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Revealing the Mechanism and Kinetics of Fe;C, Formation
From Ferrous Oxalate under CO, Fischer-Tropsch
Conditions Using Time-Resolved In Situ X-Ray Absorption

Spectroscopy

Elizaveta A. Fedorova,*™ Aleksandr Fedorov,” Dmitry E. Doronkin,'” David Linke,"
Christoph Kubis,™ Angelika Briickner,”’ and Evgenii V. Kondratenko*®

The fundamentals of insitu formation of iron carbides are
required for the tailored design of Fe-based catalysts for the
efficient conversion of CO, to higher hydrocarbons. Herein,
time-resolved in situ X-ray absorption spectroscopy has been
used to elucidate the mechanism of the formation of FesC,
from ferrous oxalate (FeC,0,) at 350°C using a H,/CO=3
reaction feed. Regardless of the kind of alkali metal promoter
and reaction pressure (1 or 7.5 bar), FeC,0, is first decomposed
to FeO followed by the conversion of the latter to Fe,C,. Further
insights into the above transformations were derived by kinetic

Introduction

Ferrous oxalate dihydrate (FeC,0,-2H,0) is a versatile precursor
used to produce various iron oxides, metallic iron, and iron
carbides for different applications in medicine, solar water
decomposition, magnetic materials, and catalysis."™ The nature
of the iron-containing products formed depends on the
reaction atmosphere, in which it is treated.®*7' For example,
Fe,0; nanoparticles are produced by decomposing FeC,0,-2H,0
in oxidizing atmospheres (air, 0,).2"'” Nicholson found that
this compound is extremely oxygen sensitive and its dehydra-
tion and decomposition might occur practically simultaneously
in the temperature range of 150-230°C" The calcination
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analysis using a Johnson-Mehl-Avrami-Erofeev-Kolmogorov
model and kinetics-constrained neural ordinary differential
equations method. Both approaches revealed that the forma-
tion of FeO at 1 bar follows a nucleation mechanism, while a
diffusion mechanism has a higher contribution at 7.5 bar. The
latter mechanism is valid for the conversion of FeO to FesC, at
both pressures. Alkali metal promoters were found to accelerate
the rate of Fe;C, formation. This rate decreases with increasing
total pressure due to the stabilization of FeO.

conditions and morphology of FeC,0,-2H,0 influence the
formation of a-Fe,0; and/or y-Fe,0,.282113!

In contrast to an oxidizing atmosphere, FeC,0, is stable in
vacuum or inert atmosphere. Thus, its decomposition and the
dehydration of FeC,0,-2H,0 occur at different
temperatures.**7'"" Decomposition to FeO with the formation
of gas-phase CO and CO, starts in the temperature range of
300-360°C.B71%15171 As this iron oxide is unstable in this
temperature range, it disproportionates to Fe and Fe,0,."7*™
However, many authors mentioned that secondary reactions
between Fe-containing phases and gases, e.g., H,0, CO,, CO,
formed during the decomposition process take place.?™ For
example, H,0 can oxidize FeO to Fe;0,.°'>'®2% CO is involved in
the formation of Fe carbides.*?'"*® The decomposition in an H,-
containing atmosphere proceeds via the formation of FeO
followed by its disproportionation to Fe and Fe;0,."* Both iron
oxides can be reduced to metallic Fe.

Since Fe;0, and Fe carbides, which are active components
of Fe-based catalysts used in CO, Fischer-Tropsch (CO,-FT),**"
can be formed through simple thermal decomposition of
FeC,0,2H,0, this material was used for the preparation of CO,-
FTS catalysts.® 122222331 |n addition, our group recently
demonstrated that FeC,0,2H,0O can be directly used for CO,-
FT.2Y The catalytically active phases are formed in situ. Such
approach eliminates any catalyst pre-treatment steps. It was
also shown that the spatial distribution of Fe-containing phases
formed in situ depends on the kind of alkali metal promoter
introduced to FeC,0,-2H,0 via impregnation with an aqueous
solution of the respective carbonate. The fraction of Fe carbides
in the spent (after CO,-FTS) promoted catalysts increased in the
order Li < Na < Rb < K < Cs. However, neither mechanistic nor

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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kinetic studies of reaction-induced transformations of bare and
promoted FeC,0,-2H,0 were carried out.

