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The removal of carbon deposits from carburized Fe-based Fischer-Tropsch catalysts is a critical aspect of their
performance. In this study, a method is presented to remove carbon deposits from freshly prepared y-FesCy. The
method involves successive passivation and reduction steps, which do not affect the bulk structure of the y-FesCy
catalyst. The passivation step transforms the carbonaceous deposits from a graphitic structure to a disordered
oxygen-functionalized structure, facilitating its removal by a reduction step in hydrogen. This results in a higher

initial activity of the catalyst and substantially shortens the induction period observed without such pretreat-
ment. The findings underscore the possibility of improving catalytic performance of Fe-carbides by changing the
structure and reactivity of carbonaceous deposits.

1. Introduction

Fischer-Tropsch (FT) synthesis has grown in importance in the last
two decades, becoming a significant technology for converting natural
gas and coal into liquid fuels and chemicals via synthesis gas (a mixture
of CO and Hy) [1]. Although Co and Ru are well suited for FT synthesis,
Fe-based catalysts are often preferred because of their lower cost, higher
tolerance to sulfur, and ability to cope with synthesis gas with low Hy/
CO ratios [2]. During or before the reaction, Fe-based catalysts are
transformed into Fe-carbides. The co-existence of several of these Fe-
bearing phases, including metallic Fe and Fe-oxides, makes it difficult
to determine accurate structure-performance relationships. Among Fe-
carbide phases, y-FesCy (Hagg carbide) is the most stable and active
phase under typical FT conditions [3-5]. y-FesCy can be obtained in
various ways. Commercial Fe-based catalysts are typically prepared by
reducing and carburizing a precipitated FesO3 precursor [6,7]. The
carburization step is usually done in a synthesis gas mixture, resulting in
a mixture of Fe phases, which most often include y-FesC,. Yang et al.
synthesized yx-FesCz nanoparticles through a one-pot wet-chemical
method [3]. De Smit et al. investigated the stability of e-, y-, and 0-Fe-
carbides as a function of the composition of the carburizing gas mixture
and the carburization temperature [8]. Compared to e- and 6-Fe-car-
bides, y-FesCy was stable upon carburization at moderate temperatures
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and relatively low Hy/CO ratios. Wang et al. prepared a catalyst con-
taining exclusively y-FesC, via carburization of a Raney® Fe precursor
in a diluted synthesis gas feed [9]. The phase purity of the Fe catalyst led
to a low COj selectivity and high yield of Cp-Cj linear a-olefins.
Carburization of Fe in typical synthesis gas mixtures can lead to the
deposition of less reactive carbon on the catalyst surface, especially
during prolonged carburization at higher temperatures [10-13]. These
carbon deposits lower the FT activity and further complicate funda-
mental studies of the relation between catalyst structure and perfor-
mance. Gradual removal of these deposits can explain the often-
observed induction period, during which the FT activity increases
[4,10,14]. Carbon deposits may also build up during prolonged reaction,
a significant cause of long-term deactivation, next to surface oxidation
and active phase sintering [8,15,16]. These deposits may be removed by
increasing the Hjy partial pressure or introducing HyO in the feed
[10,17]. A drawback of the latter approach is that H,O can also lead to
oxidation of the surface of the active Fe-carbide phase. A higher Hj
partial pressure, on the other hand, favors the formation of CHy4, which is
considered a low-value by-product of the FT reaction. Traditional
methods for removing carbon deposition include chemical regeneration
via Soxhlet extraction [18], oxidative regeneration at medium temper-
atures (>100 °C) [19], and hydrogenation regeneration at high tem-
peratures [20,21]. However, these approaches imply significant
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drawbacks, such as the partial destruction of the Fe-carbide structure or
the sintering of particles, resulting in a loss of catalytic performance.

The goal of the research presented in this work was to develop a
method for carbon removal that does not negatively affect the catalyst
structure and performance. Since the simultaneous presence of different
Fe phases troubles the fundamental study of the effect of carbon de-
posits, we started from a method that yields phase-pure y-FesC, as the
main bulk phase [9]. Subsequently, different treatment methods con-
sisting of passivation and reduction steps were applied to remove carbon
deposits and decrease the induction period. The bulk structure of the as-
prepared and treated y-FesCy catalysts was characterized by in situ XRD,
in situ Mossbauer spectroscopy, and in situ X-ray absorption spectroscopy
(XAS). Quasi-in situ XPS followed the transformation of Fe phases and
the change of carbon species on the surface during treatment.
Temperature-programmed hydrogenation and Raman spectroscopy
were used to gain deeper insights into the nature and reactivity of car-
bon species after the different treatments. The results demonstrate the
effectiveness of these treatments for removing carbonaceous deposits
and provide insight into the role of carbonaceous species in the induc-
tion period and their potential application in the regeneration of deac-
tivated Fe-based catalysts.

