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Kinetic modeling of the water-gas-shift (WGS) reaction over a nano-structured iron catalyst under
FischereTropsch synthesis (FTS) reaction conditions is investigated. The Fe/Cu/La/Si nano-structured
catalyst was prepared by co-precipitation in a water-in-oil microemulsion. A number of Lang-
muireHinshelwoodeHougeneWatson type rate equations based on possible reactions sets originated
from the formate and direct oxidation mechanisms, are derived. By considering experimental data
measured over a wide range of reaction conditions, discrimination between the various rate equations is
investigated during this study. WGS rate expressions based on the formate mechanism were found to
provide an improved description of the WGS kinetic data.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The FischereTropsch synthesis (FTS) has been recognized as an
important alternate technology to petroleum refining in the
production of liquid fuels and chemicals from syngas derived from
coal, natural gas and other carbon-containing materials
(Anderson, 1984; Bartholomew,1991; Dry, 1981). Fe-based catalyst
is often selected for the FTS, over its competitor of Co-based
catalyst, because of its water-gas-shift (WGS) activity to working
in a wide range of H2/CO feed ratio. The FTS andWGS reactions can
be shown as:

COþ (1þ n/2) H2/ CHnþH2O (1)

COþH2O4 CO2þH2 (2)
where n is the average H/C ratio of the produced hydrocarbons.

The WGS reaction is a reversible parallel-consecutive reaction with
respect to CO and assumed that carbon dioxide is essentially
formed by this reaction (Jothimurugesan et al., 2000; Jin and Datye,
2000; Nakhaei Pour et al., 2008a,b,c). It is generally accepted that
the FTS and WGS reactions take place on different active sites on
a precipitated iron catalyst and the two reactions will only influ-
ence each other via the gas phase of reactants. Literature suggests
try, Ferdowsi university of
x: þ98 21 44739716.
ura@yahoo.com (A. Nakhaei
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that the formation of iron carbides result in a high FTS activity, and
the magnetite (Fe3O4) is the most active phase for WGS reaction
(Van der Laan and Beenackers, 1999, 2000; Wang et al., 2003; Guo
et al., 2006; Teng et al., 2005).Thus the FTS (hydrocarbon forma-
tion) and WGS (carbon dioxide formation) reactions can be
described with separate kinetic expressions.

Recent studies showed that nanosized iron particles were essen-
tial to achieve high FTS activity. Some authors prepared supported
iron-based FischereTropsch catalysts with microemulsion method,
and reported high activity and selectivity to oxygenate (Nakhaei Pour
et al., 2009a,b, 2010a,b; Sarkar et al., 2007; Herranz et al., 2006;
Eriksson et al., 2004). A microemulsion is optically transparent and
has thermodynamically stable dispersion of water phase into an
organic phase that stabilized by a surfactant (Schwuger et al., 1995).

The objective of this work is to systemically establish and
discriminate LangmuireHinshelwoodeHogeneWatson (LHHW)
kineticsmodel for theWGS reaction on the basis of possible detailed
mechanism over a nanostructure Fe/Cu/La/Si catalyst under FTS
reaction conditions. By using the experimentally data, a set of WGS
kinetic models are estimated and discriminated separately.

2. Experimental

2.1. Catalyst preparation

The Fe/Cu/La/Si nano-catalyst precursors were prepared by co-
precipitation in a water-in-oil microemulsion as described
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previously (Nakhaei Pour et al., 2009a,b, 2010a,b). The promoted
catalysts were dried at 383 K for 16 h and calcined at 773 K for 3 h
in air. The catalyst compositions were designed in terms of the
atomic ratios as: 100Fe/5.64Cu/2La/19Si. Based on previous results,
the crystal size of the nano catalyst was determined 20 nm
(Nakhaei Pour et al., 2009a,b, 2010a,b).