Based on the above, the purpose of this study was to
elucidate the mechanism of the formation of Fe-containing
phases/species from FeC,0,-2H,0 under CO,-FTS conditions and
to derive the kinetics of the individual steps. Such knowledge
may be helpful in the design of catalysts based on this Fe-
containing precursor. To achieve this, a family of materials
based on FeC,0,-2H,0 without or with an alkali metal (Li, Na, K,
Rb or Cs) promoter were prepared and abbreviated as OM/Fe,
0.005Li/Fe, 0.005Na/Fe, and 0.005K/Fe, 0.005Rb/Fe or 0.005Cs/
Fe. The numbers stand for the atomic ratio of promoter/Fe. The
dynamics of reaction-induced phase changes in these materials
at 1 and 7.5 bar and 350°C using a CO,/H,=1/3 feed was
investigated by means of time-resolved in situ X-ray absorption
spectroscopy (XAS). The obtained temporal profiles of the
identified Fe-containing phases were evaluated to understand
the mechanism and derive the kinetics of their formation.

Results and Discussion
Dehydration of FeC,0,-2H,0 in He During Heating

Figure 1 shows the in situ XANES (a) and EXAFS (b) spectra of
FeC,0,2H,0, which were measured during heating in He to
350°C. The corresponding data on the promoted materials are
presented in Figure S1. For all materials, some changes in the
XANES spectra were observed, although the pre-edge peak at
about 7112.5 eV did not change. Thus, the oxidation state of
iron did not change and was 24.BY Based on the EXAFS
spectra, the local environment of Fe?™ in these materials is very
similar. Only changes in peak intensity are seen. As additional
bonds such as Fe—O—Fe or Fe—Fe present in iron oxides or
metallic Fe were not observed (Figure S2, Table S1), we can
safely conclude that FeC,0, did not start to decompose during
heating in He. Using the spectra measured at 25 and 350°C as
references for FeC,0,-2H,0 and FeC,0,, respectively, their linear
combination analysis (LCA) was performed to visualize the
dehydration process (Figure S3). The obtained fraction of
FeC,0, as a function of temperature is shown in Figure 1c. The

temperature required to achieve 50% dehydration of all
samples is in the range of 137-150°C, which is similar to that
reported in previous studies dealing with the dehydration of
FeC,0,-2H,0.5""® No clear correlation between this parameter
and the kind of alkali metal was established in this study.

Decomposition of FeC,0, in CO,+H,

To elucidate the mechanism and derive the kinetics of the
decomposition of FeC,0, under conditions relevant to CO,-FT,
we performed in situ XAS experiments at 350°C, 1 and 7.5 bar
using a H,/CO,=3 feed. All materials were initially heated to
this temperature in He to dehydrate FeC,0,-2H,0 to FeC,0,. An
increase in the intensity of the pre-edge peak at 7112.7 eV is
visible in the XANES spectra of all samples tested at 1 bar
(Figure 2a, Figures S4). Irrespective of the presence or the kind
of alkali metal promoter, the XANES spectra recorded after
120 min on stream look similar to that of the Fe;C, reference
but are not identical (Figure 2b). The intensity of the pre-edge
peak in the XANES spectra of 0.005Rb/Fe and 0.005Cs/Fe is
lower compared to the Fe;C, reference and other materials
tested, probably due to the incomplete decomposition of
FeC,0, after 120 min. The pre-edge peak intensity in the XANES
spectra of OM/Fe, 0.005Li/Fe, 0.005Na/Fe, and 0.005K/Fe is same
as for Fe;C,, but the position of the white line maximum is at
7129.6 eV as opposed to the 7131.8eV in the reference
spectrum. The reason might be explained by the formation of
defective Fe;C, with additional amorphous iron oxide on the
surface (Figure S5).°°3 The comparison of the EXAFS spectra
after 120 min on reaction stream (Figure 2c) shows the same
local environment of iron in the Fe;C, reference and the OM/Fe,
0.005Li/Fe, 0.005Na/Fe, and 0.005K/Fe samples with a difference
in the peak intensities. The EXAFS fitting suggests the presence
of the same Fe-C and Fe-C-Fe scattering in these samples as in
Fe;C, (Figure S6, Table S1). Thus, FeC,0, in these samples
should be almost completely decomposed to Fe;C, (Figure S5,
Table S1). On this basis, we used the XANES spectrum of FeC,0,
after 120 min on reaction stream as the refence spectrum
representing Fe;C, formed in situ for further LCA of the time-
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Figure 1. (a) The XANES and (b) EXAFS spectra of the OM/Fe sample during heating in He to 350°C. (c) The fraction of anhydrous FeC,0, at different
temperatures during heating in He to 350°C. It was obtained by a linear combination analysis of the XANES spectra. The data are openly available in [37].
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Figure 2. The XANES spectra of the OM/Fe sample at 350°C and (a) 1 bar or (d) 7.5 bar using a H,/CO, =3 reaction feed. The orange line represents the
spectrum of FesC,* (the spectrum of the 0 M/Fe sample after 120 min treatment in He at 350°C and 1 bar). (c, ) The XANES and (d, f) EXAFS spectra of
different samples measured at room temperature after 120 min on H,/CO, stream at 350°C and (b, c) 1 bar or (e, f) 7.5 bar. The data are openly available in

