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ARTICLE INFO ABSTRACT

Keywords: Potassium (K) has been widely employed as an alkali promoter for Fe-based catalysts in the reverse water gas
CO, hydrogenation shift (RWGS) reaction, Fischer-Trospch synthesis (FTS) and the integration of RWGS and FTS for direct COy
ElY\;GS hydrogenation to higher hydrocarbons, commonly referred to as the CO2-FTS process. K is recognized as both a

structural promoter of the Fe phase and an electronic promoter that modifies the adsorption and activation
behavior of reactants on the catalyst surface. However, its role in reaction pathways and the effect of K loading in
each reaction remains largely unexplored. In this study, a series of K-promoted carbon-supported Fe-based
catalysts was prepared to investigate the effect of K/Fe molar ratios from 0.02 to 0.5 on the RWGS and FTS
reactions in a fixed-bed reactor at 300 °C, 11 bar, H,/CO3/Ar=3/1/1, 1000-375000 mL-g{alt-h’l. Quasi in situ
Mossbauer spectroscopy shows that sufficient K promotion (K/Fe > 0.1) on carbon-supported Fe-based catalysts
led to complete carburization following a reduction-carburization activation procedure. The resulting Fe carbides
remained stable after both RWGS and FTS conditions, suggesting that they are responsible for catalyzing both
reactions. This finding contrasts with literature reports that attribute RWGS and FTS activity to Fe oxides and Fe
carbides, respectively. Increasing the K/Fe ratio progressively suppressed CO, methanation as a primary reac-
tion, ultimately rendering primary methanation insignificant and leaving RWGS as the only primary reaction.
Both RWGS and FTS activities reached their optimum at a K/Fe ratio of 0.1. However, a higher K/Fe ratio led to
higher CO selectivity in the RWGS reaction, whereas an optimal K/Fe ratio of 0.1 was found for FTS to promote
the production of higher hydrocarbons.

Fe carbides
K promotion

1. Introduction Fe-based catalysts also suffer from competing side reactions, such as CO»

methanation (Sabatier reaction) and CO methanation, resulting in

CO; capture and utilization is considered a promising strategy for
reducing CO, emissions while producing synthetic chemicals and fuels.
[1,2] However, CO; is a thermodynamically stable molecule and must
first be activated into more reactive C; molecules, such as CO and
methanol. [3,4] The reverse water gas shift (RWGS) reaction converts
CO3 to CO, which is subsequently hydrogenated to form Cy hydrocar-
bons via Fischer-Trospch synethesis (FTS). The integration of these
consecutive pathways enables a direct CO,-FTS process. [5—8] Fe-based
catalysts are active and selective for both RWGS and CO-FTS reactions,
with Fe3O4 and FesCy identified in literature as the active phases,
respectively. [9—14] However, in additional to the desired pathways,
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methane formation and pose a significant challenge in achieving high
selectivity toward Cy, hydrocarbons. [15,16]

The addition of alkali metal promotes CO, conversion, suppresses
CH4 formation, and improves the selectivity toward long-chain hydro-
carbons during the CO,-FTS. [17—22]. Potassium (K) is the most
frequently used promoter in Fe-based catalysts to improve the perfor-
mance of both RWGS and CO-FTS reactions. [23—-26] Previous in-
vestigations have primarily focused on elucidating its effects as a
structural promoter of the Fe phase and as an electronic promoter
influencing the adsorption and activation of reactants on the catalyst
surface. [27—32] The addition of K to Fe-based RWGS catalysts has been
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used to strengthen CO5 adsorption and activation by increasing electron
density on Fe atoms, as well as the reaction mechanism. [27,33—-38].
Loiland et al. reported that K addition to Fe/y-Al;O3 (Fe/K mass
ratio=1.24) led to a threefold increase in CO formation rates at 480 °C,
1 bar, Hy/CO=1. Under differential conditions, CO, conversion
remained below 10% while CO selectivity exceeded 99% for both cat-
alysts. The results suggest that both redox and associative mechanisms
occur over the Fe-K/y-Aly;O3 whereas only the redox mechanism is
present over the unpromoted catalyst. [39] This finding is further sup-
ported by DFT calculated performed Tian et al. who demonstrated that
K20 increases surface basicity of FegOy4, thereby shifting the reaction
pathway from the redox to the associative mechanism and promoting
COs activation. [40] In addition, the incorporation of K has been widely
reported to enhance the RWGS rate. [41] Amoyal et al. demonstrated
that 2 wt% K in Fe-Al-O spinel catalysts increased the RWGS rate tenfold
compared with the unpromoted oxide at 350 °C, 20 bar,
Hy/C0O2/H50=0.6/0.2/0.2. This improvement was correlated with the
increase of Fe?t/Fe>* ratio and a higher oxygen vacancies as active sites
for RWGS. [42] Utsis et al. observed that an optimal K loading of 6 wt%
in BaFe-hexaaluminates catalyst increased the RWGS rates by a factor of
12-15, which was attributed to higher concentration of active sites,
associated with the reduction of Fe>" to Fe?* by K as the reducing agent.
[43]