2.2. Catalytic performance

Steady-state FTS reaction rates and selectivities were measured
in a continuous spinning basket reactor (stainless steel,
H¼ 0.122 m, D0¼ 0.052 m, Di¼ 0.046 m) with temperature
controllers (WEST series 3800). A J-type movable thermocouple
made it possible to monitor the bed temperature axially, which
was within 0.5 K of the average bed temperature. The reactor
system also included a 50 cm3 stainless steel cold trap at ambient
temperature located before the gas chromatograph sampling
valve. Incondensable gases were passed through sampling valve
into an online gas chromatograph continuously then vent through
a soap-film bubble meter. Separate Brooks 5850 mass flow
controllers were used to add H2 and CO at the desired rate in
admixing vessel that was preceded by a palladium trap and
a molecular sieve trap to remove metal carbonyls and water before
entering to the reactor. A compact pressure controller was used to
control the pressure. The flow rate of tail gas is measured by a wet
test gas meter.

Blank experiments showed that the spinning basket reactor
charged with inert silica sand without the catalyst has no conver-
sion of syngas. The fresh catalyst is crushed and sieved to particles
with the diameter of 0.25e0.36 mm (40e60 ASTM mesh). The
weight of the catalyst loaded was 2.5 g and diluted by 30 cm3 inert
silica sand with the same mesh size range. The catalyst samples
were activated by a 5% (v/v) H2/N2 gas mixture with space velocity
equal to 15.1 nl h�1 gFe�1 at 0.1 Mpa and 1800 rpm. The reactor
temperature increased to 673 K with a heating rate of 5 K/min,
maintained for 1 h at this temperature, and then reduced to 543 K.
The activation is followed by the synthesis gas stream with H2/
CO¼ 1 and space velocity of 3.07 nl h�1 gFe�1 for 24 h in 0.1 MPa and
543 K before setting the actual reaction temperature and pressure.
After catalyst reduction, synthesis gas was feed to the reactor at
conditions operated at 563 K, 1.7 MPa, (H2/CO) feed¼ 1 and a space
velocity of 10.4 nl h�1 gFe�1. A stabilization period of 15 h is con-
ducted under the reaction conditions, and then the kinetic
measurement was carried out. After the process conditions are
changed, at least 12 h is used for the system stabilization before
a newmass balance period. After reaching steady-state activity and
selectivity, the kinetics of the WGS measured.

The external mass transfer limitation is investigated by
comparing the CO conversions under different stirring speeds of
the reactor. Apparently the stirring speed needed to eliminate the
external mass transfer limitation that correspondingly increases
with the increase of the reaction temperature. This is due to the
fact that, the relative rate of external mass transfer versus the
reaction rate decreases with the increasing of temperature.
Therefore, the corresponding stirring speed should ensure that the
experimental data measured are in the kinetically limited regime.
In our experiments, all the experiments are carried out at
1800 rpm which is safe to eliminate the external mass transfer
limitations for all kinetic conditions. Our extensive experimental
results proved that the particle diameter used in this experiment
is safe for negligible intra-particle diffusion limitations. The
kinetic parameters optimization later in this paper also indicates
that the experimental results are free from the external and
internal mass transfer limitations and in the kinetically limited
regime.
During the entire runs, the reactor temperature varied between
543 and 593 K, the pressure was 1.7 MPa, and the space velocity of
the synthesis gas varied between 3.5 and 28.7 nl h�1 gFe�1. The H2/CO
ratio of the feed kept constant in all the space velocities. Conversion
of carbon monoxide and hydrogen, and the formation of various
productsweremeasuredwith aperiod of 24 hat each space velocity.
Periodically during the run, the catalyst activity was measured at
preset “standard” condition (a space velocity of 10.4 nl h�1 gFe�1) to
check the catalyst deactivation. The water partial pressure was
determinedbycollecting thewater in the trap, separating it fromthe
oil, and weighing. The weight of water was converted to partial
pressure in the reactor based upon the ideal gas law.

The products were analyzed by means of three gas chromato-
graphs, a Shimadzu 4C gas chromatograph equipped with two
subsequent connected packed columns: Porapak Q and Molecular
Sieve 5A, and a thermal conductivity detector (TCD) with Ar as
carrier gas, which was used as a carrier gas for hydrogen analysis. A
Varian CP 3800 with a chromosorb column and a thermal
conductivity detector (TCD) were used for CO, CO2, CH4, and other
incondensable gases. A Varian CP 3800 with a Petrocol� DH100
fused silica capillary column and a flame ionization detector (FID)
were used for organic liquid products so that a complete product
distribution could be provided.