[371.

resolved spectra of other materials. This reference material is
abbreviated as Fe;C,*.

No complete conversion of FeC,0, to Fe;C, in all catalysts
could be achieved even after 120 min on H,/CO,=3 stream at
7.5 bar (Figure 2d-f, Figure S7-S8, Table S1). Based on the
intensity of the pre-edge peak of the XANES spectra after
120 min of stream (Figure 2e), the highest and lowest amount
of Fe;C, should be present in the 0.005Li/Fe and 0.005Rb/Fe
samples, respectively.

It is worth mentioning that an additional peak at 7128.5 eV
appeared in the XANES spectra during the decomposition
process (Figure 2a, d) indicating the formation of intermediate
phases. To identify the number of independent compounds in
the data set obtained, we applied principal component analysis
(PCA).B8* The scree plot® and the factor indicator function
(IND) suggested by Malinowski®*" were used to analyse the PCA
data (Figure S9). The obtained number of independent compo-
nents is presented in Table S2. The analysis with the scree plot
suggests that at least 3 components are needed to describe the
data set for all samples, whereas a higher number (up to 7-8) is
predicted by the IND function. However, the latter can over-
estimate the number of compounds as reported in a previous
study.”” Due to the complexity and limitations of PCA and, in
particular, its data interpretation,*® we applied the linear fit of
the XANES data set measured at one pressure with different
numbers of reference spectra.*” Figure 3 shows the depend-
encies between the mean value of the residuals and the
number/type of reference spectra used for the fit. On this basis,
FeO was identified as the best additional component formed at
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Figure 3. The mean residual values obtained by the linear fit of XANES data
at 1 bar (left) and 7.5 bar (right) using different reference spectra. The
percentage above each bar represents the relative reduction in residual
values after adding a new component. The labels below the graph refer to
the phases used for fitting: (2) - FeC,0, and Fe;C,; the 3d component added
to FeC,0, and Fe;C, is (3a) - Fe, (3b) - Fe;0,, (3¢) - Fe;C and (3d) - FeO; the
4" component added to FeC,0,, Fe;C, and FeOQ is (4a) - Fe, (4b) - Fe;0, and
(4c) - FeyC; the 5™ component added to FeC,0,, Fe;C,, FeO and Fe,;0, is (5a)
- Fe and (5b) - Fe;C. The data are openly available in [37].
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both 1 and 7.5 bar. The formation of FeO as the first step of
FeC,0, decomposition is discussed in the literature.” 7 1% 1517
For the data measured at 1 bar, the addition of metallic Fe or
Fe;0, did not lead to a significant improvement. However, the
inclusion of Fe;C led to a moderate residual decrease of 19.2%,
which may indicate the formation of Fe;C as an intermediate
phase. In the case of tests at 7.5 bar, the addition of metallic Fe
did not result in a decrease in the residual. However, the
formation of Fe;O, and Fe;C cannot be excluded.

To illustrate the time-resolved evolution of the conversion
of FeC,0, to Fe;C, the XANES spectra of each catalyst in
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Figures S4 and S7 were fitted by LCA using the reference
spectra of FeC,0, FeO, Fe;C, FesC,* and Fe;O, (Figure 4,
Figure S10). Irrespective of the kind and presence of alkali metal
promoter and the reaction pressure, the first step in the
decomposition of FeC,0, is the formation of FeO (equation 1).
For all samples, a small fraction of Fe,C was also identified
during the decomposition. We suppose that FeO is further
transformed to Fe;C and then to Fe,C, under reaction
conditions probably according to equations 2 and 3.

