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CO; hydrogenation to chemicals and fuels has the potential to alleviate CO5 emissions and displace fossil re-
sources simultaneously via consecutive RWGS and FTS reactions, also known as CO,-FTS. As Fe-based catalysts
are active and selective for both reactions, their bifunctionality requires a delicate balance between the RWGS
and FTS. In this work, we investigated the thermodynamic constraints of RWGS and CO»-FTS, the influence of
CO, conversion on selectivity and the influence of Fe nanoparticle size within the range of 4.7 to 10.3 nm. An
inert carbon support was selected to rule out metal-support interaction and promoting effects of the support.
Catalytic performance was evaluated at 300 °C, 11 bar, Hy/COy/Ar = 3/1/1, 600 to 72000 mL-g’Cat1 h'l. Ata CO-
conversion level below RWGS equilibrium conversion of 23 %, RWGS was found to be the primary and dominant
reaction. No primary Sabatier reaction was observed. At higher CO5 conversion till the CO2-FTS threshold of 42
%, the secondary FTS reaction became dominant. Notably, a non-linear relation between CO3 conversion and CO
selectivity was discovered. Comparing two catalysts with identical 5 wt% Fe loading but different average Fe
nanoparticle size (6.6 and 8.4 nm), the 8.4 nm Fe catalyst was at least two times more active than the 6.6 nm Fe
catalyst. In situ Mossbauer spectroscopy suggested a positive correlation between particle size, carburization and
selectivity towards long-chain hydrocarbons. For these potassium-promoted carbon-supported Fe-based cata-
lysts, nanoparticles of at least 8 nm are required for the formation of Fe carbides and improved reactivity.

1. Introduction reaction, the hydrocarbon distribution is governed by the Anderson-

Schulz-Flory (ASF) model [11].

The valorization of CO, into value-added chemicals and fuels is a
viable solution to mitigate carbon dioxide emissions and fossil fuel
consumption, thereby contributing to a circular carbon economy [1-3].
A strategy of CO2 hydrogenation to long-chain hydrocarbons (CO2-FTS)
is to reduce COy to CO via the reverse water gas shift (RWGS) reaction
prior to the conversion of CO to hydrocarbons via Fischer-Tropsch
synthesis (FTS) [4-6]. The endothermic RWGS reaction is favorable at
temperatures higher than 500 °C, while the exothermic FTS reaction
operates at lower temperatures between 200 and 350 °C [7-9]. At
300 °C and Hy/CO; = 3, the RWGS equilibrium CO5 conversion is 23 %.
In addition, the selectivity of long-chain hydrocarbons has an inverse
relationship with temperature [10]. As FTS is a surface polymerization
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Among the FTS elements (Fe, Co, Ni, Ru, and Rh), Fe-based catalysts
are promising candidates due to their ability to catalyze both RWGS and
FTS reactions via the active phases of Fe3O4 and FesCy respectively
[12-14]. When these Fe phases are dispersed on supports, mechanical
stability and nanoparticle dispersion are improved in comparison to its
bulk Fe-based counterparts [15,16]. Hydrocarbon product selectivity is
dependent on many factors including morphology and particle size of
metal nanoparticles, supports, promoters, and reaction conditions
[17-22]. Inert supports such as carbon are advantageous as the forma-
tion of irreducible Fe species with the support such as Fe aluminate can
be avoided [23,24]. To increase the hydrocarbon chain growth proba-
bility (o), Fe-based catalysts are often promoted with alkali metals and
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transition metals [25-28]. Potassium (K) is one of the most effective
promoters for Fe-based catalysts since it is an electronic promoter for
both RWGS and FTS [29-31].