K has also been extensively studied for its role in enhancing FTS
activity and chain growth probability. [44—47] These promotional ef-
fects are generally attributed to its ability to strengthen CO dissociative
adsorption, inhibit Hy adsorption, promote C-C coupling, increase
catalyst basicity, and facilitate the formation of Fe carbides. [31,48,49]
FTS performance typically displays a maximum at intermediate K
loadings, [47,50—52] as excessive K can block the active sites and favor
the carbon deposition on the surface. [51,53] For instance, Yang et al.
reported that FTS activity over the Fe/Mn catalysts reached a maximum
at 0.7 wt% K within the examined range of 0-3.0 wt% at 250-320 °C,
25 bar, Hy/CO=2. Beyond this optimal loading, a pronounced decline in
catalytic activity was observed, which was attributed to suppressed Hy
chemisorption and enhanced CO chemisorption, ultimately leading to
the carbon deposition on the surface. [51] Tian et al. observed that,
within the investigated K range of 0-5 wt%, catalytic activity (320 °C,
20 bar, Hy/CO=1) over the Fe3C@C catalyst declined above 1 wt% K
due to excessive K promoting the growth of y-FesCy and reducing the
active sites, whereas the highest olefin selectivity (41.9%) was achieved
over the 2K-Fe3C@C catalyst (2 wt% K). [52]

Considerable efforts have also been devoted to varying K loading for
Fe-based CO5-FTS catalysts. [54—58] Figs. 1 and 2 (data included in
Table S1) illustrate the state-of-the-art performance of COy-FTS with
respect to K addition to bulk and supported Fe-based catalysts respec-
tively. From Fig. 1, bulk Fe-based catalysts without K promotion show
lower CO and Cy. hydrocarbon selectivities and higher CHy selectivity
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in comparison to their counterparts with K promotion. Extrapolating the
selectivity towards zero CO, conversion allows identification of primary
reactions, and the unpromoted Fe-based catalysts (0AM/Fe, Fe and
FesCz) show primary RWGS and CO; methanation. The K-promoted
Fe-based catalysts show a clear suppression of methanation, although
primary RWGS and CO; methanation still occurred except for K
(4)-FesCy which has RWGS as the only primary reaction. The variation
in K loading on bulk Fe;Og catalysts from 0.001 K/Fe to 0.05 K/Fe does
not appear to affect product selectivity and reaction pathways, as re-
ported by Yang et al., as both RWGS and CO5 methanation occur in
parallel regardless of K loading. [27] Interestingly, the Fe-K catalyst
shows primary RWGS, CO; methanation and FTS, as evidenced by the
CO, CH4 and Cy; hydrocarbon product observed at close to zero CO5
conversion. [59] The various reaction pathways are illustrated in Fig. 3.
From Fig. 2, most reported datasets on K addition to supported Fe-based
catalysts employ oxide supports, while our previous work focuses on
carbon-supported catalysts. [60] The general findings from bulk
Fe-based catalysts regarding K promotion, such as the suppression of
CHy selectivity and the identification of three main reaction mecha-
nisms, are also applicable to supported catalysts. Notably, there is no
consensus on the effect of the K loading on the reaction pathway and the
product selectivity-CO, conversion relationship.

The aim of this study is to investigate the effect of K on reaction
pathways in the CO2 hydrogenation over carbon-supported Fe-based
catalysts, with particular emphasis on primary RWGS and secondary FTS
reactions. The Fe loading was fixed at 15 wt% while the K loading was
varied from 0.2 to 3.8 wt%, resulting in K/Fe molar ratios ranging from
0.02 to 0.5. The Fe loading was selected to achieve an average nano-
particle size of 9 nm, which lies outside the particle size effect (structure
sensitivity) prominent for nanoparticle sizes from 1 to 10 nm. [60—63]
After activation, the catalysts were evaluated at 300 °C, 11 bar,
H,/CO,/Ar=3/1/1, 1000-375000 mL-gzi-h 1. Space velocities were
adjusted to achieve the complete range of CO, conversions, reaching the
CO9-FTS threshold of 38%. Primary reactions were identified by
extrapolating product selectivities towards zero COy conversions. As
RWGS and FTS are primary and secondary reaction pathways, the in-
fluence of K on RWGS was evaluated at a CO, conversion of ~7%, and its
effect on FTS was assessed at ~33% CO, conversion. Quasi in situ
Mossbauer spectroscopy was used to identify and quantify Fe phases
during reduction, carburization, RWGS, and FTS, providing insights into
the influence of K on Fe phases and the resulting structure-performance
relationships.