FeC,0, — FeO + CO, + CO 0]
3FeO + CO, + 5H, — Fe;C + 5H,0 2)
5FesC + CO, + 2H, — 3Fe,C, + 2H,0 3)

In contrast to tests at 1 bar, the fraction of FeO in tests at
7.5 bar reached a certain value after a short time on H,/CO,=3
stream and changed little with a further increase in the time.
The time-on-stream changes in the fraction of the Fe;C, phase
at this pressure are also slower in comparison to the tests at
1 bar. Although FeO is not stable in an oxidizing atmosphere at
350°C," our experiments demonstrate that this phase can be
stabilized at this temperature when using an H,/CO,=3 feed at
7.5 bar. This may be explained by the stabilizing effect of

water.**! This product is formed by reverse water gas shift
reaction involving CO,. For this reason, we put forward that
water also lowers the conversion of FeO to iron carbide.

After more than 30 minutes on reaction stream at 7.5 bar,
Fe;O, started to be formed. Its formation could occur via two
routes: the disproportionation of FeO to Fe and Fe;0,, and the
oxidation of FeO by water (equation 4). We suppose that the
latter route is more likely because the formation of metallic Fe,
if the disproportionation occurred, was not supported by linear
fit of XANES data (Figure 3).

3FeO + H,0 — Fe;0, + H, (4)

Kinetic Modelling of Decomposition of FeC,0, in CO,+H,

First, we applied the traditional kinetic approach using
Johnson-Mehl-Avrami-Erofeev-Kolmogorov  (JMAEK) model
(equations 7-8 in section Kinetic modeling in the Experimental
part) to describe the first step of FeC,0, decomposition, i.e., the
formation of FeO (equation 1). This model has been successfully
applied in many previous studies dealing with different
compounds.“* To refine the steps of the formation of FeO
and its consecutive conversion to iron carbide during FeC,0,
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Figure 4. The time-resolved profiles of fractions of Fe-containing phases formed during the treatment of (a, g) OM/Fe, (b, h) 0.005Li/Fe, (c, i) 0.005Na/Fe, (d, j)
0.005K/Fe, (e, k) 0.005Rb/Fe, and (f, I) 0.005Cs/Fe at 350°C and (a-f) 1 bar or (g-l) 7.5 bar in a H,/CO, =3 mixture. The data are openly available in [37].
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decomposition, kinetic modelling using ordinary differential
equations (ODEs) was applied (see section Kinetic modeling in
the Experimental part). To validate the latter approach, the rates
of the formation of FeO, the first step of the decomposition of
FeC,0, (equation 11), obtained by these two approaches were
calculated and compared.

The parameter nin equation 7 depends on the nucleation
and growth mechanism and/or dimensionality of crystal
growth. When n is larger than 1, the nucleation process largely
contributes to the reaction studied. This contribution is less
pronounced for n values below 1. Thus, the phase trans-
formation is determined by the diffusion-controlled growth of
the new phase. The n and k parameters were estimated by a
linear regression fitting of the experimental data (the con-
version values « were calculated from the fraction of FeC,0, in
Figure 4) in the Sharp-Hancock coordinates (equation 9 in
section Kinetic modeling in the Experimental part) (Figure 5a,b,
S11). The obtained rate constant of the conversion of FeC,0, to
FeO is presented in Tables S3, while the respective n values are
presented in Figure 5c. For all materials tested at 1 bar, the
latter are larger than 1 (1.4-2.2) indicating that the nucleation
mechanism plays an important role in the decomposition of
FeC,0,. When this reaction was investigated at 7.5 bar, the
nvalues of all catalysts decreased and became less than 1 in
the case of the OM/Fe, 0.005Li/Fe, 0.005Na/Fe, 0.005K/Fe and
0.005Rb/Fe catalysts. Thus, the decomposition reaction in these
materials at elevated pressures should be controlled by the
diffusion growth. The nucleation process still contributes to the
FeC,0, decomposition in the 0.005Cs/Fe catalysts since n is 1.4,
which is larger than 1.

To obtain the kinetic parameters of the conversion both of
FeC,0, to FeO (equation 1) and FeO to iron carbides (Fe,C,,
equations 2 and 3), a kinetic-constrained neural ODE approach
was used to fit the in situ XAS data in Figure 4. Three models
(M—1, M—2 and M-3 (see section Kinetic modelling in the
Experimental section) were tested for their ability to describe
the complete transformation profile. The M—2 was found to fit
the experimental data at 1 and 7.5 bar better compared to M—1
(Table S4, Figures S12-S13). It indicates that the overall rate of
FeC,0, decomposition depends not only on the fraction of
ferrous oxalate but also on the fraction of FeO, which is

significantly higher at 7.5 bar than at 1 bar. Probably, FeO may
cover FeC,0, thus resulting in diffusion limitations for removing
gaseous CO and CO, during FeC,0, decomposition. The
dependence of the FeC,0, decomposition rate on the FeO
amount at 7.5 bar is more pronounced because of the stability
of this oxide. However, the data could be better described by
model M—3 (Table S4, Figure S14). This model considers the
influence of the promoters on the individual reactions in the
course of FeC,0, decomposition suggesting different reaction
mechanisms. This agrees with the analysis of the decomposition
using with the JMAEK model (Figure 5c); for example, at 7.5 bar
the nucleation mechanism (n>1) prevails in the case of the
0.005Cs/Fe sample, while the diffusion mechanism (n<1) is
valid for other samples.

