kooz
coads —> ca.ads klb2

Model 3.2

approach could be quantification of the surface concentrations of
Cy and Cg. The latter approach is used in this study.

3.4. Parameter quantification

The methanation models 3, 5, and 6 (in Fig. 6) can describe
our methanation results better than the other three models. These
models are thus suitable to extend towards the formation of the
higher hydrocarbon Fischer-Tropsch products, and by doing so, the
parameters for the methanation models can be quantified. Both
chain-growth and chain-initiation need to be considered when
modeling the Fischer-Tropsch synthesis. The latter reaction is not
considered in full as this will require modeling the transients of
the higher hydrocarbons which is not in the scope of this paper.
However, the formation of the higher hydrocarbons from C, and
Cg is included in our modeling as a net consumption rate [44].
Chain-initiation involves C-C coupling reactions and is included in
the models via the combination of: (1) two C, species, (2) one Cy
and one Cg species, and (3) two Cg species, as shown in Fig. 8 for
models 3, 5 and 6. Model 3 is considered symmetrical since the
Cy and Cg are interchangeable. In other words, the results for the
reaction of two Cy species will be the same as for two Cg species
reacting. Hence only two combinations are considered for model 3.

In Table 2, the parameter estimation results for all the models
in Fig. 8 are presented and the model descriptions of 3CHy ac-
cording to the optimised parameters are shown in Fig. 9. Model
5.3 is discarded because it could not describe the methane and

CHayg

o

CQOa4s —> Cajads

klpz

Keor ki > Keot
|—) CB,ads Cz,ads

——> Cgads T > Coads

Model 5.1 Model 5.2 Model 5.3
CQOy . CHaq ola CHag COq CHaq
kads lT Kaes ! Kads lT kdes ktj/ Kads lT Kaes kt'/
keo1
Coadsﬁ) Co,ads Kip2 Coadskcﬂ)‘ G Kipz COadskCﬂ) Ceane kip2
Km1 Kot Km1
Ki
K cﬁ'ﬂds Cz,ads Cﬂjads Cﬁ,ads _)CZ,ads
Model 6.1 Model 6.2 Model 6.3
Cco, CHag co, CHag Cco, CHag
kads iT kdes kads lT kdes kads lT i(des.
COgqs Ch.ads Kip1 COuqs Cpads  km COuqs Cs.ads Kip1
\kmz Kmz Kz
k Km1 K K Km1 K k :N
o Cu,ads — C2,ads = cmads - C?,alfjasds = Cmads CZads

Fig. 8. Schematic representation of the models for the Fischer-Tropsch reaction taking into account different chain initiation pathways based on the three indistinguishable

methanation models in Fig. 6.
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Fig. 9. Model predictions for the '*CHy4 transients for the models in Fig. 8. The
symbols (O) are 3CH4 data points obtained at Hy/CO = 15, 330°C, 1.2 bar, and
GHSV = 7412 mlh~' gl and the solid lines are the model predictions.

also failed to predict the steady-state surface and gas phase con-
centrations. Both combinations of chain-initiation for model 3 can
describe the methane transient and both models give good fits
according to their weighted residuals. However, model 3.1 pre-
dicts a lower Cigor coverage (0.07 ML) compared to model 3.2
(0.16 ML). On the basis that our experimental value for Cjo is
ca. 0.2 ML, model 3.1 is discarded. Models 5.1, 6.1 and 6.2 are
also discarded for the same reason of predicting a low Cytor COV-
erage. For the methanation model 5, the combination of C, and
Cg (model 5.2) can describe the methane transient with a good
fit (see Table 2). The predicted surface and gas phase concentra-
tions for this model are similar to model 3.2 and cannot be further
distinguished. Lastly, model 6.3 could describe both surface con-
centrations adequately but the rate of the C-C coupling reaction,
ki, was not statistically significant. In fact, k; was poorly estimated
in all combinations for the methanation model 6 (models 6.1, 6.2
and 6.3). The buffer step in this model seems to play a significant
role in the parameter estimation. The rates constants for this buffer
step (km1 and k) seem to fluctuate to match the desired sur-
face and gas-phase concentrations without adequately accounting
for the C-C coupling reactions. Methanation model 6 is a suitable
candidate for describing the methanation results alone but it is in-
conceivable that this model can be extended to account for the
Fischer-Tropsch process. Hence these models (6.1, 6.2 and 6.3) are
all discarded.

Finally, the rates of the surface reactions for the models 3.2 and
5.2 are compared to obtain more insight. The rate of CO dissoci-
ation, kco1 for model 5.2 and (kco1 + kcoz) for model 3.2, is 0.8-
0.9 s~1, with kco1 equivalent to kcoy in model 3.2. This rate is two
times higher than that reported by Van Dijk [44] for the Co-based
catalyst, suggesting that CO dissociates easier on Fe and Co cata-
lysts which is consistent with the study reported by Vannice [45].
Both models have similar termination rate constants with termina-
tion from the Cg pool being the rate determining step (25-50 less
active for methanation). No further model discrimination between
these two models is possible based on the available experimental
data.