2. Experimental methods
2.1. Catalyst preparation

The carbon-supported Fe-based catalysts with a fixed Fe loading of
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Fig. 1. Product selectivity-CO, conversion relationship over the bulk Fe-based catalysts with or without K.
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Fig. 2. Product selectivity-CO, conversion relationship over the supported Fe-based catalysts with or without K.
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Fig. 3. Reaction pathways of CO, hydrogenation via RWGS and FTS.

15 wt% and various K loadings were prepared via the incipient wetness
impregnation method. The K to Fe molar ratios were varied from 0.02 to
0.5, and the corresponding samples were denoted as K/Fe_x (x=0.02,
0.05, 0.1, 0.25 and 0.5). A Fe-only catalyst without K was referred to as
bare Fe. Typically, ammonium iron citrate (Sigma-Aldrich,
16.5-18.5 wt% Fe) and potassium nitrate (Sigma-Aldrich, > 99.0%)
were dissolved in deionized water, followed by the addition of methanol
at an HyO-to-MeOH volume ratio of 2:1. The solubility of the ammonium
iron citrate precursor was 1 g/mL in deionized water. The obtained
precursor solution was injected to saturate the pore volume (measured
by N3 physisorption) of carbon support (Cabot, VXC 72, 100%, 75-150
pm). Due to limited pore volume, multiple impregnation steps were
required. Between each successive impregnation step, the sample was
dried under static air at 110 °C for 1 h. After the final impregnation, the
sample was dried overnight. The catalyst was then subjected to heat
treatment at 500 °C (2 °C-min_}) for 2 h under N flow.

2.2. Characterization

The metal loadings were determined by the thermogravimetric
analysis (TGA) using a Perkin Elmer TGA 4000. The samples were
loaded into a crucible and heated from 50 to 750 °C (5 °C-min~ ") under
the airflow (25 mL-min~1). The elemental compositions of samples were
analyzed by X-ray fluorescence (XRF) using a Malvern Panalytical
Epsilon3X'E, The Fe and K loadings were calculated by combining the
data obtained from TGA and XRF measurements, with TGA providing
total Fe and K loading and XRF determining the Fe/K distribution.

Textural properties of the samples, including surface area, pore
volume, and pore size distribution, were analyzed by Ny adsorption-
desorption isotherm measurement using a Micromeritics ASAP 2420
analyzer. Prior to analysis, the samples were degassed under vacuum at

200 °C for 12 h to remove adsorbed gases and moisture. The specific
surface area was calculated using the Brunauer-Emmett-Teller (BET)
method. The pore volume was estimated from the single-point desorp-
tion data at P/P°=0.99. The pore size was obtained from the desorption
branch using the Barrett-Joyner-Halenda (BJH) method.

The crystal structure and phase composition of samples were
analyzed by X-ray diffraction (XRD) using a Bruker D8 Endeavor
diffractometer operated at 40 kV and 25 mA with Cu-Ka radiation
(A=1.5418 A). Diffraction patterns were collected over a 26 range of 20°
to 90° with a step size of 0.02° and a step time of 1 s.

The average size and distribution of Fe nanoparticles were deter-
mined by transmission electron microscopy (TEM) using a Philips
CM120 microscope operated at 120 kV. The sample was ultrasonically
dispersed in ethanol for 5 min, then deposited on a carbon-coated Cu
grid and dried for a few minutes. At least 300 nanoparticles were
measured to calculate the average size and distribution.

Catalyst reducibility was measured by Hp-Temperature Programmed
Reduction (Hy-TPR) using the AutoChem II 2920 automatic chemical
adsorption instrument. 0.1 g of the sample was loaded in a U-shaped
tube and first purged with helium at 150 °C for 60 min. The sample was
then cooled to 50 °C, and the flow was switched to 5% Hy in Ar gas. The
sample was heated from 50 to 600 °C with a heating rate of 5 °C-min".
The Hy consumption signal was detected by the thermal conductivity
detector (TCD).

The evolution of the Fe phase was measured by Mossbauer spec-
troscopy. The experiments were conducted using a high-pressure quasi
in situ Mossbauer cell - developed at Reactor Institute Delft. The high-
pressure beryllium windows used in this cell contain 0.08% Fe impu-
rity, whose spectral contribution was fitted and removed from the final
spectra. Transmission 57Fe Mossbauer spectra were recorded at 4.2 K
using a conventional constant-acceleration spectrometer with a 57Co
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(Rh) source. Measurements at 120 K were performed with a sinusoidal
velocity spectrometer, in which the source and the absorbing samples
were kept at the same temperature. Velocity calibration was carried out
using an a-Fe foil at room temperature. The Mossbauer spectra were
fitted using the Mosswinn 4.0 program. 70 or 200 mg of catalyst was
loaded to the cell. Reduction and carburization conditions were iden-
tical to those used for the catalytic performance testing in section 2.3. To
achieve a lower conversion, the experimental condition was conducted
at 300 °C, 11 bar, Hy/COy/Ar=3/1/1, 49500 mL-gem-h! for bare Fe
and K/Fe_0.5, while 141428 mL-gea-h™! for K/Fe_0.1. For higher con-
version, 3000 mL-ges-h ™! was applied to all catalysts.

