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Abstract: Biomass is perhaps the only renewable resource on the planet capable of deliv-
ering molecules similar to those derived from petroleum, and one of the most developed
technologies to achieve this is gasification. When it comes to biomass conversion into fuels
and commodities, supercritical water gasification (SCWG) could offer promising solution
for producing hydrogen-rich syngas. However, the presence of methane (CHy4) and carbon
dioxide (CO,) in the syngas could negatively impact downstream processes, particularly
when carbon monoxide is also required. Hence, improving the quality of the syngas pro-
duced from biomass gasification is essential for promoting the sustainability of several
industrial processes. In this context, understanding the principles of the dry reforming of
methane (DRM) becomes essential for upgrading syngas with high CH4 and CO, content,
especially when the carbon monoxide content is low. In addition to the experimental
conditions used in such process, it has been reported that the material composition of the
reactor can impact on reforming performance. Hence, this work aims at comparing the
catalytic efficacy of Inconel and stainless steel for reforming syngas derived from SCWG
under standard DRM conditions. In this specific work, the metals were directly used as
catalyst and results showed that when using Inconel powder, CHy4 conversion increased
from 3.03% to 37.67% while CO, conversion went from 23.16% to 51.48% when compared
to stainless steel. Elemental and structural analyses revealed that the Inconel’s superior
performance might be due to its high nickel content and the formation of active oxide
compounds, such as FeNiO, FeCrO3, Fe304, Cr,03, and Cr,NiOy, during the reaction. In
contrast, Fe30,4 was the only oxide found in stainless steel post-reaction. Additionally,
increasing the total gas feed flow rate was shown to reduce CH4 and CO; conversions,
supporting the known impact of residency time on catalytic efficiency.

Keywords: Inconel; stainless steel; catalytic activity; primary syngas reforming; sustain-
able energy

1. Introduction

Climate change is one of the most pressing global challenges, strongly influenced
by our dependence on fossil fuels, which are a major source of greenhouse gas (GHG)
emissions. Fossil fuel combustion alone contributes to approximately 24% of CO; emissions,
causing extreme weather events, rising sea levels, and the degradation of ecosystems.
Furthermore, increasing global energy demands are depleting oil, coal, and other non-
renewable resources, making them increasingly difficult and costly to extract [1-3].

Syngas derived from renewable feedstock offers a promising building block for de-
carbonizing CO;-intensive industries. Town gas is a versatile energy carrier and chemical
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precursor that can be used for power generation in turbines or engines, for producing valu-
able chemical molecules, for hydrogen production, or as a building block for liquid fuels.
These attributes make of syngas a critical actor in more sustainable industrial processes.

Amongst the different gasification processes, supercritical water gasification (SCWG)
is particularly attractive for biomass conversion since it allows the production of hydrogen-
rich syngas [4]. The latter could eventually represent an alternative approach to producing
H; especially in the eventuality of putting forward a hydrogen-based economy. However, in
addition to hydrogen, the syngas produced through SCWG contains other non-condensable
gases such as methane (CH,4) and carbon dioxide CO; [5,6]. Such a situation could be
of minimal impact if the gas is intended to be burnt or used for electricity production.
However, having large amounts of CHy and CO, could be problematic for certain applica-
tions, such as the Fischer-Tropsch synthesis [7] and especially if these carbon compounds
replace carbon monoxide in the mixture. To address this, syngas can go through upgrad-
ing steps to adjust the H, /CO ratio. Hydrocarbon reforming technologies, such as dry
reforming, are effective when residual alkanes (such as CHy) and CO; are present in the
raw syngas. The dry reforming is very endothermic hence it requires high energy in order
to convert equimolar amounts of CH4 and CO; to produce CO and H; at a 1:1 ratio (Equa-
tion (1)). However, depending on the operating conditions, several side reactions could
occur, including (but not limited to) reverse water—gas shift ({fWGS) (Equation (2)), CHy
decomposition (Equation (3)), CO disproportionation (Equation (4)), and hydrogenation of
CO; (Equation (5)) and/or CO (Equation (6)) [8,9].