In summary, models 3.2 and 5.2 both give the best fits for
the methanation transients and predict similar steady-state con-
centrations of CH4 in the gas-phase and the surface concentrations
of CO,gs, Cy, and Cg. Both these models have two pathways to-
wards the formation of methane. In model 3.2 these pathways are
independent whereas in model 5.2, the C, and Cg pools are in-

Table 2

Optimised parameter estimates for the methanation reaction according to the models in Fig. 8. The surface concentrations of COqs, Co, and Cg, and the gas phase concentration of CHy are the model predictions using the

corresponding optimal parameter estimates. Italic values are insignificant parameter estimates.?

Model 5.1 Model 5.2 Model 5.3 Model 6.1 Model 6.2 Model 6.3
3.22x 1071 +23x 107! 3.29x 1071 +2.3 x 107!

Model 3.2

Model 3.1

3.15x 107 £2.3 x 107!

6.37x 1071 £2.4x10"! 2.60x 107! +2.25 x 10!

3.82x 1071 £2.3 x 107!

3.38x1071+1.2x 107!
239%x 1071 +1.2 x 107!

3.63 x 1071 +2.3 x 107!
1.16 x 1071 +1.3 x 1072

kco1

kcoz
kml

422 x1072+1.9x 1072

2.77x 1071 £1.4 x 102
259 %103 +1.3x 1073
2.79 x 1072 £2.0 x 102

276 x 1071 £3.63 x 1072 2.40 x 1072 £3.3 x 103
226 x 1073 +2.7 x 1074
2.76 x 1072 £ 1.9 x 102

2.95x 1072 £3.2 x 103

3.10x 1072+ 1.9 x 102

1.93 x 1073 £9.0 x 10~*
2.69 x 1072+ 1.9 x 1072

km2
ktpl

1.55x 1072 £ 1.6 x 102
3.02x 1074 +33 x 1074
2.85x 1072 +4.9x 10~3

1651

159 x 1072 £5.9 x 103
6.61 x 1074 £3.0 x 10~
423 x 107! +5.16 x 102

1651

3.11 x 1072 +1.9 x 1072
1.8x 1073 +8.5x 107>

327+21.8

1651

278 x 1072 +9.9 x 1073
7.69 x 1074 +3.8 x 1074
833x 1071 +1.4x 107!

1651
1448

274%x1072+1.7 x 103

240 x 1073 £2.4 x 102

1.47 x 1073 £7.3 x 107°

8.24+5.31

1651
1437

ktpz
ki

1.05x 1073 +6.6 x 107!

1651

1.60 x 10~ +6.52

1651

1651
2074

XZb

2075

2084

2314

1411

1480

WR*

238x1074+1x107°

238x107%4+1x107°

1.91 x 1073

238x1074+1x107°

1.99 x 1073

240x107%4+1x107°

2.14x 1074

230x 1074 +1x107°

2.02 x 1073

236x1074+1x107°

1.01 x 1073

231x107%4+1x107°

1.01 x 1073

234x1074+1x%x107°

1.30 x 1073

Lco
L,

1.95 x 1073
2.96 x 102

3.40 x 1072 1.72 x 1072 3.89 x 1072 2.32 x 1072 2.06 x 1072 2.04 x 1072

1.82 x 1072

LC,;

5.84 x 102
0.0009
0.12

3.06 x 1072
0.0009
0.08

2.86 x 1072
0.0009
0.09

1.21 x 107!
0.0009
0.09

6.11 x 1072
0.0009
0.16

2.52 x 1072
0.0009
0.07

6.94 x 1072
0.0009
0.13

1.90 x 1072
0.0009
0.07

Ley or
Oco

oy

2.12x 1073 3.56 x 1073 1.99 x 103 2.09 x 1073 2.92 x 1073 2.87 x 1073 2.67 x 1073

2.30 x 1073

CH4$

3).

3

) and CHyss in (molm,

-1
cat

3 Units: all k's in (s=') except k; in (kgeyemol™'s™1), Lo in (molkg

b x?2 is the 95% chi-squared value obtained from the parameter estimation results.
€ WR is the weighted residual obtained from the parameter estimation results.
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terlinked. Chain-initiation involves the combination of both these
carbon pools.

4. Conclusions

Experimental observations obtained using a 12CO — 13CO tran-
sient switch indicated that molecularly adsorbed CO on the Fe/K
catalyst is extremely low, ca. 9 x 10~% ML, whilst the Citot is much
higher, 0.25 ML. For the methanation reactions, the parameter es-
timation study showed that three models are indistinguishable. All
these models have a buffer step or parallel route towards the for-
mation of methane. The chain initiation reaction (C-C coupling)
was included which resulted in eight models being tested. The re-
sults showed that two models remain indistinguishable. Both these
models have two surface intermediates (C, and Cg) active towards
methanation and higher hydrocarbon formation. The quantification
of the kinetic rate parameters was performed by accounting for
the higher hydrocarbon formation. The results showed that Cg is
the larger pool, occupying 92% of the Cyor coverage and is 25-50
less active for methanation than C,. The chain-initiation reaction
(C-C coupling) involves a combination of Cy and Cg to form the
C, surface intermediate.
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