2.3. Catalytic Performance Testing

Catalytic experiments were conducted in a stainless-steel fixed-bed
reactor setup (Microactivity Effi, PID Eng). Carbon-supported Fe-based
catalysts (75-150 pm) were diluted with SiC (25-75 pm). Prior to the
CO;, hydrogenation reaction, the catalyst was first reduced in Hy/Ar (1/
1) at 400 °C (5 °C-min’1), 2 bar for 2 h, followed by carburization with
Hy/CO/Ar (2/2/1) at 280 °C, 2 bar for 20 h. The reaction was then
carried out at 300 °C, 11 bar, H,/CO5/Ar=3/1/1,
1000-375000 mL-gez-h L. A blank run with only C support and SiC was
also performed at 300 °C, 11 bar, Hy/CO2/Ar=3/1/1, 3000 mL-ge-h
to rule out thermal and support-mediated CO5 conversion (Figure S1).
The catalytic data were obtained from steady-state measurements at
different GHSVs and each data point was recorded after stabilization of
CO, conversion and product selectivity (Figures S2-S7). To further verify
catalyst stability, a representative condition under identical GHSV was
repeated at the end of each experimental sequence. Full set of conditions
and corresponding catalytic data can be found in Supporting Table S2.
The product selectivity was analyzed online using a gas chromatography
analyser, Thermo TraceGC 1310, equipped with one thermal conduc-
tivity detector (TCD) and two flame ionization detectors (FID). The TCD
channel, equipped with ShinCarbon ST and Hayesep Q columns and a
TCD, was used for the analysis of the permanent gases. The first FID
channel, equipped with a GS-gaspro column and a FID, was used to
quantify C; to Cg hydrocarbons. The second FID channel, equipped with
a Stabilwax column and a FID, was used to detect and measure oxy-
genates and aromatics. No oxygen-containing or aromatic-containing
products were detected. Carbon balance was between 87% and 106%.

The residence time was calculated by Eq. 1. CO5 conversion was
calculated according to Eq. 2. Product selectivity toward CO and hy-
drocarbons containing up to nine carbon atoms (Cy) was calculated
according to Eq. 3. The ratio of primary reaction rates (RWGS and CO,
methanation) was calculated according to Eq. 4. The formation rates of
the products were calculated based on the Fe time yield (FTY) according
to Eq. 5.

\%4
T= 6 * 60 (€D)]
COy i — 25 CO
Xeo, = —2 " o 2 o 100% @
2, in
Ary
in 4 product,,, * n
Sproduct = o P Ar. o * 100% 3)
COZ, in = Ar;[ * COZ out
TcHy, p _ SCH«» P 4
TRWGS, p Sco, P
FTYproduct — GHSV Mco,, in * XCO; * Sproduct (5)

WFE * Vm

Where V is the volume of catalyst (mL) and Q is the volumetric flow rate
of total gas (mL-min™); COy, in and COz, 4 are the molar concentration
of CO; in the feed and product stream, respectively; Ari, and Aro,, are the
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molar concentration of Ar in the feed and product stream respectively;
product,,, is the molar concentration of products, and n is the number of
carbon atoms in the product; rrwes, , and rcy,, , are the reaction rates of
RWGS and CO, methanation, respectively; Scy,, p and Sco, p stand for
the selectivity to CH4 and CO at zero of CO conversion, respectively,
and are obtained after an extrapolation of curves (CO and CHy4 selec-
tivity versus COy conversion) to zero of COy conversion; GHSV repre-
sents gas hourly space velocity; meo,, in represents the molar fraction of
COq in the inlet gas; Wr, represents the mass percentage of Fe in the
catalyst; V;, represents molar volume at the standard temperature and
pressure.

3. Result and discussion
3.1. Physical properties of fresh carbon-supported Fe-based catalysts

Fig. 4a shows that the combustion temperature of the catalysts,
determined by TGA, decreases with increasing K loading, likely due to
the promotion of defect formation on the carbon support surface by K.
[64] The percentage of residual weight after complete combustion of the
carbon support reflects the total Fe and K loading in the catalyst, while
their molar ratios was determined using XRF analysis. The experimen-
tally determined Fe loading and molar ratios of K: Fe are comparable
with the theoretical values (Table 1).