CHy + CO, <3 2CO + 2H, (+247 kJ/mol) (1)
CO,+H, <+ CO 4 Hy0 (+41 k] /mol) )
CH, < C + 2H, (+75 kJ/mol) 3)

2CO ¢ C + CO;, (—172 kJ/mol) (4)
CO, + 2H, > C + 2H,0 (—90 k] /mol) )
H; + CO + H,0 + C (—131 kJ/mol) 6)

For applying DRM at an industrial scale, it is hence crucial to develop cost-efficient,
highly active, and stable catalysts. These catalysts are key to improving the DRM efficiency
by overcoming challenges such as the usually high-temperature requirements of the pro-
cess [10,11]. As far as the catalyst is concerned the choice of its active metal(s) influences
both the reaction performance as well as the catalyst activity. Distinct capacities to activate
methane and carbon dioxide can be obtained depending on the metal, which directly affects
the reaction rate. Noble metals have been reported for their high ability to break C-H
bonds in methane while at the same time being up to a certain point refractory to coke
formation, making them highly effective (and investigated) for DRM reactions. Metals
such as iridium (Ir), ruthenium (Ru), thodium (Rh), palladium (Pd), and platinum (Pt) are
known for their excellent selectivity, stability, and catalytic activity. However, despite their
catalytic properties, the high cost of these noble metals may become prohibitive for their
industrial application, particularly for processes that require cost-effectiveness and catalyst
regeneration [12,13]. Hence, nickel-based catalysts are very popular for dry reforming of
methane due to their relatively low cost, extensive availability, and high catalytic activity.
Their superior ability to break C-H bonds and their effectiveness in reforming reactions
(they are commonly used for steam methane reforming processes) have made nickel-based
catalysts sought after for commercial applications [14-16]. The metal, in addition to being
a popular component of reforming catalyst, is also one of the main components of metal



Sustainability 2025, 17, 980

30f18

alloys such as Inconel [17], which could make of such alloy a candidate as a catalyst as
well. The catalytic effect of Inconel reactor walls was reported for different thermochemical
processes where the higher catalytic effect was attributed to the material’s high nickel con-
tent. Tuan Abdullah and Croiset [18] observed that Inconel-625 exhibits significant catalytic
activity in ethanol reforming. Salierno et al. [19], when studying supercritical water gasifi-
cation of glycerol, reported that the high nickel content in Inconel-625 reactors accelerates
hydrogen consumption pathways, resulting in a 40% increase in methane production and a
50% reduction in hydrogen yield compared to stainless steel 316. Bustamante-Londono [20]
reported that when using an Inconel reactor, much higher conversions for the water—gas
shift reactions were achieved than in a quartz reactor, with up to 70 % conversions at higher
temperatures. Finally, Zhu et al. found that nickel wire inside quartz reactors significantly
improves gasification efficiency and the production of hydrogen during the supercritical
water gasification of glycerol and glucose [21].

Building on prior work showcasing the impact of Inconel on DRM [22], this study
aims to investigate the catalytic performance of this alloy as compared to stainless steel
used as powders for the reforming of the raw syngas produced from supercritical water
gasification (SCWG) of switchgrass (Panicum virgatum) which was originally composed of
a majority of Hy, CO,, and CHy. Standard DRM conditions were applied to assess their
impact on gas composition and conversion rates. Additionally, aims at investigating the
changes in the elemental and crystalline structures of the catalysts post-reaction, providing
insights into its stability and efficiency during high-temperature reforming processes.

2. Materials and Methods

The composition of the raw syngas used in this work replicates the output from the
supercritical water gasification (SCWG) of Switch Grass (Panicum virgatum), that was per-
formed at the Karlsruhe Institute of Technology (KIT) as part of the CERESIS project [23,24].
The gas mixture that was used in this research was directly inspired from the primary
syngas produced for the SCWG of Panicum virgatum which involved 35 vol% Hj, 39 vol%
CO,, and 26 vol% CHy. The conditions for dry reforming technology were applied to
reform the gas. It was anticipated that the CH4 and CO; in the gas were to react, yielding
CO and additional Hj, as indicated by Equation (1). A simplified flow diagram of the
reforming setup used in this work is depicted in Figure 1.

