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Although assumed to be iron carbide, the active phase of iron-based Fischer-Tropsch catalysts remains
unresolved. An important issue is the air-sensitivity of the active catalysts. In this model study, exposure
to air is prevented completely by performing both XRD and TEM-EELS in quasi in situ mode. Starting from
hematite precursors, carburized catalysts contain mainly iron carbide of as yet unknown structure and

some magnetite. The latter is not covered with amorphous carbon, whereas the carbide is covered. Car-
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burized catalysts change significantly upon (controlled or uncontrolled) air exposure. During re-oxidation
carbon is freed and deposited as a separate amorphous phase. When studying iron-based Fischer-Trop-

XRD sch catalysts, exposure to air should be avoided completely.
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1. Introduction

The Fischer-Tropsch process is the production of a high quality,
synthetic petroleum substitute by coupling carbon monoxide and
hydrogen ‘synthesis gas’ (syngas) to hydrocarbons using a catalyst.
The (simplified) reaction can be expressed as nCO +(2n+ 1)H, —
CyHzp42 + nH30. The catalysts are usually based on cobalt or iron
[1], each having its own advantages and disadvantages [2]. In this
study, we focus on iron-based catalysts. The syngas is often derived
from natural gas (e.g. by steam reforming) or from coal gasifica-
tion. Coal is an interesting raw material since very large reserves
still remain [3]. It can be used as an interim fuel source when con-
ventional oil is becoming scarce. Syngas can also be obtained by
gasification of bio-mass, making it a truly sustainable alternative.

The best catalytic performance is often obtained by starting
from iron oxide precursors prepared via precipitation [4-8] to
which different promoters are added. The most important promot-
ers include potassium and copper [4,9-15]. As the activation step
takes place inside the reactor (in situ at high temperature and pres-
sure), studying this activation process is not trivial. As a result, the
identity of the real active phase is still unknown. It is believed that
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iron carbides are the key components, being five times more active
than iron oxides [16,17]. Free carbon is thought to play an essential
part in the catalytic process [18-21]. It was also suggested that
part of this carbon could have been formed by air exposure during
sample handling prior to analysis [22].

It is known that many published ex situ characterization studies
are unsuccessful [23] since the samples are sensitive to air expo-
sure. During contact with ambient air, the catalyst is oxidized
extensively and no information can be obtained anymore on the
actual working catalyst. It was suggested that the best one can
do is to perform a passivation, which is to expose the specimen
to air under controlled conditions in order to prevent excessive
oxidation. This method has been used in detailed TEM-EELS char-
acterization studies [22,24]. Nevertheless, any oxidation (con-
trolled or not) inevitably changes the active state of the catalyst
surface under study.

To overcome this problem, (quasi) in situ measurements can
be performed, preventing exposure to air. This has been done
extensively using X-Ray Diffraction (XRD) and Md&ssbauer spec-
troscopy [16,25-27]. However, these bulk techniques lack spatial
resolution and do not necessarily give information on the catalyst
surface (which is where the catalytic reactions take place). Re-
cently, a study using in situ transmission X-ray microscopy
showed a large improvement in this respect, achieving a spatial
resolution of several tens of nm [28]. A technique that provides
very high spatial resolutions (in the nm range) is HRTEM or STEM
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in combination with EELS [29]. However, the activated or used
catalysts have to be transferred to the electron microscope with-
out exposure to air.

In our model study, the samples are mounted on a gold-palla-
dium microgrid supported on a gold grid [30], all in an Ar glove
box. The samples are transferred to the microscope in a special
protective atmosphere transfer sample holder under exclusion of
air [31]. Once the closed holder is inside the microscope, it is
opened again and the sample can be studied. Using this equipment,
no passivation is required and the catalyst surface can be studied
without having been exposed to air.

We study carburized iron catalysts using quasi in situ XRD,
TEM, and EELS. We report the effects of both controlled passivation
and uncontrolled exposure to air. Note that our carburized samples
represent catalysts after CO activation at atmospheric pressure
only. Depending on the reaction conditions, the catalyst is again
prone to changes during prolonged FT reaction [11]. This will be
the subject of a subsequent study.

