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Temperature-programmed reduction using both carbon monox-
ide (CO-TPR) and hydrogen (H2-TPR) was used to study the
phase transformations in iron catalysts. High-resolution transmis-
sion electron microscopy (HRTEM) and X-ray diffraction (XRD)
allowed us to follow the phase transformations in these iron cata-
lysts during TPR. Two catalysts were used, a model supported cata-
lyst with a nonporous silica support and a precipitated catalyst with
no support. Under identical CO-TPR conditions, the supported and
unsupported iron catalysts behaved very differently. For the sup-
ported catalyst, three stages of phase transformation could be iden-
tified: hematite to magnetite, magnetite to iron carbide, and in the
third stage significant carbon deposition accompanying further car-
burization. No carbide formation or significant carbon deposition
was observed in the unsupported Fe catalyst, due to the presence
of S impurities in the unsupported catalyst. Most importantly, the
results show that carbon deposition occurs in parallel with carbide
formation, no carbon being seen in the catalyst that was not car-
bided. In these catalysts, copper facilitates the reduction of iron
oxide, especially the transformation of hematite to magnetite. Seg-
regation of copper from iron oxide causes the hematite to magnetite
transformation to shift to higher temperatures. No interfacial Fe—
SiO; phases could be detected during both CO-TPR and H,-TPR.
The major role of the silica support is to prevent the sintering of the
Fe phases. (© 2000 Academic Press
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INTRODUCTION

The Fischer-Tropsch synthesis (FTS) for the production
of liquid hydrocarbons from coal-based synthesis gas has
been the subject of renewed interest for conversion of coal
and natural gas to liquid fuels. The use of iron-based cata-
lysts is attractive due to their high FTS activity as well as
their water—gas shift reactivity, which helps make up the
deficit of H, in the syngas from modern energy-efficient coal
gasifiers (1). The catalyst for the slurry bubble column re-
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actor is precipitated iron oxide which is spray-dried to yield
particles with diameters of 30-70 xm. One major limitation
of iron-based catalysts is that they tend to undergo attrition
during use, as has been described in previous work from our
laboratory (2-5). Therefore, a catalyst support/binder is an
essential structural additive for iron-based FTS catalysts
to improve catalyst attrition resistance and the aging char-
acteristics of the catalyst. Many advantages of supported
iron catalysts, such as improved catalyst stability, decreased
deactivation rate, and improved selectivity, have been re-
ported in previous work (6-8). Nevertheless, catalysts con-
taining a binder or support usually suffer from lowered FTS
activity both in the fixed-bed reactors (7) and in the slurry
reactors (8).

The lower activity of supported Fe catalysts has been
attributed to the effect of metal-support interactions
(6-8) that affect the reducibility of the iron phase. The ob-
jective of this work was to investigate the nature of these
metal-support interactions. It has been proposed that an
FeO phase is stabilized on the support, while no such phase
is seen in unsupported catalysts (9-11). In the work of
Boudart et al. (9), the existence of an FeO-MgO phase was
based on X-ray diffraction and Mossbauer spectroscopy.
Kock et al. (10) inferred the presence of FeO on the basis of
a decrease in the saturation magnetization of the Fe/MgO
or Fely-Al,O3 catalysts after reduction beyond 645 K when
Fe;0, starts to transform into FeO. It was reasoned that if
either an «-Fe or Fe,C carbide phase had formed, there
would have been an increase in magnetization upon fur-
ther reduction. One problem with any analysis based on
magnetic properties or from X-ray diffraction is the depen-
dence on particle size. It is known that small particles of
a-Fe below 6 nm show superparamagnetic behavior, mak-
ing them difficult to detect in zero-field Mdssbauer spectra
at room temperature (11). Small «-Fe particles yield a dou-
blet that is similar to that obtained from Fe?* at room tem-
perature. It is only after application of a strong magnetic
field that these two species can be resolved. Furthermore,
XRD is not sensitive to dispersed phases due to excessive
peak broadening and both Mdssbauer and XRD suffer from