3. Results and discussion

3.1. Kinetic models

Twomechanisms have been proposed for theWGS reaction over
metal oxide catalysts in a non-FT environment: formate and direct
oxidation mechanisms (Van der Laan and Beenackers, 1999, 2000;
Teng et al., 2005). The direct oxidation mechanism comprises oxi-
dationereduction cycles. In this mechanism it is assumed that
water adsorbs and dissociates on reduced sites to produce
hydrogen while oxidizing the site. In the following step, CO is
oxidized to CO2 and reduces the oxidized site to complete the cycle.
In another mechanism, it is assumed that adsorbed intermediate
(possibly a formate species) is formed through reaction between
carbon monoxide and a hydroxyl species or water, which then
decomposes to H2 and CO2. The hydroxyl intermediate is formed
via decomposition of water.

On the basis of the formate intermediate (WGS I, WGS II) and
direct oxidation mechanism (WGS III) for the WGS reaction, three
sets of elementary reactions for the WGS reaction are derived in
this work, and are listed in Table 1. For the derivation of the rate
expressions, the WGS reaction and the FTS reaction (hydrocarbon
formation) were assumed to proceed on different active sites, and
one rate-determining step was assumed in the sequence of WGS
elementary reactions. The remaining steps can be considered to be
at quasi-equilibrium and other steps are regarded as fast reversible
processes, for which the equilibrium assumption can be used. On
basis of the mentioned assumptions, three kinetic rate equations
were developed and the expressions are given in Table 2. In these
rate equations, Pj is the partial pressure of species j in the effluent
stream and Kp is the equilibrium constant of the WGS reaction. For
the temperature dependency of the equilibrium constant of the
WGS reaction, KP, the following relationwas used (Van der Laan and
Beenackers, 2000):

log Kp ¼
�
PCO2

PH2

PCOPH2O

�
eq;T

¼
�
2073
T

� 2:029
�

(3)

where Kp is theWGS equilibrium constant at the temperature T. The
reaction rate of CO2 formation was calculated from a material
balance over the reactor, assuming ideal gas behavior. Normalizing



Table 1
Elementary reaction steps for WGS reaction.

Model Reaction step Elementary reaction

WGS I 1 COþ s4 COs
2 CO2þ s4 CO2s
3 H2Oþ s4H2Os
4 H2þ 2s4 2Hs
5 rate-determining step COsþH2Os4HCOOsþHs
6 HCOOsþ s4Hsþ CO2s

WGS II 1 COþ s4 COs
2 CO2þ s4 CO2s
3 H2Oþ s4H2Os
4 H2Osþ s4OHsþHs
5 H2þ 2s4 2Hs
6 rate-determining step COsþOHs4HCOOsþ s
7 HCOOsþ s4Hsþ CO2s

WGS III 1 COþ s4 COs
2 H2þ 2s4 2Hs
3 H2Oþ 2s4OHsþHs
4 OHsþ s4OsþHs
5 COsþOs4 CO2sþ s
6 rate-determining step CO2s4 CO2þ s
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the concentrations of all the intermediates on the catalyst surface
leads to:

[s]þ [Hs]þ [COs]þ [H2Os]þ [OHs]þ [COOHs]¼ 1 (4)

But some simplifications in driving the rate expression equation
(Table 2) can be considered based on previous knowledge about
adsorbed spices on themagnetic sites. In the first kinetic expression
WGS I, it is assumed that the adsorption of H2, OH and CO2 relative
to CO and H2O are negligible and formation of formate intermediate
is rate-determining step. In the secondmodel (WGS II) it is assumed
that H2O was being dissociatively adsorbed, and by considering the
formation of formate intermediate (reaction step 6) as the rate-
determining step and assuming that adsorption of H2, H2O and CO2
are negligible relative to CO and OH, the kinetics expression WGS II
was obtained.

Model WGS III is based on oxidationereduction mechanism. In
this series of reactions, dissociation of hydroxyl CO2 desorption
reaction (reaction step 6) can be regarded as rate determination
step, based on thermodynamic considerations. If CO2 desorption
reaction is rate-determining step, in that case the concentration of
the adsorbed species [CO2s] can be considered to be much larger
than those of the other adsorbed species and, therefore, the kinetic
expression WGS III was obtained.