To validate the results obtained with the neural ODE
models, we calculated the rate of conversion of FeC,0, to FeO
at a 50% conversion of FeC,0, using the kinetic parameters
obtained by these models and compared with the data
obtained by the traditional JMAEK model (equations 7 and 8).
The corresponding rate values are shown in Figure S15. The
ODE results obtained with M—3 have a good convergence with
those obtained by the classical approach (R*=0.99323 and
0.92457, Figure S15). The other neural ODE models also show
good convergence for the 1 bar data, but not for the 7.5 bar
data (Figure S15), probably, due to their failure to describe the
experimental data correctly (Figure S12, S13). The above
analysis suggests that the neural ODE approach provides similar
results as the classical modelling and thus may be used to
determine kinetic parameters of solid-state transformations/
conversion. Moreover, neural ODE models are not limited to a
single reaction but could extract information about investigate
the conversion of FeO to iron carbide that occurs in parallel
with the decomposition of FeC,0, to FeO.

To analyze the effect of the kind of alkali metal promoter on
the rates of FeC,0, and FeO decomposition, the initial rates,
where only the reagent is present, were estimated using the
obtained models (Table S5; Figure 6a,b). The fractions of FeC,0,
(x;) and FeO (x,) were 1 and 0 for the first reaction (FeC,0, to
FeO) but 0 and 1 for the second reaction (FeO to Fe,C)). For all
samples, the rate of the first reaction increases with increasing
total pressure (Figure 6a,c). At 1 bar, the catalysts can be

4
(@) (b) (© Nucliation models ® bar
254 . ® 7.5bar
1 J
________ a=0.65 - |
o= A - - 20{ @ -
ol 7
B 3
%_1 | T a=035 X S c 1.5
|—=— OM/Fe —s— OM/Fe 1.0
-2 —e—0.005LilFe —e—0.005LilFe ’
—4—0.005Na/Fe —4—0.005Na/Fe @ ® ®
—v— 0.005K/Fe oy —v— 0.005K/Fe ®
_3 — 0.005Rb/Fe 0.005Rb/Fe| 0.5
0.005Cs/Fe 0.005Cs/Fe Diffusion models
1 2 3 4 5 1 2 3 4 5
Int Int ¢ & & & &
N S & § &
o ) N

Figure 5. The Sharp-Hancock plot of FeC,0, decomposition in different catalysts at 350°C and (a) 1 or (b) 7.5 bar. The conversion (a) of FeC,0, was obtained
from the fraction of the FeC,0, phase as determined from in situ XAS experiments. (c) The values of the parameter n obtained by linearization of the Sharp-
Hancock plotted data in (a) and (b). The fits are shown in Figure S10. The data are openly available in [37].
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Figure 6. The initial rates of (a) FeC,0, decomposition to FeO and (b) FeO conversion to Fe,C, (Fe;C and FesC,) for different samples tested at 1 and 7.5 bar. (c)
The ratios of r,/r; and r,/r, at 7.5 bar to 1 bar. The data are openly available in [37].

ordered in terms of their decomposition activity as follows:
0.005Na/Fe ~0.005Li/Fe ~0.005K/Fe >OM/Fe >0.005Cs/Fe
~0.005Rb/Fe. This tendency is almost maintained at 7.5 bar,
with only 0.005Na/Fe showing the highest decomposition rate.
The dependence of the FeC,0, decomposition rates on alkali
metals could be due to the combination of different promo-
tional effects of alkali metals such as electron donation, changes
in surface basicity, active facets stabilization, different mobility
of alkali metals, etc."'? Probably, the alkali metals could
interact with the oxalate group and form MC,0, fragments
(M =alkali metal) during the decomposition. Jestild J. S. et. al®
showed that such intermediates have different structures and
length of M-O bonds. It was shown that the stronger
interactions of Li, Na, and K with the oxygens in the oxalate
fragment could lead to the elongation of the C-C bond, and,
probably, its faster rupture during FeC,0, decomposition.
Meanwhile, Rb and Cs in staggered configurations with the
oxalate fragment are characterized by three longer M-O bonds
providing a shorter C-C bond, which might lead to higher
stability of the oxalate and a lower rate of FeC,0, decom-
position compared to the unpromoted sample.