lack of spatial resolution.
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Fe catalysts during FTS contain multiple phases with dif-
fering size and morphology. Detailed localized information
about phase distribution and phase evolution will be help-
ful in understanding the nature of the metal-support inter-
action, especially for multicomponent systems. The most
commonly used method to study catalyst reducibility and
metal-supportinteractions is temperature-programmed re-
duction (TPR). However, many factors influence the loca-
tion of peaks during TPR, making the assignment of TPR
peaks difficult. A suitable method to follow phase transfor-
mations accompanying the TPR process is essential. In this
work we have used high-resolution transmission electron
microscopy (HRTEM) to follow the phase transformations
during TPR. As demonstrated recently, HRTEM can be
successfully used to identify different kinds of iron carbides
inworking iron FTS catalysts removed from slurry reactors
(12, 13). Recent activation studies (14, 15) on unsupported
iron catalysts show that CO activation can lead to high-
activity iron catalysts. Since the formation of iron carbides
appears to be essential for development of high FTS activ-
ity, the reducibility under CO environments is most rele-
vant for evaluating the effects of iron—support interactions
on Fischer=Tropsch reactivity.

In a previous study (10), the authors came to the surpris-
ing conclusion that iron carbide did not form when Fe/y-
Al,O3 was reduced in CO while 6-carbide formed at these
temperatures on an unsupported Fe catalyst. To examine
the role of the support, we have contrasted the behavior
of two catalysts: a model catalyst where Fe was supported
on Stober silica microspheres, and an unsupported catalyst
previously used in slurry bubble column reactor tests. High-
resolution transmission electron microscopy (HRTEM)
and XRD were used to monitor iron phase evolution during
CO-TPR and H,-TPR. The specific objective was to follow
phase changes in iron species during the reduction process,
and to evaluate the possible formation of interfacial phases
as a possible cause of metal-support interactions.

EXPERIMENTAL

Catalyst Preparation

Two catalyst samples were studied in this work. The un-
supported catalyst was prepared by United Catalysts Inc.
for the U.S. Department of Energy (DOE) by precipitation
and spray drying. The nominal composition was 88.95 wt%o
Fe;03, 11 wt% CuO, and 0.05 wt% KO (3). The supported
catalyst was prepared by incipient wetness impregnation.
In order to simplify analysis for TEM, we used 270-nm-
diameter nonporous St6ber silica spheres (16) as a model
support. While this is not a typical support used in industry,
the simple geometry of this support facilitates TEM analy-
sis and allows us to see the formation of interfacial phases,
if any. The precursors (Fe(NO3)3, Cu(NO3),, K,CO3) were

mixed in an aqueous solution and allowed to contact the
silica support. The mixture was evaporated to dryness in
a rotary evaporator at around 80°C. The sample was then
dried in an oven overnight at 100°C. The composition of
this as-prepared catalyst was 20.0 wt% Fe, 0.9 wt% Cu, and
1.1 wt% K as measured by atomic absorption (AA) spec-
troscopy. Aliquots of the catalyst samples were calcined
in air at 300°C, 430°C, and 500°C for 1 h each before be-
ing subjected to TPR experiments. After the TPR run was
complete, these samples were reoxidized with 5% O in
helium at a temperature ramp of 10°C min to 500°C and
held at that temperature for 1 h.

Temperature-Programmed Reduction (TPR)

The temperature-programmed reduction experiments
were performed in a conventional atmospheric quartz flow
reactor (3 mm i.d.). A flow of 10% CO in He or 10% H, in
Ar, maintained at a flow rate of 20 sccm, was used as the re-
ducing gas. CO or H; consumption was monitored by mea-
surement of the thermal conductivity (TC) of the effluent
gas on a Varian 3400 GC. An in-line ascarite (in the CO-
TPR mode) or drierite (in the H,-TPR mode) trap, located
between the reactor and the thermal conductivity detector,
was used to continuously remove carbon dioxide or water
produced during reduction. Typically, a 20-30-mg catalyst
bed was mounted in the U-shaped quartz reactor and was
precalcined in situ. In all the TPR runs, a ramp of 10°C/min
was used. After the first TPR, the sample was purged with
He, cooled to room temperature in He, and reoxidized by
temperature-programmed oxidation in a flow of 5% O, in
He using a temperature ramp of 10°C/min. The second run
TPR was then performed for the reoxidized catalyst sam-
ple. The temperature at the peak maximum (Tmax) and the
temperature at the peak onset (Tonset) in TPR profiles were
used as measures of the reducibilty of these iron catalysts.