The nanoparticle size plays an important role in the catalytic per-
formance due to the structure sensitivity of both RWGS and FTS
[15,32-34]. The particle size predominantly controls the exposed active
sites on different surface regions, such as edge, corner, terrace, and step,
exhibiting distinguishable catalytic properties due to their unique co-
ordination and bonding [35]. Zhu et al. studied the particle size effects
of Fe/Zr0, catalysts at 320 °C, 30 bar, Hy/CO = 3, 18000 mL-gesr -h ™.
Catalysts with 15 wt% Fe loading and average Fe particle sizes from 3 to
13 nm were attained by varying the zirconia support surface area. The
primary reactions, RWGS and Sabatier, were found to be more structure
sensitive in the particle size range of 6 to 13 nm. On the other hand, the
secondary FTS reaction was more sensitive within the range of 3 to 10
nm [36]. Song et al. used the pore sizes of an alumina support to prepare
catalysts with 10 wt% Fe loading and average Fe particle sizes between 5
and 23 nm. At 400 °C, 30 bar, Hy/CO5 = 3, 3600 mL-g;at1~h'1, average
Fe;03 particle sizes of 5 to 8 nm were reported to be the most active for
CO5 hydrogenation to hydrocarbons [37]. These prior studies indicate
that CO-FTS is indeed a structure-sensitive process, and shed insights
into the impact of the Fe nanoparticle size. However, these studies were
performed with Fe nanoparticles dispersed on oxidic supports which
were either reactive for the reactants or prone to have the drawback of
potential formation of irreducible species like iron aluminate during
preparation, reduction or catalytic testing.

In this study, the aim is to investigate the influences of Fe nano-
particle size and dispersion on the interplay between RWGS and FTS in
the CO,-FTS process. An inert carbon support was selected to rule out
metal-support interactions and promoting effects of the support. The
carbon-supported Fe-based catalysts with K promoter were prepared via
incipient wetness impregnation. By varying the Fe loading from 2 wt%
to 20 wt%, as well as temperature and duration of calcination, catalysts
containing Fe oxide nanoparticles with the average particle size range of
4 to 10 nm were obtained. Taking thermodynamic considerations into
account, the effects of Fe nanoparticle size and dispersion on the reac-
tivity of RWGS and FTS were elucidated at 300 °C, 11 bar, Hy/COo/Ar =
3/1/1, 600-72000 mL-g‘catl-h'l. In-situ Mossbauer spectroscopy was
used to identify the evolution of the Fe phase under reduction, carbu-
rization, and reaction conditions.

2. Experimental methods
2.1. Catalyst preparation

The carbon-supported Fe-based catalysts with 2, 5, 10, and 20 wt%
Fe weight loading (with K promoter) were prepared by incipient wetness
impregnation. Ammonium iron citrate (Sigma-Aldrich, 16.5-18.5 wt%
Fe) and potassium nitrate (Sigma-Aldrich, > 99.0 %) were first dissolved
in deionized water. For 1 g of salt precursor, 1 mL of deionized water
was used. Methanol was subsequently added to aqueous precursor so-
lution, and 0.5 mL of methanol was used for 1 mL of deionized water.
The Fe/K molar ratio was fixed at 10 for all catalysts. The solution was
added dropwise to the carbon black support (Cabot, VXC 72, 100 %, 75-
150 pm) and the sample was dried in the oven at 120 °C overnight. For 2
and 5 wt% Fe-K/C samples, diluted solutions were required to fill the
pore volume of the carbon support. For the 20 wt% Fe-K/C sample,
successive impregnation steps were required, and the batches were dried
in the oven at 120 °C for 1 h between each step. After drying, the samples
were pyrolyzed at 500 °C (2 °C/min) for 2 h under N5 flow. In order to
get a larger average Fe particle size, the 5 wt% Fe-K/C catalyst was
pyrolyzed at 700 °C for 8 h and the 20 wt% Fe-K/C catalyst was pyro-
lyzed at 500 °C for 32 h under N flow. The catalysts were referred to
according to the average Fe oxide particle size in the fresh catalysts from
TEM analysis, e.g. 7.7 nm Fe showed an average Fe oxide particle size of
7.7 nm.