From Fig. 4b, the Ho-TPR profiles show two predominant reduction
peaks. The first peak, observed in the range of 250-400 °C, can be
ascribed to the reduction of Fe;O3 to Fe3O4, while the second peak,
appearing between 400 and 450 °C, corresponds to the subsequent
reduction of Fe3O4 to metallic Fe. [65] Notably, the reduction peak
associated with the Fep,O3 to FegO4 shifts toward higher temperatures
with increasing K/Fe ratios, suggesting that the incorporation of K
suppresses the reducibility of Fe;Os. This effect can be attributed to the
strengthened Fe-O bond interactions in the presence of K. [66] In
contrast, the peak corresponding to the reduction of Fe304 to metallic Fe
shifts to lower temperatures (with the exception of K/Fe_0.5), indicating
that K facilitates this reduction step. This promotion is likely related to
the potassium agglomeration on the catalyst surface. [66]

Table 1 summarizes the elemental composition and physical prop-
erties of fresh carbon-supported Fe-based catalysts with various K/Fe
molar ratios. For the catalysts with the K/Fe ratio < 0.1, similar surface
areas are observed. As the K/Fe ratio increased beyond this threshold,
the surface area decreased by more than 20% as K loading doubled. No
significant change in the pore volume and average pore diameter is
found with increasing K/Fe ratio. All catalysts have typical IV Ny
adsorption-desorption isotherms, representing the presence of meso-
pores, as shown in Figure S8a. The XRD patterns (Figure S8b) reveal
diffraction peaks corresponding to y-FepO3 (PDF#39-1346), with the
reflections at 20=30.2°, 35.6°, 43.3°, 57.3°, and 62.9°, attributed to
(220), (311), (400), (511), and (440) planes, respectively. [67] TEM
images (Fig. 5) present a uniform dispersion of Fe nanoparticles. The
average Fe nanoparticle sizes obtained by TEM images were similar at
around 9 nm among the fresh catalysts (Table 1), and their Fe nano-
particle size distributions were also comparable (Figure S9a), indicating
that variation in the K/Fe ratio had minimal impact on the Fe nano-
particle size of fresh catalysts.

3.2. Effect of K on the CO2 conversion

Fig. 6a shows the CO2 conversion versus residence time over the
carbon-supported Fe-based catalysts with various K/Fe ratios. As ex-
pected, CO, conversion has a positive relationship with residence time
for all catalysts. At shorter residence times below 2 s, and with the CO,
conversions below the RWGS equilibrium limit of 23%, the conversion
trend follows K/Fe 0.1 > K/Fe_0.25 > K/Fe_0.5 > K/Fe_0.05 > K/
Fe_0.02 > Bare Fe. Accordingly, CO5 conversion increases with the K/Fe
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Fig. 4. (a) TGA curves and (b) H,-TPR profiles of carbon-supported Fe-based catalysts with various K/Fe ratios.
Table 1

Physical properties of carbon-supported Fe-based catalysts with various K/Fe ratios.

Catalysts Fe (wt%) P K (wt%) " K: Fe ¢ Sger (m2.g~ 1) ¢ Vepp (cm®.g~1) ¢ Dy (nm) ¢ dptop (nm) © dg+os (nm) *f
Bare Fe 16 - - 121 0.6 20 9.6+1.8 10.6+2.3
K/Fe_0.02 15 0.2 0.02 123 0.5 16 8.241.5 9.242.2
K/Fe_0.05 15 0.4 0.04 122 0.5 17 8.1+1.4 9.842.6

K/Fe 0.1 14 0.8 0.08 117 0.5 17 8.1+1.4 20.5+2.7
K/Fe_0.25 15 2 0.2 93 0.5 20 7.841.5 25.04+9.0
K/Fe 0.5 14 3.8 0.4 70 0.5 24 8.6+2.2 25.449.0

2 measured by TGA;

b

measured by XRF;

molar ratio;

measured by N, physisorption;
¢ measured by TEM;

f spent catalysts.

c
d

molar ratio till a maximum of K/Fe molar=0.1, as shown in Fig. 6b.
Further increase in K/Fe ratios result in a decline in CO, conversion,
although these catalysts still outperform the catalysts with lower K/Fe
ratios. At longer residence times above 2 s, and with the CO» conver-
sions above the RWGS equilibrium of 23%, the trend changes to K/
Fe 0.1 > K/Fe_0.05 > K/Fe_0.02 > Bare Fe > K/Fe_0.25 > K/Fe_ 0.5.
The K/Fe_0.1 catalyst remains the most active, but in this region, cata-
lysts with lower K/Fe ratios have comparable or even higher conversion
than those with higher K/Fe ratios (Fig. 6b). This is different from the
trend observed at shorter residence times and at lower CO, conversions.
As established in our previous work, [60] RWGS dominates at COy
conversions below 23%, corresponding to the RWGS equilibrium con-
version at 300 °C, 11 bar, Hy/CO2=3 used in the study. At CO, con-
version above 23%, FTS becomes the rate-determining process for
overall CO; conversion. In this current study, the K/Fe ratio appears to
exert distinct effects on the RWGS and FTS activities, despite both
showing the same optimal K/Fe ratio.