2. Experimental methods
2.1. Catalyst preparation

An amount of 5 g Fe-Al alloy powder (200 mesh, Hunan Xingyuan
Powder Co., 50:50 by weight) was added into 30 ml of an 8 M KOH
(Sigma-Aldrich) solution, under stirring and heating at 70 °C for 1.5 h to
remove the Al of the alloy [9]. The resulting Fe solid was washed with
demineralized water (12 times) and isopropanol (8 times) to remove K
and Al from the slurry.

The obtained Fe powder was transferred into a sealed quartz tube in
a glove box and dried in a flow of Ar gas at room temperature. Before
carburization, the resulting Fe sample was passivated in a flow of 1.4 vol
% O3 in He at room temperature for 24 h to ensure safe operation. The
resulting Raney® —like powder is labeled as R-Fe.

R-Fe was subsequently carburized in an Hy/CO/He gas mixture (90/
5/18 ml/min) at atmospheric pressure. After heating to 350 °C for 6 h at
a rate of 3 °C/min, the mixture was maintained at this temperature for 6
h. The carburized sample is labeled as y-FesC.

After carburization, three different treatment methods were applied.
In the first method, the carburized sample was passivated in a 100 ml/
min flow of 1.4 vol% O, in He at ambient pressure and room tempera-
ture for 8 h. This passivated sample is labeled as y-FesCa-P. The second
method was the same as the first one, with an additional reduction
treatment in an Hy/He flow (90/18 ml/min) at ambient pressure and
250 °C for 0.5 h (heating rate 3 °C/min). The resulting sample, passiv-
ated and subsequently reduced, is labeled y-FesCy-PR. The third method
involved direct reduction in an Hy/He flow (90/18 ml/min) at ambient
pressure and 250 °C for 0.5 h (heating rate 3 °C/min). This Hy-treated
sample is labeled as y-FesCa-R.

2.2. Catalyst characterization

The textural properties were determined by Na physisorption at
—196 °C using a Micromeritics TriStar II 3020 instrument. Approxi-
mately 90 mg of sample was placed in a glass sample tube and subjected
to overnight treatment at 150 °C in a N3 flow. The Brunauer-Emmett-
Teller (BET) method was employed to determine the catalyst’s specific
surface area.

Particle size was measured by TEM using a FEI Tecnai 20 Sphera
transmission electron microscope operating at an acceleration voltage of
200 kV. The catalysts were dispersed in ethanol via ultrasonication and
then deposited on a carbon-coated Cu grid.

Powder X-ray diffraction (XRD) patterns were obtained using a
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Bruker D2 Phaser powder diffractometer, which was equipped with a Cu
Ko x-ray source and recorded with a scan speed of 0.02°/s in the 26
range of 20-90°.

In situ XRD was carried out on a Rigaku D/max-2600/PC apparatus
with a D/teX ultrahigh-speed detector and scintillation counter. The X-
ray generator used a Cu rotating anode target with a maximum power of
9 kW. The in situ XRD patterns were recorded using an Anton Paar XRK-
900 cell equipped with a CO/Hy/inert gas inlet system. All tests were
conducted at a current of 40 mA and a voltage of 40 kV. The sample was
carburized in the cell under Ho/CO/He gas (90/5/18 ml/min) at at-
mospheric pressure and 350 °C for 6 h using a 3 °C/min heating rate. The
relative abundance and average crystallite size of different phases were
determined using Rietveld refinement of the XRD patterns using GSAS-II
(SVN version 5740).

Quasi-in situ X-ray photoelectron spectra (XPS) were acquired using a
Kratos AXIS Ultra 600 spectrometer with a monochromatic Al Ka X-ray
source (hv = 1486.6 eV). To prepare the sample for analysis, the samples
were pressed into a pellet and placed on a stainless-steel stub, enabling
the vacuum transfer of the sample from the reaction chamber into the
XPS analysis chamber. A high-temperature reaction cell (Kratos, WX-
530) was employed to pretreat the sample. The sample was carburized
in an Hp/CO/He gas (90/5/18 ml/min) at atmospheric pressure and
350 °C for 6 h using a 3 °C/min heating rate. After carburization, the cell
was cooled and evacuated, followed by the transfer of the sample to the
XPS analysis chamber. Region scans were acquired at a pass energy of
40 eV with a step size of 0.1 eV, and survey scans were recorded at a pass
energy of 160 eV with a step size of 0.5 eV. After the XPS measurement,
the carburized sample was transferred in vacuo from the analysis
chamber to the reaction cell and exposed to 100 ml/min 1.4 vol% Oy/He
gas at ambient pressure for 8 h and reduced in Hy/He (90/18 ml/min)
before the subsequent XPS measurement. The acquired XPS spectra were
analyzed using Voigt functions after a Shirley background subtraction
using CasaXPS software (version 2.3.23PR1.0).