Chemical Engineering Journal 489 (2024) 151166

2.2. Characterization

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES) was used to determine the elemental loading of Fe and K. Addi-
tional elemental analysis using X-ray fluorescence (XRF) was performed
with a PerkinElmer Optima 7000 DV with a solid-state CCD array de-
tector. Transmission electron microscopy (TEM) was employed to
determine the average Fe nanoparticle size and distribution on the
carbon support. TEM measurements were conducted on a Philips CM120
microscope operated at an acceleration voltage of 120 kV. The sample
was ultrasonically suspended in ethanol and dispersed over a carbon-
coated Cu grid. At least 200 Fe nanoparticles were measured to attain
the number averaged particle size. N, physisorption was carried out
with a Micromeritics ASAP 2420 analyzer. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method. The pore
volume was obtained from the single point desorption data at P/ P ° =
0.98. The pore size was measured using the Barrett-Joyner-Halenda
(BJH) method with the desorption branch. Before the analysis, the
samples were degassed at 200 °C for 12 h. X-ray diffraction (XRD) was
applied to identify Fe crystal structure and phase. The XRD pattern was
recorded on a Bruker D8 Advance diffractometer at 40 kV and 40 mA
using Cu-Ka radiation (A = 1.5544 Z\). The data was collected under the
260 of 20° to 90° with a step size of 0.02 and a scan time of 0.75 s.

In-situ transmission Fe Mossbauer spectroscopy was used to deter-
mine the composition of Fe phases in fresh, reduced, carburized and
CO4-FTS samples. Transmission °’Fe Mossbauer spectra were collected
at 120 K with a sinusoidal velocity spectrometer using a ° Co(Rh)
source. Velocity calibration was carried out using an «-Fe foil at room
temperature. The source and the absorbing samples were kept at the
same temperature during the measurements. The Mossbauer spectra
were fitted using the Mosswinn 4.0 program. The experiments were
performed in a state-of-the-art high-pressure Mossbauer in-situ cell -
developed at Reactor Institute Delft. The high-pressure beryllium win-
dows used in this cell contain 0.08 % Fe impurity whose spectral
contribution was fitted and removed from the final spectra. The condi-
tions were the same as for the catalytic experiments, which are described
below.

2.3. Catalyst performance

The catalytic experiments were performed in a fixed-bed reactor set-
up (Microactivity Effi, PID Eng) containing 0.1-1 g of catalyst (75-150
pm) diluted with SiC (25-75 pm). Prior to the reaction, the catalysts were
reduced with diluted Hy (Hy/Ar = 1/1) flow at 400 °C (5 °C/min) for 2 h,
followed by Hy/CO (H2/CO/Ar = 2/2/1) carburization at 280 °C for 20
h. After reduction and carburization, the catalysts were evaluated at
300 °C, 11 bar, Hy/COy/Ar = 3/1/1, 600-72000 mL~g'Cat1-h'1. The
products were analyzed online with a GC equipped with three channels
and detectors. A channel with a thermal conductivity detector was used
for permanent gases, and two channels with flame ionization detectors
were used for paraffins/olefins and oxygenates.

The CO conversion and the product selectivity were calculated ac-
cording to equations (1) and (2). The CO-free hydrocarbon selectivity
was calculated considering only hydrocarbon production in the CO,
hydrogenation (equation (3)). The carbon balance was between 85-104
%, excluding less than 1 % selectivity towards oxygenates.

COsy — 284C0,,
Xeo, = —= o 2100% @

Arip % *
_ A P roduct,,*n * 2
Sproduct = Y 100% 2
COyn — COs ot

Arous

Arip % 3,%
| MG,
Se,y = Arip Sepy 0 | 100% 3
Z(Ar(,,l, n*C, muur)
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Where CO- ;;, and CO- 4, represent the molar concentration of CO; in the
feed and product stream respectively; Ar;, and Ar,, represent the molar
concentration of Ar in the feed and product stream respectively;
product,,, and CpnHpe, represent the molar concentration of products
and n presents the number of carbon atoms in the product.