Transmission Electron Microscopy (TEM) Measurements

In order to identify each peak in the TPR profiles, the
TPR runwas repeated under conditions identical to the first
run, but after the TPR peak of interest, the run was aborted
by switching the reducing gas flow to helium. The sample
was purged with helium at that temperature for 30 min, and
then cooled to room temperature. The sample was care-
fully passivated and collected for TEM and XRD measure-
ments. TEM measurements were performed on a JEOL
2010 HRTEM with a point resolution of 1.9 A. In order to
avoid possible contamination, the sample powder was di-
rectly mounted on the TEM grid without using any solvent.

X-Ray Powder Diffraction (XRD) and BET
Surface Area Measurements

The XRD measurements were carried out on a Scin-
tag PAD-V powder X-ray diffractometer, equipped with a
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TABLE 1

BET Surface Area of Iron Catalysts under Different Treatments

Sample Treatment BET area (m?/g)
UCI unsupported catalyst As received 36
300°C,1h 35
300°C,5h 8
500°C, 1 h 15
CO-TPR to 320°C 22
CO-TPR to 500°C 6
Stober silica spheres As prepared 9
Supported catalyst As prepared 24
CO-TPR to 300°C 22
CO-TPR to 500°C 21

CuKa source. All diffraction patterns were recorded in the
step-scan mode with a step size of 0.04 deg/step and a scan
rate of 0.4 deg/min. The BET surface areas of catalysts were
determined via nitrogen adsorption, using a Micromeritics
Gemini 2360 surface area analyzer. Before each measure-
ment, the sample was purged with UHP nitrogen at 120°C
overnight. Results of BET surface area measurements for
the iron catalysts after different treatments are listed in
Table 1.

TPR Quantitation

The TPR profiles are quantified by integrating the peak
areas. In many cases, the TPR peaks corresponding to trans-
formations of CuO — Cu and Fe,O3; — Fe;O4 were found
to overlap. Therefore, the combined area of these peaks was
used for comparison. Table 2 gives relative amounts of the
calculated and measured CO and H; uptakes for the reduc-
tion of magnetite to «-Fe or to iron carbide compared to the
area of the first set of peaks (CuO — Cu + Fe;O3 — Fe3Oy)
during CO-TPR and H,-TPR.

TABLE 2

Ratio of TPR Peak Area for the Magnetite Reduction
Peak to the Sum of the Peak Areas for Reduction of
CuO — Cu and Hematite — Magnetite

Sample Peak area ratio
UCI catalyst (calculated) 4.5
UCI H,-TPR, 1st (300°C calcined) 4.0
UCI H,-TPR, 1st (500°C calcined) 4.4
UCI H-TPR, 2nd 3.7
UCI CO-TPR, 1st 5.6
Supported catalyst (calculated) 6.0
Supported H,-TPR, 1st (300°C calcined) 6.7
Supported H,-TPR, 1st (500°C calcined) 6.9
Supported H,-TPR, 2nd 5.4

Supported CO-TPR, 1st (as prepared) 19.8

Note. The first row shows the calculated uptake ratio.

RESULTS AND DISCUSSION

H,-TPR of the Unsupported Iron Catalyst

Figure 1 shows the H,-TPR profiles of the unsupported
catalyst after being calcined in air at (a) 300°C, (b) 430°C,
and (c¢) 500°C for 1 h, respectively. Curve d is the second-
run H,-TPR profile of the same sample as that in (a) after
oxidation at 500°C. Samples collected for XRD and TEM
measurements were indicated on these TPR profiles by ar-
rows. For a, b, and c in Fig. 1, the first peak is broad and
appears to represent several overlapping peaks. Both TEM
and XRD measurements (not shown here) indicate that
crystalline Cu metal and Fe3O4 are the only phases present
in samples removed after the first set of overlapped peaks.
This implies that these overlapped peaks can be related to
the phase transformations: CuO — Cu and Fe,O3 — Fe30,.
The last broad peak on the TPR profile corresponds to
the phase transformation of Fe;04 — «-Fe as confirmed by
XRD. The large peak width for the Fe;O4 — «-Fe trans-
formation indicates this is slow process, which is consistent
with the literature (14).