3.3. Effect of K on the reaction pathway

The reaction pathway is elucidated by analyzing the relations be-
tween product selectivity and CO, conversion, as illustrated in Fig. 7. CO
selectivity decreases with an increase in the COy conversion (Fig. 7a),
indicating that CO is directly formed from CO5 via RWGS as the primary
reaction and is subsequently consumed in downstream reactions.
Extrapolating to zero COy conversion, bare Fe, K/Fe 0.05, and K/
Fe_0.02 catalysts show 91%, 95% and 97% CO selectivity, respectively,
while the other catalysts show 100% CO selectivity. Correspondingly,
the CH4 selectivities for bare Fe, K/Fe_0.05, and K/Fe_0.02 catalysts are
9%, 5% and 3% respectively, when extrapolating to zero conversion
(Fig. 7b), suggesting that CO, methanation occurs as a competing

primary reaction on these catalysts. This competing reaction is pro-
gressively suppressed with increasing K/Fe ratio, and for catalysts with
K/Fe ratios > 0.1, RWGS dominates as the sole primary reaction and no
CO, methanation occurs. The contribution of CO, methanation is esti-
mated from the ratio of CH, selectivity to CO selectivity when extrap-
olating to CO5 conversion, as summarized in Table 2. This ratio
decreases from 0.1 for bare Fe to 0 and remains at 0 with further in-
creases in the K/Fe ratio.

As CO; conversion increases, selectivity towards CO decreases with
corresponding increases towards all hydrocarbons, revealing that CO
produced via RWGS is further converted through FTS to form hydro-
carbons (Fig. 7a to c). The distribution of Cy hydrocarbons among C,-
C4 paraffins, C3-C4 olefins, and Cs, hydrocarbons is provided in Fig. 7d
to f. Increases in Cy-C4 olefin and Cs. hydrocarbon selectivities begin at
lower CO; conversions than those of Cy-C4 paraffins suggests that C3-C4
olefins and Cs; hydrocarbons are secondary products formed from CO
via FTS, while Cy-C4 paraffins are tertiary products formed through
subsequent hydrogenation of Cy-C4 olefins.

Several notable effects of K addition on reaction pathways are
evident. Firstly, for the carbon-supported bare Fe catalyst, CO selectivity
decreases from 91% to 24% as CO, conversion increases from 1% to
38%, with the decrease in CO selectivity distributed more towards CHy
than Cy, products. In contrast, K/Fe catalysts, with K/Fe > 0.1, channel
this decrease in CO selectivity predominantly towards Cy; hydrocar-
bons, while methane formation remains limited at less than 13%. Sec-
ondly, Cy-C4 paraffin selectivity decreases with increasing K/Fe ratio
and stabilizes when the K/Fe ratio reaches 0.1, whereas Cy-C4 olefins
increase initially and then plateau. Consequently, the olefin to paraffin
ratio of Cy-C4 hydrocarbons rises at first and then becomes relatively
constant with further K addition (Figure S10). These results can be
attributed to the ability of K to suppress olefin hydrogenation by
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Fig. 5. TEM images of fresh carbon-supported Fe-based catalysts: (a) bare Fe, (b) K/Fe_0.02, (c) K/Fe_0.05, (d) K/Fe_ 0.1, (e) K/Fe_0.25, and (f) K/Fe_0.5.
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Fig. 6. CO, conversion versus residence time over the carbon-supported Fe-based catalysts with various K/Fe ratios.

inhibiting Hy adsorption. [68—70] Thirdly, Cs selectivity first increases
with the K/Fe ratio, attains a maximum at a moderate K/Fe ratio, and
declines at a higher ratio. This demonstrates that an optimal K/Fe ratio
facilitates C-C coupling, while excessive K hinders the formation of Cs
hydrocarbons, which can be owing to the decreased reduction degree,
specific surface area, and graphitization degree of the catalysts. [64]

3.4. Effect of K on RWGS

The RWGS equilibrium conversion at the conditions employed in this
study (300 °C, 11 bar, Hyp/CO2=3) is 23%. RWGS predominates at CO5
conversion below this threshold while FTS becomes more significant

with increasing conversion. Notably, CO selectivity remains above 80%
for all catalysts below 15% CO5 conversion, indicating the dominance of
RWGS in this regime. Accordingly, the effect of K on the RWGS reaction
is evaluated at CO5 conversion below 15% to minimize the influence of
FTS. Section 3.2 and 3.3 address the effect of K on RWGS activity and
reaction pathway; here, the focus is on selectivity. To further clarify the
effect of the K/Fe ratio on the selectivity of RWGS, the catalytic per-
formance at 7% CO conversion is compared in Fig. 8a. The carbon-
supported bare Fe catalyst shows the lowest CO selectivity of 88%,
accompanied by the highest CH, selectivity of 10%, revealing a strong
tendency toward methanation. Upon the introduction of K, CO selec-
tivity increases, reaching 97% for the K/Fe 0.5 catalyst, while CH4
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various K/Fe ratios.