Temperature-programmed hydrogenation (TPH) experiments were
performed using a quartz tubular flow reactor equipped with an online
mass spectrometer (Balzers TPG-300) and an online gas chromatograph
(Compact GC 4.0). An amount of 50 mg fresh R-Fe was loaded in the
reactor and subjected in situ to the carburization, passivation, and
reduction treatments before the TPH experiment. The TPH was per-
formed by heating the reactor to 800 °C ata 5 °C/min rate in a diluted Hy
flow (20 vol% Hp in He, 50 ml/min). The effluent gas, which consisted
primarily of CH4 (>96 % of all hydrocarbons), was analyzed by a mass
spectrometer.

Raman spectroscopy was carried out using a Witec Alpha 300 R
Raman microscope with a CCD1 detector, a Zeiss 10x, NA = 0.25
objective, and a 300 g/mm grating. Spectra were acquired using a laser
power of 2 mW at an excitation wavelength (Aexc) of 532 nm, and data
were collected over 60 s by averaging 20 scans.

In situ Mossbauer experiments were executed within an in situ high-
pressure Mossbauer reaction cell developed at Reactor Institute Delft
[22]. Transmission °’ Fe Mossbauer spectra were acquired at —153.15 °C
with a sinusoidal velocity spectrometer using a >’Co (Rh) source. Ve-
locity calibration was conducted using an o-Fe foil at room temperature.
The source and the absorbing samples were maintained at identical
temperatures throughout the measurements. The Mossbauer spectra
were fitted by using Mosswinn 4.0 software [23]. The carburization and
post-treatments were performed in situ in the same way as described
above, followed by cooling to —153.15 °C before Mossbauer spectra
were acquired.

X-ray absorption spectroscopy (XAS) measurements at Fe K-edge
(7112 eV for metallic Fe) were performed at the SAMBA beamline
(SOLEIL synchrotron, France). Ex situ XAS spectra were collected in
transmission mode using ionization chambers before and after the
sample. In situ XAS spectra measurements were collected in fluorescence
mode using a Ge-based fluorescence detector. The energy of the incident
beam was calibrated by simultaneous measurement of a Fe foil at room
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temperature. For ex situ XAS measurements, the samples were pressed
into self-supporting pellets and sealed in Kapton tape. These measure-
ments were done at room temperature. In situ XAS was performed using
a quartz capillary reactor in which the sieved sample (125-250 um) was
held between two quartz wool plugs. The capillary reactor was placed
horizontally on the stage and heated by a gas blower. The temperature
inside the capillary reactor was calibrated using a K-type thermocouple.
The catalyst was carburized at ambient pressure in an Hy/CO flow of 19
ml/min gas (Hy/CO ratio = 18) at 350 °C for 4 h using a 3 °C/min
heating rate. After carburization, the reactor was cooled to room tem-
perature and passivated in a 1.4 vol% Oy/He flow of 10 ml/min for 6 h.
Then, the sample was reduced in a flow of 16 ml/min Hy/He (Hy/He
ratio = 5) at 250 °C for 0.5 h. The reaction was performed in 27 ml/min
syngas (Hz/CO ratio = 2) at 250 °C and 5 bar. All spectra were energy
calibrated, pre-edge subtracted, and post-edge normalized using the
Fastosh software package developed at the SAMBA beamline. Multi-
curve regression-alternate least square (MCR-ALS) analysis was also
done with Fastosh.

2.3. Catalytic activity measurements

An amount of 20 mg R-Fe mixed with 3 ml SiC was loaded in a
stainless-steel tubular flow reactor placed in a Microactivity Reference
reactor unit. The reactor dimensions were 9 mm (internal diameter) x
305 mm (length) with an internal volume of 20 ml. The reactor was
operated in down-flow mode. Thermal mass flow controllers provided
the reactor feed. The R-Fe catalyst precursor was carburized in the
reactor in an Hy/CO/He gas mixture (90/5/18 ml/min) at 350 °C for 6 h
using a 3 °C/min heating rate and at ambient pressure. Subsequent
passivation and reduction treatments were also performed in situ. The
catalytic performance was evaluated at a pressure of 20 bar and a
temperature of 250 °C using an Hy/CO/He/Ar mixture (4/2/19/0.2 ml/
min). The gas hourly space velocity (GHSV) was 150 L-g~'-h~!. Mass
and heat transfer limitations were confirmed to be absent (see Sup-
porting Information). The reactor effluent was analyzed using an online
gas chromatograph (Thermo Fisher Scientific Trace 1300) equipped
with XL-Sulfur and Molsieve 5A columns (TCD) and Rtx-1 column (FID).

Quantitative analysis involved the use of the relative response factor
fiar of compound i relative to the Ar internal standard as determined by
Equation (1). The unknown volumetric flow rate of compound i in the
outlet was then obtained using Equation (2).