Figure 1 shows also how the catalyst pretreatment influ-
ences TPR peak positions. The first overlapped set of peaks
becomes better defined with increasing calcination temper-
ature (curves a, b, and c). When the catalyst was subjected
to 500°C oxidation after the first TPR and a second-run
TPR was performed (curve d), the nature of the first peak
changes significantly. The broad peak seen in Fig. 1a has
been replaced by a smaller peak at the same position and
a new peak that is symmetrical occurs at a higher tem-
perature. The large peak representing the FesO4 — a-Fe
phase transformation seems to be unaffected by any of
these pretreatments. Oxidation of the sample after the

3
«
1
E
a
B v
g
£ b
1]
<
>
==
c
d
25 100 200 300 400 500 held @ 500°C
Temperature (°C)
FIG. 1. Precalcination effects on the H,-TPR profile for the unsup-

ported catalyst. Arrows show where sampleswere removed for microstruc-
tural analysis: (a) 300°C x 1 h, (b) 430°C x 1 h, (c) 500°C x 1 h, (d) second
run after completion of run (a) and catalyst reoxidation at 500°C.
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first TPR (curve d) therefore does not affect the nature
of the Fe3O4 — a-Fe phase transformation. However, the
CuO — Cu and Fe;O3 — Fe304 phase transformation tem-
peratures are affected by calcination and oxidation as dis-
cussed below.

Reduction of iron oxides in hydrogen (H,-TPR) of both
unpromoted and Cu-promoted catalysts has been reported
(10, 17, 18). It was found that in the promoted catalyst, the
reduction of Fe,O3 occurred simultaneously with the CuO
at atomic ratios of Fe : Cuup to 60: 40 (18). At higher ratios,
two distinct peaks could be seen, one near the CuO-Cu re-
duction temperature and the other at a higher temperature
corresponding to the reduction of unpromoted Fe,O3. The
promotional effect of Cu was attributed to its ability to dis-
sociate H; and provide a source of atomic H to assist in the
reduction of Fe,Os. In our TPR data, we see a set of over-
lapped peaks at calcination temperatures up to 500°C. This
implies that the CuO is well mixed with the Fe,O3 phase. No
separate CuQ diffraction peaks can be seen in this the fresh
sample by XRD. After TPR and oxidation, in the second-
run TPR, we now see two distinct peaks (curve d). The first
of these peaks is broad and looks very similar to the first
peak seen in curves a—c. The second peak is more symmet-
rical and occurs at higher temperatures. We attribute the
first peak to the reduction of a mixed CuO-Fe;O3 phase
while the second one represents Fe,O3 that has phase seg-
regated. This phase segregation must occur during the first
reduction since XRD of the catalyst after the first TPR (not
shown) indicates the presence of well-defined Cu metal and
Fe metal peaks. After oxidation, the Cu and Fe oxides must
remain segregated; hence the reduction peaks for the Fe ox-
ides shift to higher temperatures. It therefore appears that
for CuO to serve as a promoter, intimate contact with the
iron oxides is essential.

H,-TPR of the Supported Iron Catalyst

Figure 2 shows the H,-TPR profiles of the supported cata-
lyst. Three peaks are present in the TPR profiles. Curve a
corresponds to the first run which was performed after a
300°C calcination. Curve b represents the second run after
a500°C oxidation at the end of thefirstrun. Curvecisa TPR
profile of supported copper oxide. Since the first two peaks
are close to each other, we could not collect catalyst samples
after the first peak in the TPR profiles a and b. After the
second peak, both TEM and XRD show that the iron oxide
has been reduced to magnetite. Due to the small amount of
Cu present in the supported catalyst, no distinct Cu metal
peak could be detected by X-ray or electron diffraction.
Figure 3a shows a low-magnification view of an iron-rich
region in the catalyst collected after the TPR run to 314°C.
The inset diffraction pattern conclusively shows that the
iron phase is magnetite.

From the TPR profile we can see that the ratio of the area
of the first TPR peak to that of the second one changed sig-
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FIG.2. H,-TPR profiles of Fe-supported iron catalysts: (a) Fe/SiO;

first run, (b) Fe/SiO; second run, and (c) 10 wt% Cu/SiO,.

nificantly after the first-run TPR. Since this sample contains
0.9 wt% copper compared to 20 wt% Fe, the calculated hy-
drogen uptake for CuO — Cu should be only one-third of
that for Fe,O3 to FesO4 (H — M). In fact, the first peak is
larger than the second, which means we cannot attribute the
first peak to the CuO — Cu reduction. The reduction tem-
perature of a silica-supported copper oxide occurs at sig-
nificantly lower temperature, Tonset = 150°C (Fig. 2¢) com-
pared with Topser = 180°C for the first peak in Fig. 2a. The
higher reduction temperature for the first peak compared to
that for the CuO — Cu transformation indicates that cop-
per is well mixed with iron. In agreement with the behavior
of the unsupported catalyst we can suggest that the first
peak represents reduction of CuO well mixed with Fe;0s,
while the second peak corresponds to the Fe,O3 — Fe3Oq
reduction. In the second-run TPR profile, we can see that
the ratio of the peak areas of the first two peaks has changed
significantly. The second-run TPR shows increased sepa-
ration between these two peaks, suggesting that some of
the Cu may have segregated and is not able to facilitate
the reduction of Fe,O3; — Fe3O4. This segregation must oc-
cur during the first TPR when the iron oxide is reduced to
metallic Fe.