The CO formation rate initially increases with the K/Fe ratio, reaches a

maximum at K/Fe = 0.1, and then decreases with further K addition.

Quasi in situ Mossbauer spectroscopy was performed to identify the

Table 2

The rate ratio of primary reactions (RWGS and CO, methanation) at zero CO,

conversion.
Catalysts Sc,, p(%) Sco, p(%) TCH,, p

TRWGS, p

Bare Fe 9 91 0.1
K/Fe_0.02 5 95 0.05
K/Fe_0.05 3 97 0.03
K/Fe 0.1 0 100 0
K/Fe_ 0.25 0 100 0
K/Fe 0.5 0 100 0

selectivity decreases correspondingly. These results imply that a higher
K/Fe ratio promotes a more selective RWGS process and suppresses
excessive hydrogenation, leading to improved CO selectivity. Besides,
the formation rates of the products were shown in Fig. 8b. The formation
rate of CO is significantly higher than that of hydrocarbon formation.

Fe phases, and detailed fitting parameters are provided in Figure S11,
Tables S3, S4 and S5. The Fe phase distributions of fresh, reduced, and
carburized catalysts are shown in Figure S12. All fresh catalysts consist
entirely of FeoOs. After reduction, the catalysts contain similar amounts
of Fe® (23-28%) and FeO (62-67%), indicating that the K/Fe ratio does
not significantly affect catalyst reducibility. This behavior could be
attributed to sufficient time for the reduction process to reach comple-
tion. After carburization, the carbon-supported bare Fe catalyst consists

of 39% ¢'-Fey 2C and 61% FeO whereas both K/Fe catalysts are fully
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carburised, containing at least twice as much ¢'-Fep2C as y-FesCo.
Notably, the content of y-FesC, increases with the increasing K/Fe ratio
upon carburisation.

For the catalysts measured quasi in situ after the RWGS reaction
conditions as presented in Fig. 8c, the carbon-supported bare Fe catalyst
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Fig. 8. (a) Catalytic performance and (b) FTY of products for RWGS at Xco2 &~ 7%, and (c) distribution of Fe phase after RWGS reaction at lower CO, conversion over
the carbon-supported Fe-based catalysts with various K/Fe ratios.
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consists of 45% FeO, 8% Fe304, and 47% ¢'-Fe, 5C. On the other hand,
the K/Fe_0.1 catalyst contains 87% ¢'-Feg 2C and 13% y-FesCg, while K/
Fe_0.5 contains 78% ¢'-Fey oC and 22% y-FesCo. Comparing the carbide
composition in K/Fe_0.1 and K/Fe_0.5 after carburisation and RWGS,
the ¢'-Fey »C phase increases by 8 + 2% while the y-FesCy phase show a
corresponding decrease. Nonetheless, the carbide phases remain stable
upon carburisation and RWGS, and we hypothesize that the carbon
support and K promotion contribute to stabilizing these carbides.
Importantly, K/Fe 0.1 and K/Fe 0.5 catalysts consist exclusively of
€'-Feg oC and y-FesCy, yet they are highly active and selective towards
RWGS, indicating that the Fe carbides are responsible for RWGS.

3.5. Effect of K on FTS

The effect of K on FTS is discussed at comparable CO, conversion of
approximately 33%, as shown in Fig. 9a. The influence of K promoter on
CO selectivity under FTS conditions differs from that observed under
RWGS conditions: the K/Fe_ 0.02 catalyst displays the highest CO
selectivity, while the K/Fe_0.1 catalyst shows the lowest. The variation
in CO selectivity could depend on the competing CO, methanation and
the secondary FTS reaction. CH4 selectivity generally decreases with
increasing K/Fe ratio, although a slight increase is observed at the
highest K/Fe ratio, indicating that K suppresses methanation. The Co
selectivity follows the order: K/Fe 0.1 > K/Fe_0.25 > K/Fe_ 0.5 > K/
Fe_0.05 > K/Fe_0.02 > Bare Fe, suggesting that a moderate K/Fe ratio
of 0.1 provides the optimal balance for promoting higher hydrocarbon
formation in FTS. As shown in Fig. 9b, the formation rate of CH4 de-
creases continuously as the K/Fe ratio increases. In contrast, the for-
mation rate of Co hydrocarbon first increases and reaches its highest
value at K/Fe=0.1, followed by a decline at higher K/Fe ratios.