Fr = Aiin/Fiin _ Aiour/Fiou O

AAr-i"/ Farin AATDUI/ Farout

Ai.outF Ar.out

Fiou =
AAeruLfiAr

(2)

where the integrated areas A;j; and A;,y correspond to the peak of
compound i in the inlet and outlet, and F;;; and F;,, represents the
volumetric flow rate in the inlet and outlet.

The CO conversion (X¢o) and the product selectivity (S;) are calcu-
lated using the following equations. The unknown value of Fjoy is
substituted by Equation (2).

FCO.out/FAr out
Xeo =122 3
co FCOin /FAr,in
Sj _ FArjnP},out (4)
Far.ouFcoinXco

where F; ,,; represents the volumetric flow rate of productsj (j € i, rep-
resenting all compounds except the reactant CO). We carried out a
catalytic test three times to determine the experimental accuracy of the
catalytic activity measurements. The standard deviation of the CO
conversion was ~ 0.4 %.

Deactivation and regeneration tests were performed using 150 mg of
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the R-Fe sample mixed with SiC. The precursor was subjected to in situ
carburization to 350 °C for 6 h at a 3 °C/min heating rate in an Hp/CO/
He gas mixture (90/5/18 ml/min). The reaction was conducted at a
temperature of 290 °C, a pressure of 1.5 bar and a space velocity of 20
L-g_l-h‘1 (H2/CO = 10). After deactivation, the reactor was cooled to
room temperature in Ar gas. Regeneration involved passivation followed
by reduction, using the same procedure described above. This
deactivation-regeneration process was repeated for two cycles. The MS
signal of CHy4 (m/z = 15) was continuously monitored by an online mass
spectrometer (ESS CatalySys).

3. Results and discussion
3.1. Carburization and treatment of y-FesCz

Carburization

In situ XRD was used to follow the carburization of R-Fe (Fig. S1). The
main phases identified in these experiments are shown in Table 1. The
patterns of the fresh sample and those recorded in the carburization
mixture at low temperatures contain diffraction lines of a-Fe, the main
phase in R-Fe. Weak (220) and (511) diffraction lines of Fe304 can also
be observed. During carburization, the intensities of the a-Fe and Fe3O4
lines decrease, starting from 250 °C. These diffraction lines of the pre-
cursor nearly completely disappear at 300 °C. Simultaneously, diffrac-
tion lines assignable to y-FesCy (PDF# 89-8968) appear, due to the
formation of the y-FesCy. At 300 °C, the combined fraction of a-Fe and
Fe304 has decreased to 28 wt% of the total Fe. At 350 °C, a-Fe and Fe304
lines have entirely vanished, showing that pure y-FesCy has been
formed. Scherrer analysis was used to estimate the crystallite sizes of the
different phases (Table 1). The average crystallite size of a-Fe decreases
from 30 nm at 150 °C to 15 nm at 300 °C. The Fe304 crystallite size
grows from 9 nm to 14 nm, followed by a slight decrease to 12 nm at
300 °C. The crystallite size of y-FesCy, which is 24 nm at 300 °C, only
increases slightly to 27 nm after 6 h carburization at 350 °C.

Passivation and reduction treatments

We then used ex situ XRD to characterize the samples obtained after
the passivation and reduction treatments. Fig. 1 shows that the ex situ
XRD patterns are comparable to the data obtained by in situ XRD
(Fig. S1). These results show that all treatments retain y-FesCy as the
main crystal phase. TEM images (Fig. S2) show that the average particle
size of the fresh R-Fe sample is 28 + 6 nm and does not significantly
change during carburization and further treatments. The specific surface
areas of these samples provided in Table S1 show a significant increase

Table 1
Rietveld refinement of in situ XRD patterns of R-Fe during stepwise carburization
(different temperatures and dwell times at 350 °C).

Carburization condition Phase Content (wt.%) d (nm) Rup (%)

150 °C a-Fe 86 30 1.74
Fe304 13 9
y-FesCo 0 0

200 °C a-Fe 66 29 1.12
Fe304 34 11
x-FesCao 0 0

250 °C a-Fe 62 28 1.57
Fe304 38 14
x-FesCqy 0 0

300 °C a-Fe 14 15 1.34
Fe304 14 12
x-FesCqy 72 24

350 °C,0h o-Fe 0 0 1.48
Fe304 0 0
x-FesCa 100 25

350 °C, 6 h o-Fe 0 0 1.47
Fe304 0 0
x-FesCa 100 27

The metrics are mass weight percent (wt.%), average crystallite size (d), and the
weighted profile R-factor determined during Rietveld refinement (R,p).
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Fig. 1. Ex situ XRD patterns of the as-prepared and treated y-FesC, samples.

in the surface area after carburization. We tentatively attribute this to a
layer of porous carbonaceous deposits. The formation of such a layer of
carbon is also observed by TEM.