To have the desired composition of syngas at the inlet, a compressed gas cylinder
was used for each component. Calibrated mass flow controllers allowed regulating the
volumetric flow rate (mL/min) to achieve the desired composition in the feed, as shown
in Figure 1. The gases used included hydrogen (H;), methane (CHy), and carbon dioxide
(COy,), as well as nitrogen (N») that was used as an internal standard since it should not
be reacting under the reaction conditions and it does not participate in the DRM. This
allows N to be a reference point for accurately measuring the composition, variations
in flow rates, and changes in the other gases during the reaction. All the gases (H;, CO,,
CHy4, and Nj) were mixed and fed to the reactor at the top. The reactor was a clear fused
quartz fixed-bed reactor, with 16 mm ID, 19 mm OD, and 304.8 mm length. It was heated
by a vertical oven (260 mm tall, manufactured by Thermcraft, Winston-Salem, NC, USA)
capable of reaching temperatures of up to 982 °C. Thermocouples were installed at different
locations to monitor the oven and reactor temperatures.

The outlet gases produced during the reaction exited the reactor downstream. Due to
the potential reverse water—gas shift reaction, a cold trap was installed immediately beneath
the reactor outlet. This trap condensed and separated the water generated during the
reaction, ensuring its removal from the gas phase for the accurate analysis of the remaining
gaseous products. The trap consisted of an Erlenmeyer flask in an ice-filled container;
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melted ice water was removed regularly and replaced to maintain a low temperature.
Downstream of the cold trap, a metal flask filled with silica was used to retain condensable
materials and prevent liquids from entering the gas samples.
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Figure 1. Simplified flow diagram of reforming setup (1: individual gas cylinders for CO,, CHy, Hy,
and Nj; 2: static mixer; 3: glass reactor; 4: oven; 5: cold trap, consisting of an Erlenmeyer flask inside
of a beaker filled with ice; 6: tube filled with silica; 7: gas chromatograph machine; 8: 3-way valve).

The reformed syngas was collected in appropriate sample bags (500 mL Tedlar bag
with Polypropylene valve and septum fitting from Restek Corporation, Bellefonte, PA,
USA) and analyzed using an Agilent 990 Micro Gas Chromatograph (GC), Santa Clara,
CA, USA. This GC system featured two channels. Channel 1 used a 10 m Agilent J&W
CP-Molesieve 5 A column with backflush and RTS, designed to separate Hy, CO, CHy,
Ny, O,, and some noble gases. Channel 2 employed a 10 m Agilent J&W CP-PoraPLOT U
column with backflush, capable of detecting CO,, ethane (C,Hg), hydrogen sulfide (H,S),
and n-propene (C3Hp).

Dry reforming typically occurs at elevated temperatures (generally 600 to 1000 °C)
and atmospheric pressure [25,26]. Following this tendency, the reactions were conducted at
950 °C under atmospheric pressure and all tests conducted in this study had a duration
of 5 h.

Two catalytic beds were tested for the process: one using Inconel 700 and the other
on stainless steel 316 both in powder form. These powders were obtained by manually
drilling tubes made of the respective materials using a diamond drill to obtain fine particles.
Each catalyst consisted of 15 g of alloy (Inconel or stainless steel) powder combined with
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21 g of alumina pellets. Alumina was used to increase the dispersion of the metal particles
and extend the catalytic volume. Alumina also prevented sintering of the metal powders,
which could otherwise agglomerate and reduce the effective catalytic surface area in the
reactor. To assemble the reactor, a layer of quartz wool was placed at the bottom to hold
the catalytic bed. The alumina pellets and metal powders were then alternately layered as
uniformly as possible until the reactor was filled. Finally, a top layer of quartz wool was
added to preserve the catalytic medium.

The catalyst beds were tested for their ability to reform the emulated raw syngas
representing the one produced by SCWG. This study was divided into two parts: (I) com-
paring the catalytic activity of Inconel and stainless steel using a total raw syngas flow
of 247 mL/min and (II) investigating the effect of increasing the total gas flow from
247 mL/min to 397 (as shown in Table 1), where the Inconel bed was employed for this
part of the study.

Table 1. Total flow (mL/min) used in the second part of this work where Inconel powder was used
as catalyst.

Condition Total Flow (mL/min)
1 247
2 297
3 347
4 397

The performance of the catalysts was evaluated based on the conversions of CHy and
CO,, the percentage composition of the gas, and the H, /CO ratio of the produced gas.
Equation (7) was used to calculate the percentage conversion of CHy4 and CO,, where

"1

i” represents either CHy or CO,.