The model parameters were calculated from the experimental
data byminimizing the c2 functionwith the LevenbergeMarquardt
(LM) algorithm, with all experimental reaction rates (Press et al.,
1989):

c2 ¼
X�

Rexp � Rmod
�2

d2
(5)

where d2 is the relative variance of the experimental selectivities in
theWGS reaction rate. In this approach, the difference between the
Table 2
Rate expressions considered for the WGS reaction, RCO2 (mmol gcat�1 s�1)

Model Kinetic equation

WGS I RCO2¼ kw(PCOPH2O� PCO2PH2/KP)/(1þ K
kw¼ k5K1K3 (mmol gcat�1 s�1 bar�2)

WGS II RCO2¼ kw (PCOPH2O/PH21/2� PCO2 PH2
1/2/KP)

kw¼ k5 K1K3K4K5
�1/2 (mmol gcat�1 s�1 bar

K¼ K4K3/K5
1/2

WGS III RCO2¼ kw (PCOPH2O/PH2� PCO2/KP)/(1þ
kw¼ k6K1K2

�1/2K3K4K5 (mmol gcat�1 s�1 b
measured and predicted rates is divided by the standard deviation
of the involved ratemeasurement. Data points with a high accuracy
have low standard deviations and therefore count more heavily
towards the sum of errors than inaccurate data. In other words, the
weight (importance) assigned to each observation is related to the
accuracy of that specific measurement. The variance is due to
experimental inaccuracies and lack of fit of the kinetic model.
Confidence limits on the estimated model parameters were calcu-
lated at a 95% confidence level. Whereas the value of chi-square
was used for model optimization and discrimination, the mean
absolute relative residual (MARR) is reported as a measure of the
goodness of fit:

MARR ¼ 100
Xn
1

����
�
Rexp � Rmod

Rexp

�����1n (6)

where n is the number of data points included. The estimates of the
kinetic parameters must have physical relevance. Rate models
yielding negative adsorption coefficients were excluded for further
model discrimination. Furthermore, the surface fractions of adsor-
bed species should be realistic and the residuals betweenmodel and
experiment should be normally distributed with zero average and
may not observe trends as a function of the independent variables.
The discrimination between the rival models and the estimation of
the parameter valueswasperformedusing theexperiments at 563 K.

3.2. Catalytic performance

An estimation of the extent of thewater-gas shift reaction can be
obtained by the following theWGS reaction quotient (RQWGS) (Raje
et al., 1998):

RQWGS ¼ PCO2
PH2

PCOPH2O
(7)

where Pj is the partial pressure of species j in the effluent stream.
The approach to the WGS equilibrium can be described by the
parameter h, obtained by dividing theWGS reaction quotient by the
equilibrium constant at the reaction temperature (Botes, 2007;
Krishnammorrthy et al., 2002):

h ¼ 1
Kp

�
PCO2

PH2

PCOPH2O

�
(8)

The value of h ranged from 0 to 1, the latter being the equilib-
rium value (Krishnammorrthy et al., 2002). It is shown in Fig. 1 that
the experimental values over the wide reaction conditions in this
kinetic study are much less than the equilibrium values KP. In
general, the value of h (and subsequently of the reaction quotient)
was small at low carbon monoxide conversions and increased at
higher carbon monoxide conversions and also it is, in good agree-
ment with previous studies (Teng et al., 2005; Botes, 2007;
Krishnammorrthy et al., 2002). This indicates that the WGS reac-
tion under FTS reaction conditions is far from equilibrium, which is
also observed by others (Teng et al., 2005; Botes, 2007;
Krishnammorrthy et al., 2002). The value of h versus the reaction
Site balance

1PCOþ K3PH2O)2 sþ COsþH2Os

/(1þ K1PCOþ KPH2O/PH21/2)2 sþ COsþOHs
�3/2)

KPCOPH2O/PH2) sþ CO2s
ar�1)
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Fig. 1. Approach to the WGS equilibrium vs. CO conversion (%).