3.2. Catalytic activity measurements

The catalytic performance of as-prepared and treated x-FesCy cata-
lysts is presented in Fig. 2. The CO conversion of as-prepared y-FesCy
exhibits a prolonged induction period (> 25 h), with CO conversion
increasing from 1.5 % at the start of the reaction to 10.6 % after 60 h.
The y-FesCy catalysts treated solely by reduction or passivation, i.e.,
y-FesCa-R or y-FesCy-P, respectively, exhibit a very similar induction
period, suggesting that these treatments did not significantly affect the
as-prepared sample. However, when as-prepared y-FesCy was first
passivated in O, followed by a reduction in Hy (y-FesCy-PR), the initial
CO conversion is substantially higher at ca. 8 %, and the induction
period is shorter. The induction period can be caused by phenomena
such as the transformation of Fe phases from Fe-oxide or less active Fe-
carbide phases to more active Fe-carbide phases [4,14] or the removal of

16

14 1

- -
o N
1 1

8‘":

CO conversion (%)

0 10 20 30 40 50 60
TOS (h)

Fig. 2. CO conversion of in situ carburized (y-FesCy) and treated y-FesCs
samples as a function of the time on stream (conditions: 250 °C, 20 bar, 150
L-g 1h7!, Hy/CO = 2).
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inactive carbonaceous deposits that obstruct the active sites [4,10]. We
next studied the way that the passivation-reduction treatment affected
the induction period.

Fig. 3 presents the product distribution of the FT reaction. After the
induction period, all catalysts exhibit a comparable CO5 selectivity of ~
4 %, which is low compared to other Fe-based catalysts [7,24-26]. The
selectivities to CH4, C2.C4, and Cs. hydrocarbons are 16, 32, and 49 %,
respectively. The nearly unchanged product distribution of the as-
prepared and differently treated samples after the prolonged induction
period indicates that the nature of the active sites did not change by the
reduction and oxidative treatments. Thus, it is reasonable to state that
the passivation-reduction treatment (y-FesCa-PR) does not influence the
catalytic behavior of the active sites. Nevertheless, it significantly
shortens the induction period of the as-prepared catalyst, during which
both the activity and the selectivity to CH4 and CO; change. The other
samples initially show lower CO, and higher CHy4 selectivity than the
x-FesCo-PR sample. To verify that the passivation-reduction treatment
removes carbonaceous deposits from the surface without affecting the
catalyst structure, the bulk structure of the as-prepared and treated
catalysts was studied by in situ Mossbauer spectroscopy and in situ
XANES. Quasi-in situ XPS was applied to examine the surface
composition.

3.3. Characterization of bulk and surface phases

57Fe Mossbauer spectra of in situ carburized R-Fe not only confirm
the formation of y-FesCo, but also show that the different post-treatment
methods do not affect the bulk structure (Table 2). The superposition of
three sextuplets observed in the Mossbauer spectra (Fig. S3) corresponds
to the occupation of three different interstitial sites in the Fe lattice
[27,28], indicating the co-existence of y-FesCy (I), x-FesCy (II), and
x-FesCya (III) species. The relative spectral areas of the three sites are not
equal to the theoretical ratio of Fe (I): Fe (I): Fe (II) = 2:2:1, which was
derived from the populations of the individual crystallographic locations
in the y-FesCy bulk lattice. The non-stoichiometry of the Fe-carbide or a
small amount of another Fe-carbide can cause the difference [29].
Possibly, the sextuplet of a small amount of 6-Fe3C overlaps with the Fe
(I) sextuplet of y-FesCy. Nevertheless, it can be seen from Table 2 that
the changes in carbide composition after the different treatment pro-
cedures remain within the experimental uncertainty of 3 %. Thus,
Mossbauer analysis confirms the XRD results (Fig. 1) that the y-FesCs
phase is unchanged upon the different post-treatment procedures.

The results of in situ X-ray absorption near-edge structure (XANES) at
Fe K-edge during the carburization, passivation, reduction treatments
and reaction are shown in Fig. 4. The typical absorption edges and pre-
edge features of the 1s to 3d transitions at 7114 eV can be observed
[30,31]. Fig. 4a shows the changes in the XANES spectra during
carburization. The absorption edge energy shifts to higher energies
during the first 1.5 h, corresponding to the oxidation of Fe species during
the heating stage of the carburization (Fig. 4b). In the final 4.5 h of the
carburization, the absorption edge energy shifts again to lower values, as
highlighted in Fig. 4c. Compared with the XANES reference spectra, the
XANES spectrum of the final state after carburization resembles that of
the y-FesCo. This supports the XRD and Mossbauer spectroscopy findings
that y-FesCy is the dominant phase. The brief initial oxidation was also
observed by in situ XRD (Fig. S1). Moreover, MCR-ALS analysis based on
reference compounds (Fig. 4d) exemplifies the conversion of metallic Fe
into y-FesCy during carburization. In agreement with the in situ XRD
analyses (Fig. S1 and Table 1), an amount of Fe(O)x (x = 0-1.33) forms
at the initial stage of carburization at low temperatures, which is con-
verted to pure y-FesCy upon prolonging the carburization treatment. In
situ XANES spectra of subsequent treatments (Fig. 4e-g) are nearly un-
changed. This implies that the y-FesCy phase is unaltered during the
passivation and reduction treatments and the reaction, consistent with
the in situ Mossbauer spectroscopy results (Tables 2 and S2). The finding
that the passivation-reduction treatment did not affect the activity and
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Fig. 3. Product distribution during FT reaction of in situ carburized (y-FesC,) and treated y-FesC, samples as a function of the time on stream (conditions: 250 °C, 20

bar, 150 L-g~-h ™!, Hy/CO = 2).

