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Abstract

Proper activation of Fe catalysts is an important step in determining their activity for the Fischer–Tropsch synthesis (FTS). The results of
this study reveal for the first time the effect of activation and time on stream (TOS) on intrinsic site activity and concentration of surface
intermediates during CO hydrogenation (methanation) on an Fe FTS catalyst. The catalyst was activated under identical conditions but with
different pretreatment gases: CO ([CO]), H2 ([H]), or syngas ([S]). Lifetime (τM ) and concentration of methane surface intermediates (NM)

were measured in situ using isotopic tracing (SSITKA) of CO hydrogenation under methanation conditions (H2 : CO= 10 : 1, T = 280◦C,
P = 1.8 atm). Fe phases after activation were found by XRD to be Fe0 + Fe3O4 for [H] and Fe carbides+ Fe3O4 for both [CO] and [S].
Reaction and SSITKA results showed that the rate and abundance of surface intermediates on the [H]-pretreated catalyst developed with
TOS, reaching a maximum at ca. 1 h, and then declined to steady-state values at 21 h, still significantly higher than for the other pretreated
samples. Activity was shown by SSITKA to be primarily determined by the number of active intermediates (related to the number of surface
sites). Measures (1/τM ) of the intrinsic site activity on the differently activated catalyst samples were not significantly different, suggesting
that the active sites were all identical. Given the similarity in the activity of the sites and the increase in the concentration of active sites (and
rate) of [H] and [CO] during the initial reaction period, it can be concluded that the active sites are probably on a (partially?) carburized
Fe surface.
 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Extensive phase changes of Fe Fischer–Tropsch (FT) cat-
alysts during activations and especially during FTS make Fe
the most complicated system among FT catalysts (including
Ni, Co, and Ru). The catalytically active phase of the other
metals is well known to be the metal state. Several phases of
iron have been found to coexist during the FT reaction [1–4],
including metallic Fe (α-Fe), Fe oxides, and Fe carbides [5].
The proportion of these Fe phases can be varied, depending
upon reaction conditions and activation procedures, which
determine the initial state of the catalyst before reaction.
The catalytically active phase(s) in a working Fe catalyst for
FTS has been debated extensively by researchers. The active
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Fe phases have been concluded by different researchers to
be mainly Fe oxides (especially Fe3O4) [6–10], Fe carbides
[11–14], or Fe metal [4]. However, other possible active Fe
phases have also been suggested, such as a surface phase on
Fe3O4 [15].

Due to the above complexity, investigation into the active
forms of Fe in a working catalyst requires an in situ
technique with sufficient spatial resolution. Unfortunately,
most of the techniques used to study iron catalysts in the
past, including Mössbauer spectroscopy, XRD, and XPS, are
not capable of providing such resolution [5]. The conclusion
has been reached by some [16–18] that the exact relationship
between Fe phase composition and reactivity of the catalyst
may not be able to be made.

The focus of the research reported here was on character-
izing the kinetic nature of the active sites of an Fe catalyst
pretreated in different ways. The effects of different activa-
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tions (H2, CO, or syngas) were investigated. It was also de-
sired to determine how the active sites generated changed
with reaction time on stream (TOS). Steady state isotopic-
transient kinetic analysis (SSITKA), first developed by Hap-
pel [19], Bennett [20], and Biloen [21], is a powerful tech-
nique capable of assessing the surface kinetics of catalytic
reactions in situ. Previously, this isotopic tracing technique
had been successfully used to study the product chain growth
during CO hydrogenation on Fe [22,23] and the carbon path-
ways on Fe/Al2O3 [24]. However, neither of these studies
investigated the effect of pretreatment on Fe activity. The re-
sults of this study permit us to better understand activity de-
velopment at the site level of an Fe catalyst after activation
and during FTS. By using this isotopic tracing technique, the
intrinsic site activities and concentrations of surface interme-
diates developing with TOS during Fe FTS are revealed for
the first time.

2. Experiment

2.1. Catalyst

The Fe catalyst used for this study was prepared by
precipitation and then spray drying. The relative composi-
tions by weight percentage were 100Fe/5Cu/4.2K/11SiO2.
The details of catalyst preparation have been given else-
where [25–27]. Briefly, a mixture containing the desired ra-
tios of Fe, Cu, and Si was precipitated at room temperature
with ammonium hydroxide solution. The resulting precip-
itate was filtered, washed, and then mixed with the desired
ratio of KHCO3 solution. The reslurried precipitate was then
spray dried at 250◦C in a Niro spray drier and calcined at
300◦C for 5 h in a muffle furnace. The calcined catalyst was
sieved to particle sizes between 38 and 90 µm before use.