The last broad peak corresponds to the transformation
of magnetite to «-Fe. Figure 3b is a typical TEM image at
low magnification showing the morphology of the catalyst
after the complete Ho-TPR run. The porous morphology
of the iron oxide is now lost and instead we now see dense
metallic particles of «-Fe.

All the characterization methods used in this study,
TPR (Table 2), XRD, and TEM, demonstrate that the as-
prepared supported iron catalyst is reducible to a-Fe af-
ter a complete H,-TPR. This conclusion is based on the
absence of diffraction due to crystalline silicate phases or
to the suboxide FeO. While previous work (9, 10) has im-
plied that iron supported on silica is harder to reduce, the
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silica support
o-Fe

FIG.3. TEM images of the Fe-supported catalyst during H,-TPR: (a) after H,~TPR to 314°C and (b) after a complete run to 500°C.

presence of Cu helps achieve complete reduction. An
SMSI-like decoration has also been suggested as a possi-
ble mechanism for the interaction mechanism for silica-
supported iron oxide (10). We are uniquely equipped to
address this latter mechanism since we used nonporous
Stober silica microspheres as support. The nonporous silica
permits imaging of the metal surfaces and metal-supportin-
terfaces. Figure 4 is a typical high-magnification image of an
edge-on metal particle. We can see a metal particle of iron
surrounded by a layer about 3 nm thick that shows a lighter
contrast. We have shown in previous work (23) that this sur-
face layer is magnetite formed during the passivation of the
reduced catalyst before it is removed from the microreactor
and exposed to air. The thickness of this layer depends crit-
ically on the passivation conditions. While the magnetite is
amorphous since it is formed at room temperature, expo-
sure to the electron beam during high-magnification imag-
ing in the TEM causes crystallization, upon which we can
confirm that it represents polycrystalline magnetite. Be-
sides the «-Fe and Fe;O,4 phases shown in this image, we
do not see any evidence for an Fe-silica interfacial phase.

Comparing with previous work (10, 17), where an inter-
facial phase was implicated, we can point out that a high-
surface-area silica support was used and iron oxide was
made by precipitation (FeOOH was actually the precur-
sor). In our study, the precursor hematite was made by the
decomposition of impregnated iron nitrate. Furthermore,
by using nonporous silica spheres as the model support,
we have eliminated all pores and hence the diffusion of
product water vapor is facilitated, minimizing formation of
hydrosilicates.

CO-TPR of the Unsupported Fe Catalyst

CO-TPR profiles of the unsupported iron catalyst after
calcination at (a) 300°C and (b) 500°C are shown in Fig. 5.
The other two curves in this figure show the TPR after a
500°C oxidation performed after the TPR run (a), curve c,
and the CO-TPR of the Cu/SiO; catalyst, curve d. The TPR
shows a three-peak pattern, but the peaks are better sepa-
rated than in the H,-TPR experiment, allowing us to collect
samples after each peak. The first peak must correspond to
the CuO to Cu (CuO — Cu) phase transformation since it
occurs at temperatures where the reduction peak is seen on
CuO/SiO;, (Fig. 5d). No crystalline Cu metal phase could be
detected after the first peak via XRD analysis (not shown).
After the first peak (curve b) XRD showed hematite as
the only crystalline phase detected. It is possible that the
low reduction temperature (200°C) does not allow Cu to
crystallize and form metal particles that can be detected by
XRD.

The second peak represents the Fe,O3 to Fe304 (H — M)
transformation based on TEM analysis. Results of TEM
examination of the catalyst samples after the first peak
(curve a) are shown in Fig. 7a. This sample was collected
after CO-TPR to 294°C. The inset high-resolution image
shows the (220) lattice fringes of magnetite. The BET sur-
face area was measured on a sample where the CO reduc-
tion had been carried out to 320°C (Table 1). The BET
surface areas had dropped from 36 m?/g to 22 m?/g.