The predicted acceleration of the initial rate (Figure 6a, 6c)
and deceleration of the rate at 50% FeC,0, conversion
(Figure S15) with increasing pressure could be explained by the
difference in the reaction mechanism. For example, in the case
of the diffusion mechanism, the initial rate is higher than the
rate at higher conversion degrees (Table S3). The nucleation
mechanism is characterized by a low initial nucleation rate at
the beginning but a further acceleration as the reaction
progresses.” According to the JMAEK model (Figure 5¢), the
decomposition mechanism depends on pressure. This model
cannot, however, predict whether and how the mechanism
changes with rising conversion. To provide some hints in this
regard, we used the neural ODE model to check for possible
dependencies between the n and « values for both FeC,O,
decomposition to FeO and FeO conversion to FeC, (Fig-
ure S16).

For all samples tested, the n values for the first reaction at
1 bar are larger than 1 in the entire a range. Thus, the
nucleation mechanism should dominate the decomposition
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process. The n value of the samples measured at 7.5 bar is lower
than at 1bar, and the nvalues of the OM/Fe, 0.005Li/Fe,
0.005Na/Fe, 0.005K/Fe, and 0.005Rb/Fe samples are lower than
1 for almost the entire a range indicating the prevalence of the
diffusion mechanism. These data also correlate with n values
estimated by JMAEK model (Figure 5c) pointing to the correct
data fitting by the neural ODE approach.

For the conversion of FeO to Fe,C, in all materials, the n
values are lower than 1 (except for 0.005Cs/Fe at 7.5 bar with
the n values in the 0.97-1.10 range) indicating the predom-
inance of the diffusion mechanism at ambient and elevated
pressures (Figure S16¢,d). All promoted samples have higher
initial conversion rate at 1 bar and 7.5 bar than their unpro-
moted counterpart (except 0.005Li/Fe at 1 bar) confirming the
positive effect of alkali metals on the steady-state fraction of
FesC, in CO,—FT (Figure 6b).5*>% A significant decrease in the
rate with rising pressure was found for all samples (Figure 5b,c),
which could be due to the stability of FeO at higher pressures.

Conclusions

The present study demonstrates the potential of the time-
resolved in situ XAS method, combined with the kinetic analysis
of the results obtained, to provide the fundamentals of the
formation of Fe;C, from FeC,0, promoted by an alkali metal (Li,
Na, K, Rb, or Cs) at 350°C under CO, Fischer-Tropsch conditions.
The precursor was obtained by dehydration of FeC,0,-2H,0
during heating to 350°C in He. In contrast to the decomposition
of FeC,0, in oxidizing, reducing or inert atmospheres, FeO can
be stabilized at 350°C using a H,/CO,=3 reaction feed. The
primarily formed FeO is consequently converted to Fe;C, via
Fe,C carbide. Both processes slowed down when the reaction
pressure increased from 1 to 7.5 bar. This was explained by the
stabilization of FeO at higher partial pressures of water steam.

A kinetics-constrained neural ODE approach was proven to
provide mechanistic and kinetic insights into the formation of
FeO and Fe;C, in comparison with a classical Johnson-Mehl-
Avrami-Erofeev-Kolmogorov model, which can be applied for
the first process only. Both approaches suggest that the
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conversion of FeC,0, to FeO at 1 bar occurs according to a
nucleation mechanism, while a diffusion-controlled mechanism
prevails at higher pressures. The change in mechanism was
explained by an improvement in the stability of FeO, which
may lead to the encapsulation of FeC,0, resulting in diffusion
limitations during the decomposition process.

Regardless of the pressure, the formation of iron carbides
from FeO follows the diffusion mechanism. The initial rate of
this reaction is accelerated in the presence of an alkali metal
promoters but hindered with increasing pressure.

Experimental Section
Samples Preparation

The catalysts were prepared through incipient wetness impreg-
nation of commercial ferrous oxalate dihydrate (FeC,0,2H,0,
Sigma Aldrich, 99%) with an aqueous solution of alkali metal
(Li, Na, K, Rb or Cs) carbonate as described in Ref. [30]. The
promoted samples were dried at 110°C for 24 h. No additional
thermal treatments were performed.