2.2. Catalyst activation

All the gases used for this study were ultra-high-purity
grade. A 0.1-g catalyst sample was loaded into the reactor
and pretreated with either H2, CO, or syngas (H2 : CO =
2:3). Each pretreatment was carried out under identical
conditions at 280◦C for 12 h with a ramp rate of 1◦C/min
from room temperature, a gas flow rate of 5 ml/min, and a
total pressure of 1 atm.

2.3. Catalyst nomenclature

The following nomenclatures are used to refer to the
three different pretreatments and pretreated catalyst samples:
[H] for H2-, [CO] for CO-, and [S] for syngas-pretreated
samples. The original calcined catalyst is referred to as P9
to indicate that it contains 9 wt% precipitated (P) SiO2.

2.4. Catalyst characterization

A Scintag 2000 X-ray diffractometer with monochrom-
atized Cu-Kα radiation (40 kV, 40 mA) and a Ge detector
were used to determine powder XRD patterns of the acti-
vated and passivated catalyst samples. Each sample was an-
alyzed, using a step scan mode at a scan rate of 0.02◦ (2θ)

per second from 10◦ to 80◦. XRD peak identification was
done by comparison to the JCPDS database software.

BET surface areas, pore volumes, and average pore
sizes of the activated and passivated catalyst samples were
measured by N2 physisorption using a Micromeritics ASAP
2010 automated system. Each catalyst sample was degassed
under vacuum at 100◦C for 1 h and then 300◦C for 2 h prior
to each measurement.

Both H2 and CO chemisorption were done on the [H]-
and [CO]-activated Fe catalyst samples with a Micromeritics
Chemisorption ASAP 2010 automated system. H2 chemi-
sorption was performed at 35◦C following the procedure
used in Ref. [28] assuming the ratio H chemisorbed : Fe0

surface atom= 1 : 1. Prior to H2 chemisorption, the catalysts
were evacuated to 10−6 mm Hg at 100◦C for 60 min,
pretreated in flowing (50 ml/min) H2 for [H] or CO
for [CO] at 100 ◦C for 5 min, pretreated in flowing H2
or CO at 280◦C for 12 h after ramping up at a rate
of 1 ◦C/min, and then evacuated at 10−6 mm Hg and
280 ◦C for 90 min to desorb any hydrogen or CO. For
CO chemisorption, the catalyst sample was treated under the
same condition as described above prior to the measurement
but the analysis was carried out at 25◦C. It should be noted
that CO chemisorption on Fe by Emmett and Brunauer [29]
was done at−183 ◦C, assuming an average CO : Fe0

s
stoichiometry of 1 : 2. However, due to the limitation of
the Micromeritics system, chemisorption at that low a
temperature was not possible; thus, the CO chemisorption
reported in this study was done at 25◦C.

2.5. SSITKA reaction system

A schematic diagram and the detailed configuration of
the SSITKA reaction system used in this study have been
given elsewhere [30]. In brief, a quartz microreactor with
ID of 4 mm was used with a thermocouple installed on top
of the catalyst bed for temperature readings. A pneumatic
valve operated electrically was used to switch between two
feed streams into the reactor having the same flow rates but
containing different isotopic labeling of the reactant species
(12CO vs 13CO). The flow rate and pressure of the two
feed streams were maintained constant during the switching
using two backpressure regulators installed on the reactor
effluent line and a vent line. The gas lines used in the system
were designed to be as short as possible to minimize gas
phase holdup in the system. The gas lines exiting from the
reactor were maintained at 220◦C to prevent blockage by
heavy hydrocarbon deposits. The effluent gas was analyzed
by an online gas chromatograph (Varian CP-3800) and a
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Table 1
Catalyst properties after activation and passivation

Pretreatment Fe phasesa N2 physisorptionb

(after pretreatment)
BET s.a. (m2/g) Pore volume(cm3/g) Average pore size(Å)

Original calcined Fe2O3 148 0.15 40
[H] Fe0 + Fe3O4 56 0.19 129
[S] Fe carbides+ Fe3O4 58 0.14 98
[CO] Fe carbides+ Fe3O4 76 0.13 68

a Determined by XRD.
b Error= ±5% of the value measured.

quadruple mass spectrometer (Pfeiffer Vacuum) equipped
with a high-speed data-acquisition system interfaced to
a personal computer using Balzers Quadstar 422 v 6.0
software (Balzers Instruments).