2. Experimental
2.1. Catalyst preparation

A first sample was prepared by precipitating iron nitrate with
ammonia. While stirring at 70 °C, 11.2 kg 4 N ammonia was added
to a solution of 5.06 kg Fe(NO3)3-9H,0 and 14.6 kg water until the
pH reached 7.4. After filtration and subsequent washing with
demineralized water, a 5 wt% slurry was prepared by adding addi-
tional water. To this slurry, K;CO3; and Cu(NOs3),-3H,0 were added
to obtain a final catalyst loading of 0.8 wt% K,0 and 0.8 wt% CuO.
The slurry was spray-dried using a conventional spray-drier (Type
Niro SD-6.3-R equipped with a Niro FU11 rotary atomizer). Set-
tings: rotary speed = 12,600 rpm, inlet temperature = 400 °C, outlet
temperature = 140 °C. Calcination was performed using a Carbolite
HTR 11/150 rotary furnace (ramp =2°/min, final tempera-
ture = 300 °C, dwell =4 h).

A second sample was prepared in a similar way with the excep-
tion that no potassium or copper was added before spray-drying.
Instead, the equivalents of 0.8 wt% K,0 and 0.8 wt% CuO were
added after spray-drying via a two-step incipient wetness impreg-
nation using a solution of K;CO3 and Cu(NOs3),-3H,0, respectively.
Each impregnation was followed by a drying and calcination step
(drying: overnight at 120 °C, calcination: ramp = 5°/min, final tem-
perature = 300 °C, dwell =4 h).

A hematite reference was prepared by calcining the spray-dried
intermediate twice at 1000 °C (ramp = 5°/min, dwell = 10 h), cool-
ing to room temperature after each calcination step.

2.2. Carburization experiments

Catalyst activation was mimicked using a specially designed
set-up consisting of a calibrated flow meter, quartz U-tube, and
an oven. 350 mg Iron oxide catalyst precursor was sandwiched in
between quartz-wool at the bottom of the U-tube.

The carburization procedure was performed at atmospheric
pressure:

2 °C/min to 150 °C in helium (10 ml/min);

switch to carbon monoxide (5 ml/min);

2 °C/min to 270 °C;

dwell for 24 h;

switch to helium (10 ml/min);

cool down to room temperature;

the U-tube was closed and the sample was transferred to a glove
box.

2.3. Small scale oxidation/passivation experiments

The effects of oxidation were investigated using two different
methods:

1. An uncontrolled exposure to air by simply taking out the TEM
holder from the microscope after studying the carburized sam-
ples. After 2 min of exposure, the TEM holder was reinserted
into the microscope.

2. A controlled exposure to air (passivation) as indicated by Shroff
et al. [23]. We used a vacuum chamber into which we could
insert the (closed) protective atmosphere transfer TEM holder.
By lowering the pressure to 40 mbar using a turbo pump, an
atmosphere of 0.8% O, was created. The TEM holder was opened
once the chamber pressure was stable. The samples were then
exposed for 30 min at room temperature.

Note that we closed the holder again during transport back to
the TEM, so the only exposure to oxygen was inside the passivation
set-up.

By performing these treatments on the catalyst dispersed on the
TEM grid, we were able to study exactly the same areas of the sam-
ples before and after oxidation.

2.4. X-Ray Diffraction (XRD)

XRD was performed using a Bruker D8 diffractometer equipped
with a Cu Ko source. Variable (6-compensating) anti-scatter and
divergence slits were used. Rietveld refinement was performed
using the GSAS software package [32].

The carburized samples were measured quasi in situ under
nitrogen using a special dome (Bruker AB100B36). Unfortunately,
the subsequent passivation of these samples proceeded in a less
controlled manner than originally planned. TEM-EELS analysis of
these samples (not shown) shows similar results compared to
other properly passivated samples, so we consider these samples
as passivated properly.

2.5. TEM-EELS

The samples were examined using a FEI Tecnai F20 TEM
equipped with a Field Emission Gun (FEG), a Gatan 4k x 4k ultra-
scan camera, and Gatan Image Filter (GIF), operated at 200 kV.
The EELS edges were quantified by integration of the peak areas
as described by Mitchell [33]. We used the peak areas to determine
the valence states of the iron species and to calculate iron/oxygen
ratios, which is a semi-quantitative way to determine the relative
degrees of oxidation. By performing Fourier Transforms using Dig-
ital Micrograph 3.1™, we were able to determine the lattice spac-
ings. Special carbon-free TEM grids were used to minimize
interference [30].