FlOWIn (i) — FlOWOut (i)

Xi) (%) = 7)

FlOWIn(i)

In this equation, X(;)(%) corresponds to the percentage conversion of CHy or CO,,
calculated by comparing the difference between the molar flow rates of each one entering
(FlowIn(i)) and exiting (Flowout(i)) the reactor to the initial flow rate (Flowln(i)).

Analytical techniques such as Energy-Dispersive X-ray Spectroscopy (EDS) and X-ray
Diffraction (XRD) were performed on the catalysts used in the reactions to gain a deeper
understanding of their performance and the results observed.

EDS analyses were performed using a ThermoFisher Scientific Phenom XL G1 Desktop
Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDS)
capabilities (Waltham, MA, USA). SEM was employed for high-resolution imaging and
detailed morphological analysis. This technique facilitated a thorough examination of
the elemental distribution on the sample’s surface. Prior to analysis, the samples were
embedded in epoxy resin, then cut and polished to achieve a low-roughness section. This
preparation was crucial for precise mapping and quantitative analysis. Lastly, a thin gold
coating was applied using sputter coating to prevent charging effects during the analysis.

To accurately identify crystalline phases, XRD analyses were performed on selected
samples using the X'Pert Pro MPD diffractometer from Panalytical (Malver, UK). A copper
(Cu) Ko radiation source with a wavelength of 1.54187 angstroms (A) was used, and the 20
measurement range extended from 15° to 80°. A step size of 0.04° was employed to capture
finer details in the diffraction patterns, improving resolution. Each measurement lasted
260 s. The XRD analyses were conducted under stable conditions, with the instrument set
to 40 kV and 50 mA. The diffraction data collected were processed and analyzed using the
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JADE software (version 7.5.0, 2019) for the peak identification, phase quantification, and
structural analysis of the crystalline phases in the samples.

3. Results
3.1. Part I: Inconel and Stainless Steel Activity

Figure 2 displays the gas composition at the inlet before and after the reforming
experiments, using either stainless steel or Inconel powder as catalysts.
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Figure 2. Gas composition (volumetric percentage) in the Inlet and reformed gas with stainless steel
or Inconel powders (Reaction conditions: Inlet flow = 247 mL/min, 950 °C).

Figure 2 shows that when stainless steel powder was used as a catalyst, the gas
produced consisted of less Hy and CO but more CHy and CO, than Inconel. Further,
Figure 2 shows that the quantity of H increased with Inconel but decreased with stainless
steel. This suggests that the stainless steel catalyst may have led to H, consumption
due to the reverse water—gas shift reaction (Equation (3)). However, due to experimental
limitations, it was not possible to measure the amount of water in the process, leaving the
reverse water—gas shift reaction as a hypothesis. When using Inconel as catalyst results
show that higher amounts of Hy and CO were produced which could be an indication that
the primary dry reforming reaction (Equation (3)) was facilitated by the Inconel reactor. The
H,/CO in the reformed gas for Inconel and stainless steel were 1.27 and 0.96, respectively.
When a H, /CO ratio of 1 is achieved in a dry reforming process, this could suggest that
the reaction between CO, and CH4 (dry reforming reaction) is the main one occurring,
and although reactions that could favour H, and CO conversions are not impossible, they
are likely less probable [27]. Considering that the feed of the process already had Hj, the
H, /CO of 0.96, along with the reduced amount of H; in the produced gas, shows that the
dry reforming reaction was not the primary reaction happening in the presence of stainless
steel. Figure 3 compares the CO;, and CH,4 conversions after reforming when using stainless
steel or Inconel as catalysts.
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Figure 3. CO; and CHy conversions in the reformed gas using stainless steel or Inconel powder as
catalyst (Reaction conditions: Inlet flow = 247 mL/min, 950 °C).