Table 2

Fitting parameters of in situ °”Fe Mossbauer spectra of y-FesC, catalysts after different treatments.

Samples 1S QS Hyperfine field (T) r Phase Spectral contribution (%)
(mm-s™ 1) (mm~s’1) (mm-s™ 1Y)

x-FesCa 0.25 — 24.2 0.44 y-FesCa (I) / 6-FesC 44
0.18 - 21.0 0.46 x-FesCo (1) 37
0.15 - 13.1 0.45 x-FesCo (III) 19

¥-FesCo-R 0.25 - 24.2 0.46 x-FesCy (I) / 6-FesC 46
0.18 - 21.1 0.49 x-FesCo (1) 36
0.16 - 13.3 0.45 x-FesCo (III) 18

¥-FesCy-P 0.26 - 24.4 0.43 x-FesCy (I) / 6-FesC 43
0.19 - 21.1 0.48 y-FesCo (II) 38
0.16 - 13.4 0.42 x-FesCo (III) 19

y-FesCa-PR 0.25 - 24.3 0.43 x-FesCa (1) / 6-Fe3C 43
0.18 - 21.1 0.47 y-FesCo (II) 38
0.16 - 13.3 0.42 x-FesCy (III) 19

Experimental uncertainties: Isomer shift: I.S. + 0.02 mm s~ '; Quadrupole splitting: Q.S. + 0.02 mm s~ '; Line width: I" + 0.03 mm s~ !; Hyperfine field: + 0.1 T; Spectral

contribution: + 3 %.

product distribution at the steady state shows that its effectiveness in
shortening the induction period. Other methods proposed in the litera-
ture substantially affect catalyst structure and performance [20,21].
As Mossbauer spectroscopy, XRD, and XAS yield limited information
about the catalytic surface sites, quasi-in situ XPS was used to elucidate
possible differences at the surface. Fe 2p and C 1s XPS spectra are shown
in Fig. 5. After carburization, the Fe 2p spectrum exhibits a prominent
peak at ~ 706.90 eV, typical for zero-valent Fe in Fe-carbide [5,32].
Peaks due to oxidized Fe?>* and Fe>* species are visible at higher binding
energies [3,32,33]. This indicates that carburization leads to almost
complete reduction of Fe. The slight oxidation of Fe may be caused by
the deposition of oxygen-containing species derived from CO during
carburization [5]. The C 1s spectra show that carburization leads to the
formation of C species associated with metallic carbide (FeCy) and
carbonaceous surface deposits, primarily composed of sp? graphitic
carbon (C=C), and some sp3 C linked to saturated hydrocarbons (C-C)
[34-36]. Some oxidized carbon species can also be observed after
carburization. The composition of the carbonaceous surface deposits, as
calculated through deconvolution, is presented in Table 3. This table
also lists the C=C/FeCy ratio, representing the amount of graphitic
carbon relative to the amount of carbide carbon, which can be used as a
relative measure for the coverage of the carbide surface by graphitic
deposits. The reduction-only treatment (y-FesCo-R) does not noticeably
change the amount of oxidized Fe and carbon species compared to the
as-prepared carburized catalyst y-FesCy. However, the passivation-only
treatment (y-FesCy-P) leads to a higher content of oxidized Fe on the

surface, while Mossbauer and XANES spectra demonstrate that the bulk
carbide phase is not significantly impacted. Shroff et al. reported that
careful passivation does not lead to magnetite due to the protection of
the underlying carbide by the carbon overlayer [37,38]. Our C 1s spectra
also show more oxidized carbon species, as follows from the appearance
of peaks assignable to oxygenated carbon species (C-O-C, C=0, 0-C=0)
[39,40]. The noticeable increase in the ratio of C=C/FeCy is due to a
higher degree of oxidation of the Fe surface, resulting in less FeCy
compared to graphitic carbon. After subsequent reduction, the original
low oxidation degree of Fe is restored, and the oxygenated carbon
formed during passivation disappears. The Fe speciation of the parent
Fe-carbide surface undergoes very slight changes upon a reduction or
passivation-reduction treatment. As the Fe reduction degrees of the
y-FesCo-R and y-FesCo-PR samples are comparable, the shorter induction
period observed with the y-FesCy-PR catalyst cannot be attributed to Fe
speciation. Table 3 and S3 show that concurrently, the amount of
graphitic carbon in y-FesCy-PR is drastically reduced compared to
x-FesCa. The passivation treatment alters the oxidation state of surface
Fe and carbonaceous deposits such that the amount of graphitic carbon
is reduced substantially after subsequent reduction. To understand the
changes in carbonaceous deposits in more detail, TPH analysis and
Raman spectroscopy were performed.