2.6. Kinetic measurements

After pretreatment the catalyst bed was purged with
30 ml/min of He for 15 min while the temperature was
maintained at 280◦C. At this temperature, the reaction
mixture containing 2 ml/min of CO, 20 ml/min of H2, and
80 ml/min of He was then introduced into the reactor. The
system was pressurized to 1.8 atm and maintained at this
pressure. Step changes were made between12CO and13CO
as the reaction proceeded with TOS, without disturbing
the other reaction conditions. It should be noted that12CO
contained 5 vol% of Ar in order to determine the gas phase
holdup in the reaction system. The details for calculation of
SSITKA parameters (the average surface lifetime (τ ) and the
concentration of active surface intermediates (N)) are given
elsewhere [35].

3. Results and discussion

3.1. Catalyst properties

Table 1 shows the N2 physisorption properties and the
major phases of Fe after different pretreatments. XRD
patterns of all the catalyst samples studied are shown in
Fig. 1, with the most intense diffraction peaks for each
Fe phase evident indicated. As expected, the fresh calcined
catalyst as prepared was in the form of hematite, Fe2O3.
The major Fe phases of [H] were found to be Fe metal
and magnetite, Fe3O4, while those of [CO] and [S] were
mostly Fe carbides with only a small trace of Fe3O4 (its
most intense peak being at 2θ of ca. 35.5◦). The presence of
this small amount of Fe3O4 after [CO]-activation was even
clearer in a previous study for a different composition of
spray-dried Fe catalyst [31]. Identification of exact carbide
forms is usually difficult due to the overlapping of their
diffraction peaks [32]. For example, an intense peak between
2θ of 43◦ and 44◦ has been reported to be characteristic
of both ε′-Fe2.2C andχ -Fe5C2 [33]. Both carbide phases
have been found after similar pretreatments (although not

identical conditions) by other researchers using XRD and
Mössbauer spectroscopy [32,34]. Therefore, it is concluded
that for this study [CO] and [S] also contained a mixture of
these two carbides as majority phases after pretreatment.

BET surface area (Table 1) of the catalyst was found
to decrease by more than 50% for all pretreatments, while
the porosity remained almost unchanged. The average pore
size of the catalyst was found to be significantly larger in
all pretreated samples. These changes in N2 physisorption
properties after pretreatment for precipitated Fe catalysts
are commonly known to result from sintering of the iron
pore structure. The results for P9 are in good agreement
with our results for other precipitated Fe catalysts reported
previously [31].

Both H2- and CO-chemisorption data of [H] and [CO] are
summarized in Table 2. These measurements for [S] were
not carried out since the chemisorption system was not set
up to pretreat with syngas. As shown in Table 2, [H] had
higher values of total gas chemisorbed for both H2 and CO.
It should be noted that the total amount of H2 chemisorbed
for [H] was higher than the total CO chemisorbed. However,
[CO] was found to exhibit the opposite, with more CO being
adsorbed than H2.

3.2. Catalyst performance during methanation

Both total rate (rate of CO converted) and rate of methane
formation vs TOS of the differently pretreated samples are

Fig. 1. XRD patterns of the original calcined and differently activated
catalyst samples.
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Table 2
Chemisorption on the activated P9 catalyst

Pretreated catalyst samples CO chemisorptiona H2 chemisorptiona

Total Metal dispersionb Total Metal dispersionb

(µmol CO/g-cat) (%) (µmol H2/g-cat) (%)

[H] 26.7 2.6 41.2 4.0
[CO] 8.0 0.8 4.5 0.4

a Error = ±5% of values measured.
b Based on total Fe content in the catalyst as prepared, assuming H/Fe0

s = 1 and CO/Fe0
s = 0.5.