3. Result and discussion
3.1. Chemical and physical properties of catalysts

The properties of fresh carbon-supported Fe-based catalysts are
presented in Table 1. By varying the Fe loading (2 to 20 wt%), as well as
the temperature and duration of pyrolysis, catalysts containing Fe oxide
nanoparticles with an average particle size ranging between 4.7 and
10.3 nm were obtained. The increase in Fe loading correlated with the
decrease in surface area and pore volume of the carbon support. From
Fig. 1, the XRD patterns exhibited peaks at 260 = 30.2°, 35.6°, 43.3°,57.3
°and 62.9°, corresponding to y-FepO3 (220), (311), (400), (511) and
(440) respectively (JCPDS 39-1346) [38]. No obvious peaks could be
observed for the 4.7 nm Fe due to the small crystallite size of FeoO3. The
peak at 20 = 26° corresponded to the carbon support, and the lack of
peaks for potassium oxide indicated the absence of crystalline potassium
nanoparticles so a high dispersion of potassium is achieved.

Fig. 2 shows the TEM images of fresh catalysts, verifying the Fe
particles supported on the carbon. All catalysts exemplified a homoge-
nous Fe dispersion even at high Fe loadings due to the synthesis strategy.
First, the addition of methanol to the aqueous precursor solution
ensured a good wettability and contact between the precursor solution
and the unfunctionalized hydrophobic carbon support. Second, the
utilization of the citrate precursor prevented the aggregation of Fe
nanoparticles during calcination, leading to a narrow Fe particle size
distribution (Fig. S1). As a comparison, a catalyst prepared with Fe ni-
trate as precursor displayed a worse Fe dispersion, larger average par-
ticle size of 20.1 nm and broad size distribution (Fig. S2).

3.2. CO2 conversion constraints and pathway of CO2-FTS

Fig. 3(a) shows CO; conversion as a function of residence time in the
reactor. A positive relation between CO, conversion and residence time
was expected and could be observed, except when CO2 conversion was
approaching the RWGS equilibrium conversion and CO,-FTS conversion
threshold. The thermodynamic equilibrium conversion of RWGS at
300 °C, 11 bar, Hy/CO4 = 3 is 23 %, and the consumption of CO by the
FTS reaction allows equilibrium conversion to be shifted up to 42 %. The
threshold of CO, conversion at 42 % is attributed to the thermodynamic
constraints from a decreased CO partial pressure and kinetic inhibition
by H20 [39,40]. This suggests that when CO, conversion is lower than
RWGS equilibrium conversion, the RWGS reaction is dominant and
there is a lack of driving force for the FTS. At higher CO; conversions,
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Fig. 1. The XRD pattern of carbon-supported Fe catalysts.

the rate of CO, conversion are determined by FTS reaction.

In order to understand the reaction pathway of CO-FTS, the relation
between CO selectivity and CO, conversion was investigated. A recent
review by Krausser et al. pointed out that limited data is available in
literature on selectivity-conversion relationships although they are
useful for the identification of individual reaction pathways [41]. As
shown in Fig. 3(b), the CO selectivity decreased with increasing CO5
conversion. At low CO5 conversion, i.e. less than 10 %, the CO selectivity
was almost 100 % in all cases, suggesting that CO is directly formed from
CO, via RWGS as the primary reaction. This also implied that the
Sabatier reaction (the catalytic reduction of COy towards methane)
played an insignificant role in carbon-supported Fe-based CO,-FTS
catalyst systems, which is contrary to the zirconia-supported Fe-based
CO,-FTS catalyst systems [36]. CO was further converted into hydro-
carbons via FTS as the secondary reaction. In contrast to literature which
reported a linear relationship between CO5 conversion and CO selec-
tivity, we found an inverse S-shaped relationship which coincided with
the thermodynamic constraints [36,42,43]. Two trends of CO selectivity
based on average Fe particle size were observed, namely 4.7 to 7.7 nm Fe
(dotted line) and 8.4 to 10.3 nm Fe (solid line). Therefore, the CO
selectivity is associated with CO, conversion and Fe particle size. As the
CO9-FTS reaction is consecutive, the effects of particle size on product
selectivity of the RWGS and FTS reactions are discussed separately.