Fig. 9c shows the Fe phases after the FTS reaction conditions. The
carbon-supported bare Fe catalyst consists of 56% Fe3O4 and 44%
¢'-Fey »C. Compared to the Fe phase after the RWGS reaction conditions,
bare Fe shows a lack of FeO, a higher proportion of Fe304 and a lower
fraction of €'-Fey 5C, indicating partial oxidation occurred after the FTS
reaction. The increased CO, conversion resulting in higher HyO forma-
tion may account for this oxidation. K/Fe_0.1 contains 77% ¢'-Fey »C and
23% y-FesCy, and K/Fe 0.5 catalyst contains 80% &'-Fe 2C and 20%
y-FesCa. These results suggest that the Fe carbides are the active phases
in the FTS reaction. It is worth noting that €'-Fes 5C and y-FesCy may
have different catalytic ability, with y-FesCy possibly promoting the
formation of long-chain hydrocarbons. For the K-promoted catalysts, the
formation of y-FesCg increases for K/Fe_0.1, but decreases for K/Fe_0.5
under FTS reaction conditions. This suggests that an optimal K/Fe ratio
is beneficial for the formation and stabilization of y-FesCy during the FTS
reaction.

Journal of CO2 Utilization 111 (2026) 103543
3.6. Effect of K on the particle size growth after reaction

Fig. 10 displays the TEM images of the spent carbon-supported Fe-
based catalysts with various K/Fe ratios after 37 h on stream, and cor-
responding average nanoparticle sizes are summarized in Table 1. As the
K/Fe ratio increases, a clear growth in the average Fe nanoparticle size
after reaction is observed. For the catalysts without or with K/Fe ratios
lower than 0.1, the nanoparticles have a relatively narrow size distri-
bution (Figure S9b), and the growth in average nanoparticle size is
limited to less than 20%. For catalysts with higher K/Fe ratios, the
particle size distribution becomes significantly broader (Figure S9b),
and the average particle size increases by more than 100%. These results
clearly demonstrate that increasing the K/Fe ratio results in severe
sintering, which is consistent with previous reports. [28]

4. Conclusion

A series of carbon-supported Fe-based catalysts with various K/Fe
molar ratios from 0.02 to 0.5 was prepared to investigate the effect of K
on reaction pathways in the direct CO5 hydrogenation to higher hy-
drocarbons. All fresh catalysts consist of FeoO3 nanoparticles with an
average size of 9 nm, indicating that K addition had no influence on
catalyst synthesis. The addition of K did not influence catalyst reduction,
yet resulted in complete carburization after the carburization procedure.
Catalytic performance was carried out at 300 °C, 11 bar, Ho/COy/Ar=3/
1/1, 1000-375000 mL~gc’a1t-h’1. Increasing the K/Fe ratio progressively
adjusted the reaction mechanism by suppressing primary CO2 metha-
nation, which competes with the RWGS primary reaction, until it
eventually disappeared, while FTS remained as the secondary reaction.
As RWGS and FTS are primary and secondary reaction pathways, the
influence of K on RWGS was evaluated at a CO, conversion of ~7%, and
its effect on FTS was assessed at ~33% CO- conversion. Increasing the
K/Fe ratio from 0.02 to 0.5 promoted the RWGS reaction relative to the
competing CO, methanation, resulting in the highest CO selectivity re-
ported for the K/Fe_0.5 catalyst. On the other hand, the K/Fe_0.1 cata-
lyst showed the highest selectivity towards Cy; hydrocarbons. Quasi in
situ Mossbauer spectroscopy revealed that after RWGS and FTS condi-
tions, both K/Fe_0.1 and K/Fe_0.5 consisted of around 80% ¢'-Fe, 5C and
20% y-FesCy. The resulting Fe carbides remained stable after both RWGS
and FTS conditions, likely due to the carbon support and K promotion,
suggesting that they are responsible for catalyzing both reactions. This
finding contrasts with literature reports that attribute RWGS and FTS
activity to Fe oxides and Fe carbides, respectively. In addition,
increasing the K/Fe ratio results in severe sintering. Overall, there is an
optimal K/Fe ratio (K/Fe_0.1) on RWGS and FTS activity. In terms of
selectivity, a higher K/Fe ratio is beneficial to the CO selectivity of
RWGS, and K/Fe 0.1 remains the most active for the long-chain
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Fig. 9. (a) Catalytic performance and (b) FTY of products for FTS at Xco2 ~ 33%, and (c) distribution of Fe phase after FTS reaction at higher CO, conversion over the

carbon-supported Fe-based catalysts with various K/Fe ratios.
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Fig. 10. TEM images of spent carbon-supported Fe-based catalysts: (a) bare Fe, (b) K/Fe_0.02, (c) K/Fe_0.05, (d) K/Fe 0.1, (e) K/Fe 0.25, and (f) K/Fe 0.5

(TOS=37 h, 300 °C, 11 bar, GHSV=3000-37500 mL-gga-h™1).
hydrocarbons.
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