3. Results and discussion
3.1. The oxidic catalyst precursors

XRD results of the calcined oxidic precursors prove that hema-
tite (Fe,03) is the main crystalline phase present (not shown). TEM
images show spherical/elliptical crystallites with sizes of about 5-
50 nm. At higher magnification lattice spacings can be observed,
consistent with the d-spacings of hematite [JCPDS#33664]. By cal-
culating the L3/L, ratios (area/area) from EELS data (not shown),
the oxidation state of the iron can be determined [24]. We found
Ls/L, ratios of 5.7, 5.8, and 5.4 for both samples and the hematite
reference, respectively. This proves that the iron in all samples is
Fe(Ill), consistent with the hematite structure.
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3.2. The carburized samples oxygen (gray line). No hematite is found anymore. Magnetite
(Fe304) is clearly present in both samples, albeit as a minor phase.
A typical XRD pattern of a carburized sample is shown in Fig. 1a. The scan is dominated by signals from a poorly crystalline iron car-

(black line) together with a scan of the sample after exposure to bide phase characterized by diffraction lines at 39.2°, 41.0°, 43.5°,
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Fig. 1. Powder XRD patterns after carburization (black line) and passivation (gray line). Arrows indicate diffraction lines due to magnetite.

Fig. 2. TEM images of carburized samples. The area highlighted in (a) is magnified in (b). The white arrows show the clean iron oxide surface; the black arrows show carbon
layers; and the dotted arrows indicate the areas used for FFT analysis.
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46.8°, 58.5°, and 67.7° 20 (d-spacings of 2.30, 2.20, 2.08, 1.94, 1.58,
and 1.38 A, respectively). Upon oxidation this phase decreases in
intensity, while the background is enhanced by a substantial
amount of amorphous halo.

Crystal structures are known for ¢'-Fe, ,C, y-FesCs,, e-FesC, and
Fe;C5 [34], n-Fe,C [35], 6-Fe3C [36], Fe4C [37] . However, none of
these structures yield a simulated pattern corresponding com-
pletely to the XRD pattern obtained here. Datye et al. published a
pattern that appears to be similar to our data [38], explaining the
differences as due to severely faulted y-FesC,. Likewise, Jin [39]
provides powder XRD patterns of iron carbides in which this phase
appears to be present (among other phases). He too suggests that
the signal is due to y-FesC,. In our case Rietveld refinement, using
magnetite and x-FesC, as phases for the simulation, could not give
a satisfactory match. An unrealistic shape of the fitted background
is obtained due to several intense lines of y-FesC, inevitably
becoming very broad to match the observed scan, which is neces-
sarily compensated for by the fitted background.

Different iron carbides can be formed with varying iron to car-
bon ratios [40,41], its formation depending on both the nature of
the catalyst and the reaction conditions [18]. Based on the data
we have, no conclusions can be drawn about the structure we ob-
tained under our (atmospheric pressure) activation condition. We
hope to resolve this matter by means of electron diffraction in
the near future.

Typical TEM images of the carburized samples are shown in
Fig. 2a-d. Note that the specimens were carefully transported un-
der inert to avoid oxidation. In addition we adapted methods to en-
sure that no external contaminations (including carbon pick-up)

Table 1
FFT results and phase assignments.

occur [30]. The morphology of the oxidic precursor changed com-
pletely upon carburization. The spherical/elliptical crystallites be-
come much more irregularly shaped and different crystalline
phases are observed. Also, small amounts of graphitic and amor-
phous carbon are detected. By performing Fourier Transforms of
the crystalline areas we are able to distinguish between iron oxide
and iron carbide species. The areas used for these calculations are
indicated [-V in each image; the results are shown in Table 1. Spac-
ings around 2.1 A cannot unambiguously be assigned to magnetite
(2.10 A) or iron carbide (2.08 A). In some cases, the spacings be-
tween 3.9 and 4.1 A are found which we cannot yet assign to a spe-
cific phase. A detailed electron diffraction study will be undertaken
in the near future to identify this unknown phase. EELS data (not
shown) confirm the XRD findings. The L3/L, ratios (area/area) de-
crease from about 5.8 to 2.9, showing the iron species to be re-
duced to either metallic iron or iron carbides.

Different carbon layers are highlighted with black arrows in
Fig. 2b-d. The white arrows show the magnetite crystallites with-
out any carbon layers. Our data show that amorphous carbon is
present after the carburization but that these deposits reside on
the carbide phases and not on the magnetite. This is consistent
with the work of Shroff et al. [42] although no explanation was gi-
ven at the time. Bukur et al. [43] assumed that a Boudouard reac-
tion is responsible for the carbon deposits while more recently, Jin
et al. [24] suggested that an excess of carbon from the iron-carbide
phases can precipitate on the particle surface during cooling of the
sample prior to analyses. In other words, the carbon layers may not
even be present under reaction conditions. Overall, the exact
mechanism is still unclear but we hope to elucidate this issue in