3.3. Effect of particle size on RWGS and FTS reactions

To investigate the particle size effects on the RWGS reaction, two
catalysts with an identical Fe loading of 5 wt% but different average Fe

Table 1

Properties of fresh carbon-supported Fe catalysts.
Catalyst Weight % loading * Average Particle Size of Fe,O3 (nm) b Fe,03 crystallite size (nm) © SgET (ng'l) d Vspp (cmsg'l) d Dgi (nm) ¢

Fe K

carbon black - - - - 243 0.7 15
4.7 nm Fe 2.2 0.1 4.7 +£1.0 - 171 0.5 17
6.6 nm Fe 4.6 0.2 6.6 + 1.6 - 196 0.5 15
7.7 nm Fe 8.5 0.5 7.7+ 1.6 4.0 167 0.5 15
8.4 nm Fe* 4.6 0.2 84+1.8 5.2 171 0.6 16
8.7 nm Fe 18.7 1.2 8.7+1.8 5.4 111 0.4 16
10.3 nm Fe** 18.7 1.2 10.3 £ 2.3 7.6 123 0.5 16

@ Measured with ICP-OES;
b Number average determined by TEM;
¢ Calculated by XRD;

d Measured with N,-adsorption, Sggr: Specific surface, Vspp: Pore volume, Dgjyy: Pore size; *: pyrolyzed at 700 °C for 8 h; **: pyrolyzed at 500 °C for 32 h.
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Fig. 2. TEM images of fresh catalysts: (a) 4.7 nm Fe, (b) 6.6 nm Fe, (c) 7.7 nm Fe, (d) 8.4 nm Fe, (e) 8.7 nm Fe, and (f) 10.3 nm Fe.
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Fig. 3. (a) CO, conversion versus residence time; (b) CO selectivity versus CO, conversion (300 °C, 11 bar, Hy/CO, = 3, 600-72000 mL-g,*-h™"), dotted line: fitting

based on 4.7 to 7.7 nm Fe, solid line: fitting based on 8.4 to 10.3 nm Fe.

particle size (6.6 and 8.4 nm) were studied. As shown in Fig. 4 (a), the
8.4 Fe nm catalyst showed a higher CO, conversion at the same resi-
dence time, indicating a higher intrinsic activity of the larger Fe nano-
particles. In addition, the higher CO2 conversion resulted in lower CO
selectivity (Fig. 4(b)). Both observations were also reported by Zhu et al.
for zirconia-supported Fe-based catalysts, and they further found
different particle size effects on RWGS at 7 and 13 % CO-, conversion. At
7 % COq conversion, the CO selectivity was consistent at 80 % between
the particle size of 2.5 to 6.1 nm whereas at 13 % CO; conversion, CO
selectivity decreased over the entire range of 2.5 nm to 12.9 nm [36]. In
our study, the CO selectivity was 90 % for both the 6.6 and 8.4 nm Fe
catalysts at 20 % CO; conversion. It appears that the differences in CO
selectivity at identical conditions were a result of CO, conversion
instead of the particle size. Hence, the particle size effect was more
significant for activity than selectivity.

To decouple the impact of CO; conversion and Fe particle size on
hydrocarbon selectivity, the hydrocarbon selectivity was plotted as a
function of CO4 conversion. From Fig. 4(c), the CHy4 selectivity increased
with increasing CO2 conversion, suggesting that CHy4 is predominantly
formed through CO and there is insignificant Sabatier activity. No clear
influence of particle size on CHy selectivity was observed. Similar pos-
itive trends for Cy-C4 and Cs; selectivity with CO, conversion were
shown in Fig. 4(d) and (e) respectively. On the other hand, clear re-
lations were found between particle size and the ratio of olefin and
paraffin (O/P) for Cy-C4 hydrocarbons, as presented in Fig. 4(f).
Compared to the 8.4 nm Fe catalyst, the 6.6 nm Fe catalyst shows a
lower ratio of O/P, indicating that it produced more Co-C4 paraffins and
less Cp-Cy4 olefins. Smaller particles were proposed to favor Hy adsorp-
tion and dissociation, leading to higher H surface coverages and lower
O/P ratios [35]. Regardless of particle size, the ratio of O/P decreased
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Fig. 4. (a) CO; conversion versus residence time; (b) CO selectivity versus CO, conversion; (c-e) HC selectivity versus CO, conversion and (f) O/P ratio for C-C4
hydrocarbons over 6.6 and 8.4 nm Fe catalysts (300 °C, 11 bar, Hy/CO; = 3, 600-3000 mL~g'cat1~h'1).
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To exclude the effect of CO5 conversion, it is critical to evaluate
selectivity at similar CO, conversion levels. Fig. 5(a) and (b) show
product selectivity at Xco2 = 20 % and Xcoz2 ~ 35 % respectively. The
corresponding hydrocarbon distribution and chain growth probability
are included in the Supporting Information as Figs. S4 and S5. A sum-
mary of catalyst performance of bulk and supported Fe-based catalysts is
included as Table S1 in the Supporting Information. At 20 % CO5 con-
version, the four catalysts with smallest iron particle sizes (4.7 to 8.4
nm) exhibited similar (around 90 %) CO selectivity, suggesting that the