TPH was employed to quantify and identify the carbon species in the
catalysts. Notably, during TPH, carbon deposits lead to the formation of
CH4 (Fig. 6a) and CO- (Fig. 6b). The peaks are assigned to various car-
bon species. The a-carbon feature in Fig. 6a can be attributed to the
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Fig. 4. In situ XANES measurements of the samples following (a) carburization of R-Fe, (e) passivation of as-prepared y-FesCa, (f) reduction of passivated y-FesC,, and
(g) reaction over passivated-reduced y-FesC,. (b) and (c) are the enlargements of (a): (b) shows the first 1.5 h of the carburization and (c) the last 4.5 h. (d) The
fractions of spectral components during the carburization period, as determined by MCR-ALS. The superscript “cf” refers to components derived by curve fitting

(detailed fitting results in Fig. S5).

hydrogenation of reactive surface carbon species like atomic carbon,
surface carbide, or disordered polymeric carbon. The f-carbon feature,
represented by a peak at intermediate temperatures (450-510 °C), can
be attributed to polymeric aggregates of carbon. The y-carbon feature,
which occurs at high temperatures (510-600 °C), can be attributed to
the hydrogenation of bulk Fe-carbide. The signal above 600 °C is due to
low-reactive graphitic carbon, which has been reported to delay the
reduction of bulk carbide [11,17,41]. The TPH profile of y-FesCy-PR
shows a slightly different shape than y-FesCa. The peak corresponding to
high-temperature y-carbon is shifted to lower temperatures, which
suggests that the passivation-reduction treatment changed the structure
of graphitic carbon. Simultaneously, a slight increase in highly reactive
a-carbon at the expense of p-carbon is observed. a-Carbon can be hy-
drogenated easily during the initial stage of the reaction, thereby facil-
itating the exposure of active surface sites. Xu et al. proposed that the
initial catalytic activity is positively correlated with the amount of
reactive a-carbon at the surface [41]. The CO5 TPH profiles in Fig. 6b
display two peaks, which are much more intense for y-FesCy-P than for
the other samples. The low-temperature peak originates from weakly
adsorbed oxidized carbon species on the catalyst surface. In contrast, the

high-temperature CO; peak indicates the presence of strongly adsorbed
oxidized carbon species on the catalyst surface [42-44]. The more
intense COy TPH peaks for y-FesCy-P show that the oxidative passivation
treatment leads to more oxidized carbon species, in agreement with the
C 1 s XPS results. Notably, when the passivated sample is reduced
(x-FesCa-PR), the CO; peaks nearly vanish, being lower in intensity than
for y-FesCy and y-FesCa-R, also in agreement with the XPS results.

The transformation of carbon species was also investigated by
Raman spectroscopy (Fig. 7). After carburization, bands with Raman
shifts of 1350 cm ! and 1610 cm ™! can be attributed to the D- and G-
bands of carbon [45-47]. The spectra were fitted by Lorentzian/
Gaussian bands labeled Dq, D3, D4, and G [48-50]. The G band repre-
sents carbon species with an ordered graphitic structure, whereas the D
bands relate to graphitic carbon species with defects and amorphous,
disordered carbon. The D; band is attributed to a disordered graphite
lattice with A;; symmetry commonly found at the edges of graphene
layers. Oxidized carbon species can also contribute to the D; band [50].
The D3 band is due to disordered graphite with Ey; symmetry, typically
occurring in graphene layers. The D3 band has been commonly associ-
ated with amorphous carbon. The D4 band points to a disordered
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Fig. 5. Quasi-in situ XPS spectra of (a) Fe 2p and (b) C 1 s regions of the as-prepared sample (y-FesCs), x-FesC, after reduction (x-FesCa-R), x-FesC; after passivation

(x-FesCy-P), and y-FesC, after passivation-reduction (y-FesCa-PR).

Table 3
Surface speciation based on deconvolution of Fe 2p and C 1s XPS spectra shown

in Fig. 5.

Sample Fe%/(Fe® + C=C/FeCy, Oxygenated Carbon®/total
Fe?+3%), 9% peak ratio carbon, %
x-FesCa 79.6 1.6 14.8
x-FesCa-R 78.8 1.7 12.8
x-FesCo-P 30.6 2.3 17.1
x-FesCo- 78.5 1.1 10.3
PR

2 : total of all oxygenated carbon species (C-O-C, C=0, O-C=0).

graphitic lattice with A;; symmetry, such as in polyenes [48].
Fig. 7 shows the impact of different treatments on the carbonaceous
deposits. A higher I(D;)/1(G) ratio indicates more disordered and

(@)| —xFesC, -
— y-Fe,C,R
—— y-FeCyP

——y-FesC-PR

CH, intensity (a.u.)