Corresponding figure Area Spacing (A) Corresponding °20 Assignment based on XRD data Carbon layer present
3b 1 2.50 353 Magnetite No
1l 2.33 38.0 Iron carbide Yes
II 2.27 39.0 Iron carbide Yes
Il 2.36 375 Iron carbide Yes
11 2.05 43.2 Iron carbide/magnetite Yes
111 2.06 42.8 Iron carbide/magnetite Yes
11 1.97 44.8 Iron carbide Yes
11 3.94 225 Unknown Yes
v 294 30.1 Magnetite No
\% 2.06 42.9 Magnetite/iron carbide Yes
\'% 1.96 45.0 Iron carbide Yes
\'% 2.09 42.3 Iron carbide/magnetite Yes
3c 1 2.13 414 Magnetite/iron carbide Yes
1 2.48 35.7 Magnetite Yes
1 221 40.0 Iron carbide Yes
1 1.91 46.3 Iron carbide Yes
1 2.13 414 Magnetite/iron carbide Yes
1I 2.13 415 Magnetite/iron carbide No
Il 3.98 222 Unknown No
Il 2.44 36.2 Magnetite No
II 2.80 31.5 Magnetite No
II 2.47 35.8 Magnetite No
11 4.12 215 Unknown No
3d 1 2.44 36.2 Magnetite No
Il 2.87 30.8 Magnetite No
11 2.95 30.0 Magnetite No
111 2.52 35.1 Magnetite No
111 2.06 42.9 Magnetite No
111 2.47 35.8 Magnetite No
11 4.83 183 Magnetite No
v 1.90 46.5 Iron carbide Yes
v 2.15 41.0 Iron carbide Yes
v 2.14 41.2 Iron carbide Yes
7c 2.89 30.5 Magnetite No
7d 147 60.1 Magnetite Yes
2.89 30.6 Magnetite Yes
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the near future by performing in situ TEM-EELS carburization
studies.

3.3. Uncontrolled oxidation

In 1996, Shroff published a paper entitled ‘The importance of
passivation in the study of iron Fischer-Tropsch catalysts’ [23]. It sta-
ted that uncontrolled exposure of activated iron-based FT catalysts
should be avoided. Subsequently, several other research groups
have adapted passivation procedures, such as Mansker et al. [44].
Our data confirm the detrimental effect of uncontrolled exposure
to air, although we observe similar detrimental phenomena after
passivation (vide infra).

We transferred a carburized catalyst under inert as explained in
Section 3.2 (Fig. 3a). Following detailed TEM-EELS study, this cata-
lyst was exposed to oxidation in an uncontrolled manner while
present on the TEM grid (Fig. 3b). The data (of the same area of
the catalyst) show that the morphology changed completely. Many
crystallites disappear after exposure to air and regroup into com-
pletely different particles, indicating that the oxidation is not lim-
ited to a surface layer. EELS data of the same area are presented in
Fig. 4a-c. The edge intensities are normalized to the total iron edge
area, allowing quantitative comparison. Fig. 4a shows that the iron
L3/L, ratio (area/area) increased from 2.9 to 3.8; and Fig. 4b shows

20 nm

#
4

that the Fe/O ratio (area/area) decreased from 11.3 to 7.2. Both
observations prove that the sample has been oxidized.

The carbon K-edges (Fig. 4c) show a change in the * to ¢* ratio
after oxidation. The higher ¢* peak indicates a more amorphous
character, similar to the amorphous carbon reference. The increase
in total peak area after exposure to air suggests that the relative
amount of carbon has increased. This increase is caused by mobile
carbon species freed from all over the sample, migrating to the area
under observation and decomposing there under the electron
beam, forming amorphous carbon. Although the exact nature of
the mobile carbon species is unclear, this effect is consistent for
all re-oxidized samples described in this paper (including the pas-
sivated ones). Due to the instability of the samples after exposure
to air, accurate measurements become increasingly difficult. Since
the species are mobile and decompose under the electron beam,
the carbon build-up during the TEM-EELS measurements is consid-
erable (not shown). We confirmed that the TEM grids themselves
show no contamination at all even after prolonged exposure to
ambient air [30], making it highly unlikely that this contamination
is introduced by adsorption of hydrocarbons during air exposure.
To exclude other side effects, we also measured the areas that
had not been exposed to the electron beam prior to exposure to
air, obtaining identical results. In other words, the carbon build-
up we observed is not induced by the electron beam before air

20 nm

Fig. 3. TEM images of the same area showing a carburized sample before (a) and after (b) uncontrolled oxidation.
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Fig. 4. EEL spectra showing the iron, oxygen, and carbon edges before (black) and after (gray) uncontrolled oxidation. (c) Shows an amorphous carbon reference (dotted line;

for illustrative purposes only).
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exposure. Therefore, these mobile carbon species are formed dur-
ing exposure to air. The carbon is freed from the iron-carbon spe-
cies as was proposed by Graham et al. [22]. The exact nature of
these mobile carbon species is not yet known but will be studied
in more detail.