Figure 3 shows that CO; had a higher conversion rate for both catalysts than CHj.
The dissociation of CO, was better than CH,4, which might be related to the countless
parallel reactions that may have facilitated the higher conversion of CO; [28]. Figure 3
also shows that using Inconel instead of stainless steel resulted in higher conversions
of both CH,; and CO,. When switching from stainless steel to Inconel, CH4 conversion
increased approximately 12 times, whereas CO, conversion doubled. The Inconel alloys
are mainly composed of nickel (in higher amounts), chromium, iron, as well as other minor
amounts of other metals [29,30]. Nickel, for instance, has been well established as having
promising activity for reactions such as for the dry reforming of methane (DRM) and has
been known to facilitate cleavage of the C-H bond [31-33]. Moreover, some works have
studied the influence of nickel alloy-based catalysts on this process. Several improvements
have been observed when secondary or tertiary metals are alloyed with nickel catalysts,
impacting on dispersion, reducibility, and leading to higher catalytic performance. Nickle
alloys involving manganese, iron, cobalt, tin, copper, zinc, and indium are some examples
that have already been studied and each had properties that could enhance the DRM
process [34,35]. For example, the increase in reactivity observed by adding iron to nickel
catalysts for the DRM process is believed to be due to the possible synergetic effect between
the metals, the creation of more stable and active catalytic sites, and the creation of FeO
oxides that could inhibit carbon deposition [36]. As an example, it has been reported
that adding cobalt to nickel catalysts has enhanced carbon removal and the adsorption of
surface oxygen [37]. It was also expected that combining several metals with nickel in the
Inconel alloy could enhance its catalytic activity in reforming reactions. This enhanced
activity would likely be higher than for the stainless-steel catalyst in the case of reforming
reactions, since the latter is primarily composed of iron rather than nickel.

3.2. Analytical Analysis and Discussion

To gain further insights into the catalysts” activity and performance, analyses were
conducted on the catalyst both before and after the reaction. However, although carbon
deposition is a well-known issue that can significantly affect the performance of catalysts,
its impact could not be directly assessed in this study since its quantification during the
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experiments posed technical challenges, preventing accurate quantification. EDS and XRD
analyses were performed and analyzed similarly to the approach reported by Bezerra Silva
et al. [22]. Table 2 displays the EDS elemental analysis for a sample of the Inconel catalyst
before and after the reaction.

Table 2. Elemental concentration generated by EDS analysis for the Inconel catalyst before and after
the reaction (Reaction conditions: Inlet flow = 247 mL/min, 950 °C).

Element Weight Concentration (%)

Before Reaction After Reaction

Nickel 73.91 59.84

Chromium 16.55 13.40
Iron 8.68 7.10

Silicon 0.34 -

Oxygen - 18.49
Manganese 0.27 0.53
Molybdenum - 0.56
Titanium 0.25 0.08

As shown in Table 2, nickel is the primary element for both samples while the amount
of iron and chromium was also as expected for a typical Inconel alloy. However, the
big difference between both catalysts was the oxygen concentration, which increased
significantly once the catalyst had been submitted to the reaction. The presence of oxygen
after the reaction indicates that some of the metals found in the Inconel alloy might have
been oxidized. In addition and as seen in Table 2, the concentration of some of the metals
decreased after the reaction. This phenomenon occurs because the concentration values
are shown in weight percentage, and logically, the oxygen incorporated (from oxidation)
into the material after the reaction increased its total weight. Adding oxygen alters the
composition, effectively reducing the relative weight percentages of metals such as nickel,
chromium, and iron. As a result, while the absolute amounts of these metals may remain
unchanged, their weight percentages decreased due to the increased total mass caused by
the oxygen content. Figure 4 shows the Inconel sample after the reaction, emphasizing
elemental analysis at four different zones.

The zones shown in Figure 4 were chosen due to the significant visual disparity
observed among these four locations, which could indicate a different material composition
in each zone. Thus, Table 3 shows the elemental analysis composition for these four zones.

Table 3. Elemental concentration generated by EDS analysis in four zones from Inconel catalyst after
the reaction (Reaction conditions: Inlet flow = 247 mL/min, 950 °C).

Weight Concentration (%)

Element Zone 1 Zone 2 Zone 3 Zone 4
Chromium 69.16 9.86 9.41 69.34
Oxygen 18.02 3.30 3.41 25.44
Manganese 9.48 0.08 0.07 2.20
Nickel 1.44 77.56 77.98 1.63
Titanium 0.89 0.05 0.03 0.75
Iron 0.57 8.32 8.49 0.22

Molybdenum 0.45 0.82 0.62 0.43
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Figure 4. EDS analysis in four zones from a sample of the Inconel catalyst used in the reactions
(a) zone 1, (b) zone 2, (c) zone 3, and (d) zone 4 (FOV: 963 um, Mode: 15 kV—Point, Detector:
BSD Full).