Fig. 3. Comparison of the calculated and experimental CO2 flow rates as the WGS
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temperature is represented in Fig. 2. Carbon monoxide conversion
improved as the reaction temperature increased, and as shown in
Fig. 2, the approach to the WGS equilibrium (h) was increased.

3.3. Isothermal discrimination

In order to check systematic isothermal discrimination, the
agreement between each of the rival rate equations and the
measured reaction rates was presented as a function of the
approach to WGS equilibrium. Fig. 3 shows that the errors in
prediction of WGS regarding the models with the approach to
equilibrium, these plots show a systematic deviation in the models
based on oxidationereduction cycles which may be indicative of
a fundamental incorrectness in the expressions. In contrast, the
deviations in the models based on the formate mechanism appear
to be random scatter rather than consistent errors. As shown in this
figure, at higher approach to WGS equilibrium (h), deviation from
one in all models was increased. It is known that the WGS reaction
and FTS reaction occur on the different types of sites and the two
reactions will only influence each other via the gas phase of reac-
tants. Meanwhile, the FTS reaction depends highly on the hydrogen
formed by the WGS reaction. Thus, the overall FTS rate affected by
the rate/extent of the WGS reaction at high conversions. The
deviation from one in all models may be related to this conjugation
of FTS and WGS reactions (Raje et al., 1998).

The WGS reaction rate was optimized with the kinetic expres-
sions in Table 2. The corresponding model parameters and related
MARR value andweighted sum of errors (c2-value) are also given in
Table 3. In this table, the parameters of K1, K3, and K for WGS I, WGS
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Fig. 2. Approach to the WGS equilibrium vs. reaction temperature.

reaction approaches equilibrium.
II are related to adsorption coefficients of CO, H2O, and hydroxyl
groups expressions, respectively. However, the parameter K inWGS
III expression is related to adsorption coefficients of adsorbed CO2
in rate-determining step. It should further be noted that the
adsorption coefficients of CO or CO containing intermediates are
small compared to the adsorption coefficients of water or hydroxyl
groups. This is in agreement with the results of other studies on the
WGS reaction in the iron-based FTS synthesis (Van der Laan and
Beenackers, 2000; Botes, 2007). From Table 3, we can find that
the WGS kinetic model obtained from the formate mechanism is
better than the model obtained from the direct oxidation mecha-
nism for fitting experimental data. A possible explanation is that
the dissociation of hydroxyl intermediate to adsorbed oxygen and
hydrogen is not energetically favorable under FTS reaction condi-
tions. This is also supported by quantum calculation on transition
metals that the hydroxyl dissociation is energetically unfavorable



Table 3
WGS kinetics model parameters.

Model Kinetic parameters c2 MARR (%)

WGS I kw¼ 0.77 mmol gcat�1 s�1 bar�2 870 8.73
K1¼ 0.39 bar�1, K3¼ 3.54 bar�1

WGS II kw¼ 1.20 mmol gcat�1 s�1 bar�3/2 984 9.15
K1¼ 0.60 bar�1, K¼ 5.51 bar�1

WGSIII kw¼ 0.12 mmol gcat�1 s�1 bar�1 2750 21.94
K¼ 1.92 bar�1
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with a relatively high activation barrier (Wu et al., 2004;
Michaelides and Hu, 2001).

Fig. 4 compares the experimental and calculated WGS reaction
rates of assume models. In this figure, R2 is a parameter for
Fig. 4. Comparison between calculated and experimental CO2 flow rates. R2¼1�
(Residual sum of squares)/(Corrected sum of squares).

Fig. 5. Comparison between calculated and experimental CO2 flow rates by WGS I
model at various temperatures. R2¼1� (Residual sum of squares)/(Corrected sum of
squares).
discrimination of results and it is compared calculated and exper-
imental WGS reaction rates and defined as:

R2 ¼ 1�ðResidual sum of squaresÞ=ðCorrected sum of squaresÞ
(9)

According to the MARR value and weighted sum of errors
(c2-value) in Table 3, and value of R2 in Fig. 4, it can be concluded
that WGSI model is the best kinetic model for fitting from the
experimental data between three models introduced in Table 1.
From Table 3, it is also found that the elementary reaction of H2O
dissociation is not an important step in theWGS reaction under the
FTS conditions. This indicates that the kinetic methods cannot
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discriminate whether water reacts as associative or dissociative
form in the surface reaction. This conclusion is also supported by
others (Teng et al., 2005).