Fig. 5. Catalytic performance for CO,-FTS at (a) Xco2 ~ 20 %; (b) Xco2 ~ 35 %
over the catalysts with various particle size (300 °C, 11 bar, Hy/CO5 = 3, 600-
72000 mL-ge,"-h™).

primary reaction was not structure sensitive within this particle size
range. The 8.7 and 10.3 nm Fe catalysts (both 20 wt% Fe loading)
showed lower CO selectivity and higher selectivity towards Co;
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products. As the decrease in CO selectivity did not correspond to a
higher methane selectivity, the dominant primary reaction remained to
be RWGS and no structure sensitivity influence was observed for the
primary reaction within this particle size range. This is in contrast to the
particle size effect study by Zhu et al., in which the larger Fe nano-
particles supported on zirconia catalyzed both RWGS and methanation
primary reactions [36]. For the secondary FTS reaction, the CH4 and Cy-
C4 paraffin selectivity decreased while Co-C4 olefins and Cs, selectivity
increased very significantly with the increasing particle size. The
methane selectivity dropped from 52 to 15 % when the iron particle size
increased from 4.7 to 10.3 nm amid an increase in Cs selectivity from 2
to 43 %. The higher selectivity towards paraffinic products of the smaller
Fe nanoparticles has been earlier reported in CO-FTS literature [45-47].
Galvis et al. proposed the higher production of methane from small iron
carbide nanoparticles to be due to the abundance of corners and edges,
which are low coordination sites [46]. Iablokov et al. observed a similar
trend and attributed the enhancement of methane formation to the
edges and kinks sites which favor CO dissociation [47]. Besides, it has
been put forward that the stronger Hy adsorption and dissociation over
smaller particles increase the ratio of H over CH, surface coverage,
hindering the C-C coupling and resulting in more light hydrocarbons
production and lower ratio of olefin and paraffin [35,48]. Xie et al.
verified that smaller Fe nanoparticles possessed higher H coverages,
which displayed a positive correlation with CH4 selectivity [22].

At 35 % CO5 conversion, the CO selectivity decreased for catalysts
with Fe nanoparticles in the range of 7.7 to 10.3 nm, implying that larger
particles are more active for the secondary FTS reaction. As the catalysts
with smaller Fe nanoparticles possessed lower activity, 35 % CO; con-
version could not be reached with the current reactor set-up configu-
ration, i.e. mass flow controllers and reactor size. Regarding the
hydrocarbon distribution, CH4 and C,-C4 paraffins selectivity decreased,
Co-C4 olefins selectivity remained constant, and Cs; selectivity
increased with the increasing particle size, except for 8.4 nm Fe catalyst.
The difference of 8.4 nm Fe catalyst in hydrocarbon selectivity may be
due to the lower K loading. The K loading can affect the olefin/paraffin
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ratio by influencing the Hy dissociation and adsorption [49]. In sum-
mary, at both CO2 conversion levels, a low CO selectivity was obtained
over large particles with a more active secondary FTS reaction. Small Fe
nanoparticles exhibit a propensity to produce CH4 and Cy-C4 paraffins,
while larger Fe nanoparticles tend to produce long-chain hydrocarbons.