presented in Fig. 2. Although the same catalyst was used,
the resulting rates (total and methane formation rates) after
the different pretreatments were found to be significantly
different, indicating that the pretreatments had a significant
influence on the Fe catalyst that affected directly catalyst
performance during reaction. The methane selectivity vs
TOS of each of the differently pretreated samples is shown
in Fig. 3. The initial rates of reaction on the [H] and [CO]
activated samples (not shown in Fig. 2) were so low as to
be difficult to accurately measure. The [S] activated sample
exhibited an initial rate close to its steady-state rate, as would
be expected due to the nature of its pretreatment. The activity
of [H] increased rapidly and reached a maximum of ca.
1.4 µmol/g-cat/s within the first hour of the reaction and
then decreased more slowly due to deactivation to steady-
state operation after 13 h TOS. The activity of [H] under
these reaction conditions remained higher than that of [CO]
and [S] even at steady state. [CO] also showed an initial
increase in rate, but an order of magnitude less than [H].

Comparing the results of the different pretreatments, the
rates of [CO] and [S] were found to be very similar at
steady state. Throughout the whole course of reaction after
the initial first hour, [H] exhibited a significantly higher rate
of CO conversion and methane formation than [CO] or [S]
(Fig. 2) although its methane selectivity was found to be
significantly lower (Fig. 3). Usually, H2-pretreatment results
in less active catalysts for FTS than CO and syngas. Here,
[H] was probably more active than [CO] and [S] due to the

Fig. 2. Total rate and rate of methane formation vs TOS on the differently
activated samples.

fact that methanation conditions (H2/CO = 10) were used.
Under more typical FTS conditions (low H2/CO ratios),
H2-pretreated catalysts would be more susceptible to rapid
deactivation due to carbon deposition that would mask its
potential for high activity.

Obviously, the [S] pretreated catalyst was able to produce
a slate of products during syngas pretreatment at a H2/CO
ratio of 2/3. However, as can be seen from the various
figures, these products, some of which were undoubtedly
on the surface at the start of methanation, did not seem
to impact in any significant way the methanation reaction
that followed. The catalyst was extremely stable once the
methanation reaction was started at a H2/CO ratio of 10/1,
and the catalyst exhibited reaction stability. Only in the first
hour was there any significant change and then only about a
30% increase in activity (expected due to the higher relative
concentration of H2).

3.3. Surface reaction parameters

Steady state isotopic transient analysis (SSITKA) allows
one to measure in situ under actual reaction conditions the
intrinsic surface residence time (τ ) and the concentration of
the most active surface reaction intermediates (N ). Typical
isotopic transients collected by mass spectrometry after
isotopic switching for this Fe catalyst are shown in Fig. 4.
Surface residence time of active intermediates of a species
was calculated based on the difference between the peak
area of that species and the peak area of Ar, since Ar was
not involved in the reaction and can be used to determine the

Fig. 3. Methane selectivity vs TOS on the differently activated samples.
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Fig. 4. Typical normalized transients for the [H]-activated Fe catalyst during
CO hydrogenation.

average gas phase holdup in the entire reaction system. The
concentration of active surface methane intermediates,NM,
was determined by

NM = τMRM,

whereτM is the surface residence time for methane forma-
tion andRM is the rate of methane formation. Details about
SSITKA and the calculation of parameters can be found
elsewhere [35].

Figure 5 shows the reproducibility in measurements
of methanation rate and surface lifetime (τM) of active
intermediates to form methane for selected runs with H2
pretreated samples. The data were highly reproducible, with
the largest error inτM of ca.±0.3 s. Other runs (not shown
here) were found to have the same degree of reproducibility.
Figure 6 shows a comparison of the pseudo-first-order
intrinsic activity (kM), which is the inverse of the average
surface residence time of the surface intermediates leading
to methane (τM), with TOS for the differently pretreated
samples. A comparison of the surface concentrations of
methane intermediates (NM) with TOS is presented in Fig. 7.

Fig. 5. The reproducibility of rate andτ measurements for [H]-activated
samples.

Fig. 6. Effect of activation on the development of intrinsic site activity
with TOS.

If one compares the reaction results to the results for BET
(Table 1) one sees that the BET results do not predict catalyst
activity in any meaningful way. This is to be expected since
reaction is more affected by the phase(s) of Fe present than
by the total surface area.