In Situ X-ray Absorption Spectroscopy

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectra at the Fe K
absorption edge (7112 eV) were recorded at the P65 beamline
of the PETRA lll synchrotron (DESY, Hamburg) in transmission
mode. The energy of the X-ray photons was selected by a Si
(111) double-crystal monochromator and the beam size was set
by means of slits to 0.2(vertical)x 1.5 (horizontal) mm?. The
samples were diluted with boron nitride (10wt% of
FeC,0,-2H,0 in BN), sieved into a fraction of 100-200um and
were loaded in an in situ micro-reactor (quartz capillary, 1.5mm
diameter, 0.02mm wall thickness). The total amount of each
sample was about 0.5 mg. The catalysts were initially heated to
350°C at 1 bar in a flow of He (20ml/min flow rate, 5°C/min
heating rate). Hereafter, He was replaced by a CO,sH,=1:3
mixture (20ml/min flow rate). The XANES spectra were meas-
ured for 2 hours at 1 bar and 350°C. Additional experiments
were performed at 7.5 bar. The pressure was increased after
reaching 350°C at ambient pressure and changing to CO,:H,=
1:3 mixture. The XANES spectra were normalized, and the
EXAFS spectra background was subtracted using the ATHENA
program from the IFFEFIT software package.®” A linear
combination analysis of the XANES spectra was performed in
the energy range from —15 eV to +40 eV with respect to the
absorption edge. The k*-weighted EXAFS functions were Fourier
transformed (FT) in the k range of 3.0-10.0A" for samples
measure at room temperature and 2.0-8.0A~" for in situ
measurements at higher temperature. The principal component
analysis (PCA) was used to identify the number of independent
compounds in XANES data. To extract the correct number of
the components that have real physical/chemical meaning, the
scree plot®% and factor indicator function (IND) suggested by
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Malinowski®" were used. The scree plot illustrates the relation-

ship between eigenvalues and component numbers. At first,
the eigenvalues decrease sharply, followed by a more gradual
decline (see Figure S9). The components associated with the
initial steep drop typically have physical meaning, while those
beyond the “elbow” mainly represent noise and contribute
minimally to the data set.*” The IND function was estimated by

the following formula:*"!

1 ZI"’:NJH /li
(n—N)?2\m(n—N)'

IND(N) = (5)

where N is the component number; n is the number of spectra;
m is the dimension of spectra; 1; - the eigenvalue for principal
component i. The IND function reaches a minimum when the
correct component number of components is employed.”” In
addition, the analysis of the number of correct components was
performed by fitting XANES spectra using linear combinations
of different numbers/types of reference spectra. Non-negative
linear regression from SciPy®? was applied to determine the
regression coefficients and the corresponding residuals. The
mean residual value across all spectra was used as the loss
function (separately for 1 and 7.5 bar data).

Kinetic Modeling

To derive kinetic parameters of FeC,0, transformations under
CO,-FT conditions, we used both a classical approach for
analyzing topochemical (solid-state) reactions and artificial
neural networks. The rate of a topochemical reaction can be
presented by equation 6 according to previous studies.* >

d.
9 (T.prseapr) - Fla) ©

where a- the conversion of the reacting compound; t- the
reaction time; k - the effective reaction rate constant; p; — the
partial pressure of gas phase component i; f(a) - the function
describing the conversion mechanism.

One of frequently used models to describe solids crystal-
lization kinetics is a Johnson-Mehl-Avrami-Erofeev-Kolmogor-
ov (JMAEK) model,"*®***3 for which f(a) is presented as:

fla) =n(1— a)(=In(1 — a))' 7)

where n- the Avrami exponent, where value gives the
information about mechanism of reaction.

The JMAEK model can also be represented in the integral
form by equation 8. This equation can be represented in a
linear form also known as the Sharp-Hancock plot (equation 9).
It was used for estimating the reaction rate constant k and the
Avrami exponent n from the experimental data in the o range
between 0.2 and 0.8 for 1 bar and 0.35 and 0.65 for 7.5 bar
representing a linear section with a sufficient number of points.
It is known that the reaction constant k correlates with the f(a)
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function and the reaction mechanism.* Accordingly, to under-
stand whether and how the kind of alkali metal promoter
affects the kinetics of ferrous oxalate decomposition, the k and
n values obtained from the fit were further used for calculating
the rates of ferrous oxalate decomposition at a of 0.50
conversion using equations 6 and 7.