3.4. The effect of passivation

As explained previously, iron oxide particles are still observed
in carburized samples, without any carbon layers present at their
surface. Passivation induces changes, although the effects are more
subtle than after uncontrolled exposure to air. Apart from an over-
all thickening of the carbon layers that were already present before
exposure, all iron oxide particles are now also covered with carbon
layers (compare Fig. 5a with b and c with d). This is especially clear
at higher magnification as shown in Fig. 5a, b and Table 1 (summa-
rizing the corresponding FFT results).

EELS data show that the carbides have been oxidized after pas-
sivation. Fig. 6a-c shows the iron-, oxygen- and carbon edges of the
particle indicated by a circle shown in Fig. 5c and d. The L3/L, ratio
(area/area) of the iron edge has increased from 2.6 to 4.3 after pas-
sivation. In addition, the Fe/O ratio (area/area) changed from 11.7
to 0.6.

Before passivation, the carbon K-edge (Fig. 6¢; black line) shows
a relatively high m*-line compared to the *-line. This is a confir-
mation of the carbidic character. The shape of the edge suggests

that some graphitic carbon might be present as well. This effect
has been described before [24]. After passivation, the amount of
carbon has increased considerably as explained before. Mobile car-
bon is freed from the iron carbide phase and the crystallinity of the
carbon decreases.

Amorphous deposits on the iron species have been described
extensively. It is undisputed that such layers can be formed during
carburization [42,43,45] but also during the Fischer-Tropsch syn-
thesis (related to deactivation) [18]. However, Graham et al. [22]
stated that passivation of iron carbide could also result in the depo-
sition of carbon if the only reaction with oxygen was to produce
Fe30,4 and Fe,05. In other words, they suggest that the layered car-
bon that is found on iron carbides as well as iron oxides might par-
tially be an artifact of exposure to air. Our data confirm these
suggestions.

Our findings agree with those of Shroff et al. [42] who found
that carbide particles were covered with a surface film of carbon
while the magnetite surface was clean. He found that these surface
films are formed during a Fischer-Tropsch reaction. However, we
observed these carbon layers already directly after the CO activa-
tion procedure so without the need to passivate or perform any
Fischer-Tropsch reaction. This contradiction might be explained
by the much shorter activation times applied by Shroff; viz. 2 h
compared to 24 h for our samples. In fact, Shroff hardly found
any carbide formation after 2 h of CO activation. It seems likely
that the catalyst was still being carburized while exposed to a

20T
 S—

200 syl

Fig. 5. TEM images before (a, c) and after (b, d) passivation. Changes are indicated with white and black arrows before and after passivation, respectively.
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Fig. 6. EEL spectra showing the iron, oxygen, and carbon edges before (black) and after passivation (gray). 6¢ also shows an amorphous carbon reference (dotted line; for

illustrative purposes only).

syngas mixture, and the carbon deposits were formed via the Bou-
douard reaction.

Note that we see a substantial increase in carbon layer thick-
ness after passivation. It is difficult to ascertain the exact catalyst
surface from published data obtained for samples that have been
exposed to air.

4. Conclusions

Carburization of iron Fischer-Tropsch catalysts in CO yields a
mixture of different phases. XRD and TEM-EELS show that the pre-
cursor hematite is reduced to magnetite and iron carbide. The
reduction of iron is clearly seen from the lower Ls3/L, edge ratio
(about 3.0 for iron carbide compared to 5.4 for hematite and mag-
netite). XRD shows mainly iron carbide with an unknown structure
to be present next to magnetite. TEM results show that after carbu-
rization carbon layers are present but reside predominantly on
iron-carbide species and not on iron oxide species.

Exposure to air leads to re-oxidation of the iron carbides. This is
evident from the increase in EELS L3/L, iron edge ratios and the de-
crease of the total iron to oxygen ratio. After exposure to air, the
iron oxide species are covered in amorphous carbon. We believe
that during re-oxidation, carbon is freed from its solid solution in
iron or iron carbide and deposited as a separate amorphous phase.
Additional research is required to determine the exact nature of
these mobile carbon species. Nevertheless, our data show that
the carbon surface layers can change, or even form, during expo-
sure to air.

Overall, activated iron-based Fischer-Tropsch catalysts are very
air-sensitive. Even after careful passivation the catalyst surface
changes significantly and does not represent the actual catalyst
surface anymore. When studying these catalysts, any exposure to
air should be avoided.
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