3.5. Fe particle size growth

Fig. 6 shows the TEM images and Fe particle size distributions of
activated and spent catalysts (6.6 and 8.7 nm Fe). After the activation
protocol consisting of reduction and carburization, the Fe nanoparticle
size of the 6.6 nm and 8.7 nm Fe catalysts grew with 1.4 and 1.3 nm
respectively. After 20 h time-on-stream, the average sizes of the 6.6 nm
and 8.7 nm Fe spent catalysts had further grown to 9.2 and 13.5 nm
respectively. The particle size distributions are provided in Fig. 6(c) and
(f) respectively. The distribution for both catalysts increased even more
than the average particle size. The largest increase in particle size and
particle size distribution is observed with the 20 wt% loaded catalyst
(8.7 nm) showing particles with sizes of around 25 nm.

3.6. In situ Mossbauer spectroscopy

To identify the various Fe phases during reduction, carburization and
CO9-FTS reaction, in situ Mossbauer spectroscopy experiments were
conducted for the 6.6 nm and 8.7 nm catalysts. These experiments were
considered as in situ, because the catalysts were treated under identical
reaction conditions (feed, temperature and pressure) as in performance
evaluation experiments, and measured without exposure to air [50-52].
The spectra were collected at 120 K, as Mossbauer spectroscopy is
optimally performed at cryogenic temperatures. The recoil-free gamma
ray resonance (Mossbauer effect) is drastically reduced at high tem-
peratures (when atoms are vibrating more). At low temperatures, the
differences in the measured signals due to variations in the Debye
temperatures (measure of the Fe bonding strengths) of the different Fe
species are reduced. At high temperatures, the Fe structures become

- fresh
- activated
\:l spent

10 15
Fe particle size (nm)

- fresh
~“ - activated

10 15 20 25
Fe particle size (nm)

Fig. 6. TEM images of (a) activated 6.6 nm Fe, (b) spent 6.6 nm Fe, (d) activated 8.7 nm Fe, and (e) spent 8.7 nm Fe; and Fe particle size distribution of (c) 6.6 nm Fe

and (f) 8.7 nm Fe (300 °C, 11 bar, Hy/CO5 = 3, 1500 mL-gz,*-h'}, TOS = 20 h).
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paramagnetic (especially those with nanometer size), preventing the
accurate identification of the Fe species (by means of their magnetic
field).

The spectra and Fe phase distributions are shown in Fig. 7. Further
details on the Mossbauer fitted parameters can be found in Table S2 and
S3. Both fresh catalysts contained 100 % FeyO3, which is consistent with
the XRD results. After reduction, both samples contained 20 % metallic
Fe and 80 % FeO, indicating that the particle size had insignificant

(a) ' ' '

20

18 A. Fresh sample

23.04

) JLAMMALM‘

“ﬂ.lﬁ, adl ol
e

22.8+

Intensity (10° counts)

Chemical Engineering Journal 489 (2024) 151166

influence on the reduction step. After carburization, the 6.6 nm Fe
catalyst contained 21 % €’-Fey oC and 79 % FeO, indicating that metallic
Fe was easier to be carburized to €’-Fe; 5C as compared to FeO. A notable
difference is the presence of 15 % of y-FesC, after carburization of the
8.7 nm Fe catalyst in comparison to the 6.6 nm catalyst. Under reaction
conditions, the Fe phase composition of the 6.6 nm Fe catalyst did not
change. On the other hand, the 8.7 nm Fe catalyst became almost fully
carburized, consisting of 94 % y-FesCo and 6 % Fe304. The higher extent

(b) o | ﬂ

A. Fresh sample

3.95] lhalualiys, o . i L ukh b L
T Y x ; il

2 3.90]

c

3

o

v 3.85

g B. Reduction

=

w)

c

]

£

C. Carburization

1234

P s
12.0
| D. Reaction D. Reaction
: ‘ ; ; - 11.7 : ; ; . ;
-10 -5 0 S 10 -10 -5 0 5 10
Doppler velocity (mm s) Doppler velocity (mm s)
(c) Fe® |  FeO | Fe;0, | Fe,0, (d) Fe® | FeO | Fe;0, Fe,0,
€'-Fe, ,C -Fe.C g'-Fe, ,C -Fe.C
100 2.2 X-resl, 100‘ 2.2 X-resl,

e 80+ L 2 80+
C C
S 2
= =
§ 60 - _g 60 -
=] =]
C C
o o
© 40 © 40
o o
L L
(8] (8]
2 2
& 20+ & 204