a=1-e® @8)

In[—In(1 — a)] = nin(t) + nin(k) 9)

Due to the complexity of multi-steps reaction modeling, in
addition to the above analysis, kinetic-constrained neural
ordinary differential equations (ODEs) were applied to describe
the process of ferrous oxalate decomposition.*” The key idea of
this method is to integrate the general knowledge about the
process into the architecture of the neural ODE. In our case, we
used the information that the reaction rate should be propor-
tional to the molar fraction of ferrous oxalate. The rate would
be equal to zero in its absence. It was also assumed that there
are two reactions involved in the conversion of FeC,0, i.e.,
FeC,0, to FeO followed by FeO to iron carbide (Fe,C). To
simplify the model, the formation of Fe;O, at 7.5 bar was not
considered and the fraction of Fe;0, was added to FeO fraction
as total oxide phase. The fractions of Fe,C and Fe;C, were
summed as one iron carbide phase (Fe,C,). The following kinetic
equations were used to describe the rates of two reactions:

r =k -x;-f,(d) (10)

=k, -x;-f,(d) 11

where r; is the rate of reaction j; k; is the i-reaction rate constant;
X;, X, are the molar fractions of FeC,0, and FeO, respectively;
fi(d)- i-output of the feedforward artificial neural network
defined by the function f(d); d - the vector of descriptors
(inputs for neural network), which are different for different
models.

Based on equations 10 and 11 the temporal changes in the
molar fractions of FeC,0, (x;), FeO (x,) and Fe,C, (x;) can be
represented by the following system of ODEs.

dx
d; = —r, (12)

dx,
dt

=rn-nr (13)

ddL; =n (14)
Three different kinetics-constrained neural ODE models
were used, which differ in the kind of descriptors, the vector d.
Its architectures are presented in the Figure 7.
In the first model (M—1), the mechanism for both reactions
was assumed to only depend on the molar fraction of the initial
solid reactant, i.e., FeC,0, and FeO participating in reactions 1
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Figure 7. The architectures of M-1, M-2 and M-3 kinetics-constrained neural
ODE models.

and 2, respectively. The corresponding general neural network
f(d) was represented as two merged feedforward neural
networks, each with only one input (x; and x,, respectively) and
one output (see Figure 7). These outputs were used as outputs
for the general neural network as f,(d) and f,(d) for
equations 10 and 11, respectively. In the second model (M—2),
the mechanisms of both reactions depend on the fractions of
FeC,0, and FeO. Thus, the neural network of this model has
two inputs: x;, x, as well as two outputs (see Figure 7). It is
worth noting that the influence of the promoters (alkali metals)
on the reaction mechanism was neglected in both M—1 and
M—2 models since only the molar fraction of iron compounds
was used as inputs of the respective neural networks. Thus, all
samples differ only in the values of the rate constants which are
being varied during data fitting. It is important to say that such
architecture of the neural networks in models M—1 and M—2
suggests that the mechanism of decomposition of FeC,0, and
FeO is the same for all samples and, thus, does not depend on
the presence/nature of alkali metals. The latter effects are
considered in the model M—3. It has the following inputs: x;, X,
and d,, (see Figure 7). The latter is the vector (d., d;, dya Ak, dres
dc) where d; - is 1 if the oxalate was promoted with i-dopant
(dee is T means unpromoted ferrous oxalate). For example, (0, 0,
1, 0, 0, 0) means the vector of the material promoted with Na.

The feedforward neural networks have 1 hidden layer (10
nodes) with a hyperbolic tangent activation function and one
output layer (2 nodes for reactions 1 and 2) with an exponential
activation function. A 5" order Runge-Kutta method for the
Dormand-Prince-Shampine (DOPRI5) method was used for the
integration of neural ODE according to [65]. The following loss
function was used for training the neural ODE models:

n

1 ex| re
loss:EZ(x,.”fxf d)2 (15)

i=1

where n - the number of experimental points; x7® - the
experimental molar fraction of compound i; X"~ the molar
fraction of compound i predicted with the neural ODE model.
Training was carried out by minimizing the loss functions using
the ADAM optimizer® with a learning rate of 0.005 and was
terminated when the loss function flattened out. L,-regulariza-
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tion was used to reduce the stiffness of the neural ODE during
training. The regularization parameter was set to 10-6. Mean
absolute error (MAE) was used to compare the generalization of
the neural ODE models which was defined as:

n
MAEZ%Z|X?XP*X‘,PM1’ (16)
i=1
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