Reaction rate expression WGSI is similar to the optimal model of
VanderLaanandBeenackers (1999). Thismodelassumes that the rate
of theWGS reaction is determinedby the reactionof adsorbed carbon
monoxide and hydroxyl toward a formate intermediate and adsorp-
tionof COandwater to bedominated in the site balance.WGSIImodel
assumed that the rate of the WGS reaction is determined by the
reaction of adsorbed carbon monoxide and hydroxyl toward
a formate intermediate. In reaction rate expression WGSII, it is
assumed that adsorptionofCOandhydroxyl species aredominated in
the site balance which is present in the rate-determining step. From
Table 3, it should also be noted that the adsorption coefficients of CO
or CO containing intermediates, are small in comparison with the
adsorption coefficients of water or hydroxyl groups, and adsorption
coefficients of hydroxyl groups is higher thanwater.

Botes (2007) reported that WGS sites are mainly covered by
water and/or hydroxyl species in the Fe-low temperature FT
synthesis. This is different from the findings of this work. The
results of the present work shows that by increasing the temper-
ature in FT reaction the concentration of CO adsorbed on the WGS
catalytic sites was increased and must be considered in reaction
rate expression like as reported by Van der Laan and Beenackers
(2000).

3.4. Calculation of WGS activation energy

Comparison of calculated and experimental CO2 flow rates in
WGS I model at various temperatures are presented in Fig. 5. As
shown in this figure by increasing the reaction temperature, devi-
ation between predicted and experimental results is increased
because at higher temperatures FTS reaction highly depends on the
hydrogen formed by the WGS. Thus, the overall FTS reaction rate is
highly affected by the rate/extent of the WGS reaction at high FTS
conversions. Also as shown in Fig. 2, the value of h (the approach to
the WGS equilibrium) at higher temperature was increased and
WGS reaction reached to equilibrium condition.
Table 4
WGS kinetics data, obtained based WGS I model.

Catalyst kw(mmol gcat�1 s�1 bar�2) Ea (kJ)

543 K 563 K 593 K

Fe/Cu/La/Si nano struct. 0.46 0.77 1.40 59
The temperature dependence of the reaction rate constants is
evaluated according to the Arrhenius-type equation:

kwðTÞ ¼ A$expð�Ea=RTÞ (10)

Hence, a plot of ln(k) versus 1/T should give a straight line with
slope of �Ea/R. The logarithm of the rate constant (k) is plotted in
Fig. 6 as a function of reverse of temperature for catalysts. From the
slope of the curves in Fig. 6, the activation energy is determined
59 kJ/mol and listed in Table 4. Also Table 4 lists the WGS kinetic
data obtained based WGS I model. These calculated activation
energy indicate that although the WGS reaction and FTS reaction
occur on the different types of sites, both reactions will influence on
each other via the gas phase of reactants andWGS reaction is active
in FTS reaction system (Wang et al., 2003; Raje et al., 1998).

4. Conclusions

A number of LangmuireHinshelwoodeHougeneWatson type
rate equations were derived on the basis of formate and direct
oxidation mechanisms. For derivation of the rate expressions,
several assumptions were made: the WGS reaction and FTS reac-
tion are assumed to proceed on different active sites, one rate-
determining step (RDS) in the sequence of elementary WGS reac-
tions and the surface concentration of the intermediates that take
part in the rate-determining reaction is much higher than that of
the other intermediates. WGS rate expressions based on the
formate mechanism were found to provide an improved descrip-
tion of the WGS kinetic data.

These results indicate that the kinetic methods cannot
discriminate whether water reacts as associative or dissociative
form in the surface reaction and by increasing the temperatures in
FTS reaction the concentration of CO adsorbed on theWGS catalytic
sites was increased and must be considered in reaction rate
expression. These calculated activation energy indicate that
although the WGS reaction and FTS reaction occur on the different
types of sites, but these reactions will influence each other via the
gas phase of reactants and WGS reaction is active in FTS reaction
system. Kinetic experimental results show that the WGS reaction
under FTS reaction conditions is far from equilibrium.
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