No evidence of carbide formation was found for this un-
supported iron sample according to XRD (Fig. 6) and also
TEM (Fig. 7). After the first complete CO-TPR run, the
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FIG. 4. Higher manification image of the supported catalyst after a complete H,-TPR run to 500°C.

magnetite has been almost completely transformed to «-Fe
with only a very small amount of unreduced magnetite left
behind (Fig. 5a). Figure 7b shows that dense «-Fe particles
coexist with some unreduced magnetite particles, which is
consistent with the low surface area, and the X-ray diffrac-
tion powder profile. For the second-run CO-TPR, it took a
very long time for the TPR peak of M — «-Fe to go back to

Carbon monoxide uptake(a.u.)

300

500 held @ 500°C
Temperature(°C)

400

FIG.5. Calcination effects on CO-TPR profiles for the UCI unsup-
ported Fe catalyst: (a) 300°C x 1 h, (b) 500°C x 1 h, (c) second run after
completion of run (a), and (d) 10 wt% Cu/SiO..

the baseline. The XRD pattern for the sample taken out of
the reactor after the second-run CO-TPR and kept at 500°C
for 30 min still shows a significant magnetite content. From
the narrowing of the peak width, it is clear that all of these
three phases, «-Fe, Cu, and magnetite, increased in crystal
size after the first TPR run. The BET surface area mea-
surement in Table 1 also shows evidence for considerable
sintering, since the surface area of the unsupported catalyst
dropped to 6 m?/g after the complete CO-TPR run.
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FIG.6. XRD powder patterns of the UCI unsupported Fe catalyst
during CO-TPR: (a) after the first TPR run to 500°C and (b) after the
second TPR run.
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FIG. 7.
complete TPR run to 500°C.

Figure 5 shows that calcination causes a gradual broad-
ening of the first peak and a systematic shift of the sec-
ond peak toward higher temperature. The CuO — Cu and
H — M peaks shift in opposite directions; i.e., the former
shifts to lower temperature and the latter to higher temper-
ature. Since growth of particle size could also contribute
to a change in TPR profiles, XRD was used to check the
hematite particle size change during calcination treatments.
However, no significant changes in the peak broadening
of the XRD peaks could be observed after calcination to
500°C for 1 h. Also, no separate CuO peak could be detected
after calcination. There is, however, a drop in the BET sur-
face area after calcination indicating a possible decrease in
porosity. Calcination may also cause copper to segregate,
and therefore not be able to facilitate the H — M transfor-
mation during TPR. These observations are consistent with
the literature where it has been reported that copper (15)
facilitates the CO reduction of iron oxide.

CO-TPR on the Supported Fe Catalyst

The supported Fe catalyst was also subjected to CO-
TPR using conditions similar to those used for the un-
supported catalyst. As shown in Fig. 8, this catalyst also
shows a three-peak pattern. The very first small peak shifts
to higher temperature with increasing calcination temper-
ature. However, the other two peaks do not show a signifi-
cant change with increasing calcination temperature, even
for the second-run TPR. Except for the peak shift of the
first small peak, the second-run CO-TPR profile looks al-
most identical to the first-run profile. These results mean

TEM images of the unsupported iron catalyst in the course of CO-TPR: (a) after the H — M transformation peak (294°C) and (b) after a

that the iron deposited on the Stéber silica spheres is quite
stable to the reduction—oxidation treatments, and sintering
of iron particles does not occur in the supported catalyst.
The supported catalyst contains only 0.9 wt% copper. The
calculated CO uptake for CuO — Cu is one-third of that for
H — M. From results of the CO-TPR of the unsupported
catalyst, we would expect the CuO — Cu transformation to
occur below 200°C (Fig. 5). No peak is seen around this tem-
perature, probably because of the small amount of Cu in the
supported catalyst. We attribute the first peak at 225°C to
the H— M transformation. The second peak in the CO-
TPR of the supported catalyst can be related to the phase
transformations from magnetite to y-carbide (M — x) as

Carbon monoxide uptake(a.u.)