It is interesting to compare the results for CO and H2
chemisorption (Table 2) to those forNM. It can easily be
seen that the number of methane intermediates is only a
small fraction of the amount of H2 or CO adsorbed. SSITKA
of methanation on Fe, Co, Pt, and Ru always determines that
the number of active intermediates (related to the number
of sites) is less than 10–15% of the number of metal
surface atoms as determined by chemisorption. This can be
explained in part by the fact that during the reaction the
rest of the surface atoms are mainly covered by CO, which
desorbs without reacting. What is not known is to what
degree these other surface atoms can also become active
sites for methanation. However, it is clear that neither H2
nor CO chemisorption predicts well the behavior of the [H]-
or [CO]-pretreated catalysts. It has been found over many
years and for many studies thatNM measured by SSITKA
provides a more direct indication than chemisorption as to
why some catalysts are more active than others.

Fig. 7. Effect of activation on the development of concentration of methane
intermediates with TOS.
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It is clear from Figs. 2, 6, and 7 that the higher activity
of the [H]-pretreated catalyst was due to having a higher
concentration of active intermediates—related to having
undoubtedly more active sites.τM measured is the residence
time of carbon leading to the formation of methane averaged
over all the sites. Consequently, the pseudo-first-order rate
constant,kM = 1/τM, is also an average value. SincekM is
equal to rate/NM, whereNM is the concentration of active
methane intermediates, it is a form of TOF, having units
of 1/s. Even though any hydrogen dependency appears in
kM rather thanNM, given the constant reaction conditions
for the differently pretreated catalyst samples studied, the
value of kM can be considered to be a measure of the
average value of site activity. While this measure of the site
activity (kM) did become slightly higher for [H] than for
[CO] or [S], the difference was relatively small. The fact that
thesekM values are so similar can be considered to indicate
that intermediate/site activities on all the variously pretreated
catalyst samples were essentially identical. This suggests
that the active sites on all the differently pretreated samples
were also essentially identical and leads one to conclude that
the active site of an Fe catalyst for FTS is unique—be it
metal, carbide, or oxide.

As seen from Fig. 7,NM of [H] increased rapidly within
the first hour TOS as the catalyst started to be carburized
once exposed to reactants. Figure 2 shows that the activity
decreased rapidly during 1–4 h TOS and then continued to
decline slowly to reach steady state ca. 20 h TOS. This de-
activation was caused by a significant loss in concentration
of methane surface intermediates (Fig. 7), while the nature
of active sites did not change significantly within that pe-
riod (Fig. 6). Although [CO] showed a small increase inkM
with TOS (Fig. 6), it was essentially constant.NM of [CO]
obviously increased during the initial reaction period (TOS
< 1 h) and was the cause of the increase in rate for that cat-
alyst sample as well. BothkM and NM of [S] were found
to be essentially constant over 21 h TOS and exhibited val-
ues similar to those of [CO] after 1 h TOS throughout the
whole course of reaction, taking into account the error of the
measurements.

Considering all these results, it can be suggested that
the active FT site is probably located on a (partially?)
carburized Fe surface. Activities of [CO]- or [S]-pretreated
Fe surfaces are lower than that of a [H]-pretreated one
due to having fewer active sites available. This is probably
due to blockage of potential active sites by carbon during
pretreatment with CO or syngas having a high concentration
of CO. However, it is also possible that less carburization
is more optimal in generating the largest concentration of
active sites.

4. Conclusion

This study explored for the first time the effect of activa-
tion and TOS on site activity and concentration of surface

reaction intermediates on an Fe FT catalyst, as determined
by SSITKA. It was found that activity was primarily deter-
mined by the number of active intermediates, which were
quite different for differently pretreated samples during the
initial stage of the reaction. However, at steady state, the con-
centration of methane surface intermediates on [CO] and [S]
were quite similar while that for [H] remained significantly
higher. [H] probably remained more active at steady state
due to the use of methanation reaction conditions, which
resulted in less deactivation. It was, thus, never exposed to
such high partial pressures of CO as [CO] or [S]. Taking into
account the error of measurement, [H], [CO], and [S] ex-
hibited essentially identical intrinsic site activity, suggesting
that the active sites on these differently activated Fe samples
were all identical. The results support an earlier conclusion
that the active sites for CO hydrogenation on Fe catalysts are
probably on a (partially?) carburized Fe surface [11–13].
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