400

560 600

100 200 300 400 500 600 700 800

Temperature (°C)

amorphous carbonaceous deposits. The I(D1)/1(G) ratios after reduction
or passivation increase slightly, showing the minor effect of these
treatments on the carbonaceous deposits. Table S4 lists the intensities of
the G and D bands. The passivated sample exhibits a slightly higher
amount of carbon species in the D; band together with a decrease in the
G band, indicating the formation of oxidized carbon species during
passivation [50]. Hence, the slightly increased I(D1)/1(G) ratio observed
upon passivation may be caused by more oxidized carbon species,
consistent with the quasi-in situ XPS results in Table 3. Additionally,
Janbroers et al. used TEM-EELS to show that the oxidation of Fe-carbide
was accompanied by the obvious build-up of amorphous carbon [38]. I
(D3) attributed to the amorphous carbon in y-FesCy-P shows only a slight
increase, suggesting the passivation of the surface is mild. Notably, as
presented in Table S4, the passivation-reduction treatment shows a more
significant increase in the I(D1)/I(G) ratio, which indicates a
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Fig. 6. TPH profiles of the treated samples: MS signals of (a) CH4 (m/z = 15) and (b) CO, (m/z = 44).
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Fig. 7. Raman spectra of treated samples after carburization ()-FesCy),
reduction (y-FesCy-R), passivation (y-FesCp-P) and passivation-reduction
(x-FesCa-PR).

pronounced shift toward more disordered and amorphous carbon de-
posits. This treatment decreases the amount of ordered graphitic carbon
from 25 % in y-FesCs to 18 % in y-FesCy-PR and increases the amount of
carbon in the D; and D4 bands. This demonstrates that the passivation-
reduction process transforms the ordered graphite into disordered
graphite with edges or polyenes, making the carbon structure more
reactive. This disordered structure is easier to remove under reaction
conditions, making the induction period for y-FesCy-PR shorter than for
x-FesCo (Fig. 2).

Aside from causing the long induction period, carbon deposition also
leads to the deactivation of Fe-based catalysts during reaction, especially
at low pressures [17,51]. Chai et al. found the buildup of carbon deposits
on Fe-carbide, accompanied by its deactivation, occurred due to the
slow hydrogenation of carbon species at atmospheric pressure [17]. To
investigate the potential of passivation-reduction treatment for regen-
erating Fe catalysts deactivated by carbon deposition, the y-FesCy
catalyst was deactivated by CO hydrogenation at atmospheric pressure,
followed by a regeneration procedure based on the passivation-
reduction treatment. As shown in Fig. S7, in each reaction cycle, the
amount of CHy decreases with time on stream, indicating deactivation.
However, after each passivation-reduction cycle, the activity of the
y-FesCy catalyst is restored, demonstrating the effectiveness of the
regeneration process and further confirming the carbon removal effect
of the passivation-reduction treatment. Unlike traditional regeneration
methods [18-20], the presented mild carbon removal procedure can
remove carbon deposits without affecting the active phase and catalytic
activity. Another benefit is that the passivation-reduction procedure
does not require very different conditions from the ongoing FT reaction,
facilitating integration in practical FT reactors.

4. Conclusion

Phase-pure y-FesCy was successfully prepared by carburization of
metallic R-Fe but appears to be covered by carbonaceous deposits. These

Journal of Catalysis 445 (2025) 116030

deposits hamper fundamental catalytic studies. Several treatment
methods have been tested to remove these carbon deposits. We
comprehensively studied the influence of various treatments on the
catalytic performance and the structure of Fe species and carbonaceous
deposits of the y-FesCy catalyst. It was revealed that individual passiv-
ation or reduction treatments exert a minor effect on the carbonaceous
deposits of the y-FesC, catalyst and the induction period. In contrast, a
combined passivation-reduction treatment leads to a significant trans-
formation of these carbonaceous deposits. The passivation-reduction
treatment process significantly enhances the initial activity. Detailed
characterization techniques show that during the passivation step, the
carbonaceous deposits are transformed from an ordered graphitic
structure to a disordered and oxidized carbon structure, which can be
removed easily by subsequent reduction. The carbonaceous deposits
must be activated before a reduction treatment can remove them. The
catalyst structure and performance remain unaltered during these
treatments in contrast to methods described earlier. Additionally, this
newly developed method for removing carbonaceous deposits opens
possibilities for regenerating catalysts deactivated by deposited carbon.
This finding highlights the potential of enhancing catalyst performance
through strategic treatment methods that target altering carbonaceous
deposit structures, especially addressing induction period or deactiva-
tion issues caused by deposited carbon.
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