300 400 500
Temperature(°C)

25 100 200 held @ 500°C

FIG.8. CO-TPR profiles of Fe-supported catalyst (a) as prepared,
(b) calcined at 500°C for 1 h, and (c) second run CO-TPR after run (a).
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FIG.9. XRD powder patterns of the supported Fe catalyst during
CO-TPR: (a) after CO-TPR to 380°C and (b) after the complete TPR run
to 500°C.

described below. The XRD spectrum in Fig. 9a is the diffrac-
tion pattern of the supported catalyst sample taken after the
first CO-TPR run to 380°C (right after the second peak in
the CO-TPR profile). This diffraction pattern, which shows
a major broad peak with the maximum at 20 of 43.6°, is
similar to that of Fe carbides formed under relatively low-
temperature (190-240°C) FT synthesis conditions (19). Ac-
cording to both Méssbauer and XRD (19) analysis, this pat-
tern corresponds to a mixture of Fe carbide phases (¢ and
x): with increasing reaction temperature, the peak shifts
to higher 26 accompanying a phase transformation of ¢ to
x (19, 20). By comparing the peak maximum with that of
Ref. (19), the carbide phase formed here should be mostly
x carbide. This assignment is also confirmed by results of

electron diffraction and high-resolution TEM analysis as
will be shown later in this section.

Figure 9b represents a diffraction pattern for the sample
after the complete CO-TPR run. This pattern shows the
presence of cementite (FesC) together with «-Fe. There-
fore, from 380°C to 500°C, some of the x-Fe,sC carbide
transformed to cementite (x — 0) and some x-carbide
transformed to iron metal (x — «-Fe). This is understand-
able because cementite is the stable carbide phase at
high temperature (20). Since neither of these two phase
transformations involves consumption of carbon, the high-
temperature peaks inthe CO-TPR profiles of the supported
catalyst simply correspond to carbon deposition, as con-
firmed by TEM below.

As shown in Table 2, the measured CO uptake matches
the calculated CO uptake very well for the unsupported
iron catalyst. However, the agreement is much poorer for
the supported Fe catalyst: the measured ratio of CO up-
takes (M — x) is 3.3 times greater than the calculated value.
The large amount of CO uptake in the 380°C to 500°C re-
gion corresponds to carbon deposition on the catalyst. We
have noticed that the CO-TPR curves do not go back to
the baseline at the end of the TPR where we hold the tem-
perature at 500°C. The additional CO uptake during phase
transformations of M — x and y — 6, a-Fe indicates that
the Boudouard reaction, which leads to carbon deposition,
accompanies these phase transformations.

Figure 10 shows TEM images of the supported iron
catalyst collected after CO-TPR to 380°C. The low-
magnification view in Fig. 10a shows that the iron oxide
platelets have been transformed to smaller particles. The

amorphous
surface layer

FIG.10. TEM images of the supported Fe catalyst after CO-TPR to 380°C. The diffraction pattern and lattice fringes confirm the presence of
x-carbide: (a) low-magnification view and (b) high-magnification showing carbide structure and an amorphous surface layer.
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FIG.11. TEM images of the supported Fe catalyst after a complete CO-TPR run: (a) a view of an iron-rich area and (b) HRTEM of a single

carbide particle.

electron diffraction pattern reveals a very complicated pat-
tern. The diffuse spots around 2 A are consistent with the
multiple reflections for the yx-carbide phase (21, 22). The
high-resolution image in Fig. 10b shows lattice fringes of
1.98 A corresponding to the d-value of the (511) plane of
x -carbide. At high magnification, it can be seen that the x-
carbide particles are all surrounded with an amorphous sur-
face layer of a thickness of around 2-3 nm, which is typically
seen in iron catalysts after normal Fischer-Tropsch synthe-
sis or activation treatments with CO or syngas (3). Electron
energy-loss spectroscopy (EELS) analysis shows that this
amorphous layer is carbonaceous in nature (23) and not a
passivation film of magnetite which is expected when a re-
duced Fe surface is exposed to air (24). The morphology
of the sample after CO-TPR to 500°C is quite different.
Carbon deposition in the form of graphite can be seen ev-
erywhere in the sample, covering the iron carbide particles.
The size of iron carbide particles also varies significantly
from a few to tens of nanometers. Figure 1la is a TEM
image taken from an iron-rich region. The inset diffraction
pattern shows a typical diffuse spot pattern for iron carbide.
The 6-carbide (cementite) particles have irregular shapes
and the particles are covered by graphitic carbon.