Reduced I Carburized Reaction
6.6 nm Fe

Fresh

Fresh Reduced ICarburized Reaction

8.7 nm Fe

Fig. 7. Mossbauer spectra obtained in-situ with the (a) 6.6 nm Fe and (b) 8.7 nm Fe catalysts at 120 K; the Fe phases distribution in fresh, reduced, carburized, and

reaction samples of 6.6 nm Fe (c) and 8.7 nm Fe (d) catalysts.



W. Meng et al.

of carburization in larger particles was also reported previously by Kang
et al for Fe;O3 nanocrystallites up to 16 nm [53]. However, according to
Liu et al, there appears to be an inverse relation between carburization
and particle size for Fe304 between 85 and 400 nm [54]. y-FesCy and
Fe304 were reported to be the active phase for FTS and RWGS respec-
tively and this can be used to explain the catalytic differences seen in
Fig. 5. High selectivity towards CO and low selectivity towards long
hydrocarbons was observed with the 6.6 nm Fe sample, which mostly
consisted of FeO. On the other low selectivity towards CO and high
selectivity towards Fischer-Tropsch products is seen with the sample
consisting of Hagg carbide. Hence, the Fe phases from in situ Mossbauer
during CO2-FTS were in line with the catalytic performances over
various particle size catalysts.

4. Conclusion

In this study, carbon-supported iron-based catalysts were used to
gain a deeper understanding of the interplay between RWGS and FTS in
the CO,-FTS process. By varying the Fe loading from 2 to 20 wt%, as well
as changing temperature and duration of calcination, catalysts con-
taining Fe;O3 nanoparticles with average particle size of 4 to 10 nm
were obtained. N physisorption, ICP-OES, XRD, and TEM were used to
identify the chemical and physical properties of the catalysts. At 300 °C,
11 bar, Hp/COy = 3, the RWGS equilibrium conversion is 23 % and CO
consumption via FTS enables a shift to 42 %. Our results confirm that
CO9-FTS consists of RWGS as the primary reaction and FTS as the sec-
ondary reaction. The Sabatier reaction is negligible over the carbon-
supported Fe-based catalysts. Comparing two catalysts with identical
5 wt% Fe loading but different average Fe nanoparticle size (6.6 and 8.4
nm), the 8.4 nm Fe catalyst was at least two times more active than the
6.6 nm Fe catalyst. The CO selectivity and hydrocarbon chain growth
probability were mainly influenced by CO conversion while the olefin/
paraffin ratio was dependent on Fe nanoparticle size. At similar COy
conversion of 20 or 35 %, lower CO selectivity and higher Cy. hydro-
carbon product yield were observed over the larger Fe nanoparticles,
while smaller Fe nanoparticles exhibited a propensity to produce par-
affins due to lower coordination sites. In situ Mossbauer spectroscopy
showed that the lower carburization level of the catalyst with smaller
iron particle size limited the consecutive FTS reaction and resulted in
high CO selectivity. Similarly complete carburization of the catalyst
with larger particle size was seen which linked to the high selectivity
towards long chain hydrocarbon products and low CO selectivity. We
found that particle size could be used to tune the iron phase composi-
tion, resulting in improved performance. However, we are not able to
decouple the influences of particle size from iron species and future
work could be in this direction.

From our study, we demonstrated that selectivity control to CO or
higher hydrocarbons is complex and dependent on numerous factors.
The first factor is thermodynamics. At CO5 conversion below the RWGS
equilibrium conversion, RWGS dominates. To achieve higher selectivity
towards Cy; hydrocarbons, CO, conversion needs to be higher than the
RWGS equilibrium. The second factor is CO, conversion, and higher CO,
conversion leads to higher hydrocarbon selectivity. The third factor is Fe
nanoparticle size, and larger Fe nanoparticles were easier to carburize,
leading to higher CO, conversion and hydrocarbon selectivity.
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