Role of the Silica Support on Phase Transformations
in the Fe Catalyst

This study shows clearly some of the support effects dur-
ing reduction of the iron catalyst in CO. The most important
effect of the silica support is an improvement in the ther-
mal stability of the Fe catalysts. The unsupported catalyst
loses surface area upon calcination; therefore, the second

TPR run is very different from the first one. A compari-
son of the first-run H,-TPR with the second-run H,-TPR
(Fig. 2) shows that the silica support is very effective at in-
hibiting the sintering of the iron catalyst. One concern with
the silica support is the possible presence of an interfacial
phase, which could inhibit the reducibility of the Fe oxide.
This study found no evidence for any interfacial phase at
the iron-support interface, and the reducibility of the iron
oxide phases seems to be similar to that of the unsupported
catalyst.

One significant effect of the support was on the phase
transformations of the Fe catalysts in CO. We found that the
unsupported catalyst could only be reduced to iron metal
while the supported catalyst transformed easily into the iron
carbide. The behavior of the unsupported catalyst is very
unusual and we feel that this difference in the extent of
carburization is caused by the presence of trace amounts
of S in the unsupported catalyst. Since the unsupported
catalyst was prepared on an industrial scale, the precursors
may be contaminated with small amounts of S. In previous
work with this same catalyst (25), we found that the S was
seen by Auger electron spectroscopy on the catalyst sur-
face only when the iron oxide was reduced completely to
metallic Fe. Once the iron oxide was reduced to metallic
Fe, it was not possible to further transform it into iron car-
bide. On the other hand, if the unsupported catalyst was
directly carbided at a low temperature directly from its ox-
ide state, it was possible to completely transform it into the
iron carbide (3). This finding is consistent with recent work
by Bromfield and Coville (26) where it was shown that the
presence of (SO4)>~ was not detrimental to catalyst per-
formance, but S?~ severely inhibited catalyst activity. We
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therefore feel that during TPR in CO, the rapid increase in
temperature leads to conditions where the residual S impu-
rities accumulate on the surface of the catalyst, inhibiting
the transformation into iron carbide.

The TPR results reported here also shed light on another
aspect of Fe catalysts, whether a distinct phase transforma-
tion from iron oxide into metallic iron is seen before the
catalyst transforms into iron carbide. Our results show that
for the supported catalyst, we see no distinct peaks that
could be assigned to the transformation of magnetite into
a-Fe. Itappears that these two steps happen simultaneously
during the course of CO-TPR on the supported catalyst. On
the other hand, in the unsupported catalyst, the presence
of S impurities inhibits the dissociation of CO, so we see no
carbiding of the a-Fe as well as no deposition of amorphous
carbon on the catalyst.

Effect of Copper on the Phase Transformations of Iron

It has been recognized (6) that copper promotes the re-
duction of hematite to magnetite, and also the reduction of
magnetite to «-Fe to alesser extent (14). A suggested mech-
anism for this promotion effect is the migration of atomic
hydrogen from reduced Cu sites to the iron oxide (10). A
major difference between the H, and CO-TPR is the simul-
taneous reduction of copper and iron oxides in H,, whereas
in CO the copper oxide seems to reduce first followed
by the iron phase. Nonetheless, there is a clear promo-
tion by the Cu also during CO-TPR. Therefore, the copper
needs to be very well mixed with iron oxide to provide the
most favorable promoter effect on the H — M phase trans-
formation. Calcination seems to cause segregation of the
copper and iron oxides leading to shifts in the reduction
peak temperatures of the iron to higher temperatures. The
major differences between the first and second TPR runs
can also be related to the segregation of the Cu and Fe
phases. It appears, therefore, that to prevent segregation,
high-temperature calcination treatment of iron catalyst pre-
cursors should be avoided.

CONCLUSIONS

In H,-TPR, both the supported and the unsupported Fe
catalysts were reduced to iron metal. No iron—-support inter-
facial phase could be detected by TEM and it appears that
the iron phase is completely reducible. Most importantly,
the silica support significantly lowers the mobility of iron
phases to avoid sintering during the TPR runs. As a re-
sult, iron particles do not grow significantly, and we did not
see dramatic changes in reducibility of the supported Fe
catalyst during the reduction—oxidation treatments. Dur-
ing CO-TPR of the unsupported catalyst, sintering of re-
duced iron particles dominates over carburization. The un-
supported Fe catalyst is only reduced to iron metal due to
the presence of S impurities present in this catalyst. Copper

acts as an important promoter for reduction of iron oxide in
both H,-TPR and CO-TPR. For the unsupported iron cata-
lyst, calcination appears to cause copper segregation from
iron phases and results in the loss of promotion effects.
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