The elemental analysis for zones 1 and 4, presented in Table 3, shows that oxygen and
chromium are the predominant elements, indicating the presence of chromium oxide, with
almost no nickel observed. In contrast, zones 2 and 3 show high nickel content, followed by
approximately 8% chromium and 8% oxygen, with significantly less oxygen than in zones
1 and 4. These results suggest the presence of pure nickel and chromium in zones 2 and 3.
Despite the low oxygen concentration in these zones, different oxides are could also occur.
To better understand the composition of the catalyst samples before and after the reaction,
the same samples were analyzed by XRD, and the results are shown in Figure 5.
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Figure 5. Diffractogram for Inconel catalyst (a) before and (b) after the reaction (Reaction conditions:
Inlet flow = 247 mL/min, 950 °C).

The diffractograms of the fresh Inconel catalyst (Figure 5a) revealed peaks correspond-
ing to pure nickel (260 = 42.12, 51.37 and 75.57°), chromium (20 = 42.12 and 64.57°), and
silicon (20 =22.93, 28.17, 35.38, 38.36, 44.22 and 47.7187°), as well as compounds such as
Fe;Cr (20 = 35.42, 44.12, 51.37 and 75.6°) and FeNij (26 = 35.42, 44.12, 51.36, 57.96, 64.12
and 75.6°). All diffraction peaks were identified using the internal database of the JADE
software (version 7.5.0, 2019). These phases are consistent with the composition of Inconel,
which primarily consists of Ni, Cr, and Fe. Fe3Cr and FeNi3 compounds suggest configura-
tions of alloy that may arise during the manufacturing or the activation processes. Similar
intermetallic phases have been reported in literature such as Jeyaprakash et al. [38] who
identified FeNis, CoMn, and CoFe phases on Inconel-718, while Han et al. [39] reported a
NiCr phase in Inconel 625. These studies highlighted the variability in phase formation
depending on the specific alloy composition and thermal treatment. Noteworthy that
the diffraction peaks will not perfectly match standard values since the Inconel alloy is
complex. The latter contains different metals, which may result in several production
phases with very similar or even the same peaks. This makes it difficult to understand the
contribution that every single phase has in addition, intermetallic compound oxides add
more complexity since they may diffract similarly. After the reaction (Figure 5b), the diffrac-
togram revealed additional peaks corresponding to oxide compounds, including FeNiO
(26 = 21.54, 31.45, 37.11, 39.72, 47.55, 53.52, 55.15, 65.24, and 73.23°), FeCrO3 (20 = 23.09,
32.3,40.70, 49.5, 53.6, and 74.69°), Fe3Oy4 (20 = 21.541, 24.7, 33.8, 36.4, 44.42, 55.15, 63.77,
and 65.24°), Cr,O3 (20 = 24.75, 26.74, 33.78, 35.35, 36.44, 49.25, 54.13, 55.05, and 57.64°), and
CryNiOy4 (20 = 21.54, 23.09, 24.75, 33.8, 35.26, 37.11, 49.25, 55.15, 61.41, and 74.03°). The
formation of these oxides indicates significant oxidation during the reaction, which could
alter the catalytic properties of the material. Oxidation likely occurred due to exposure
to reactive gases at high temperatures, leading to the formation of an oxide layer on the
surface. The coexistence of intermetallic and oxide phases underscores the dynamic nature
of the catalyst under reaction conditions.

The reaction between pure Cr and CO; (Equation (8)) can produce Cr,Os, which,
according to Contri et al. [40], could occur at approximately 750 °C.

2Cr + 3CO, — Cry,O3 + 3CO (8)
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Equation (8) shows that the reaction between Cr and CO, also produces CO which
could partly explain the increase of observed CO in the volumetric gas fraction when the
Inconel catalyst was used instead of stainless steel, as shown in Figure 2. Cr,O3 formation
can also occur by oxidizing pure chromium with O, and H,O (Equations (9) and (10)) [41].
Both oxidizing agents are possibly present in the reaction medium, since O, could be
produced as an intermediate of CO, dissociation, and H,O could be produced by the
reverse water—gas shift reaction (Equation (2)). For instance, Guo et al. demonstrated that
the formation of Cr,O3 through chromium oxidation occurred in the presence of water, as
described by Equation (10) [41].

2Cr + (3/2)02 +— CryO3 (9)

2Cr 4+ 3H,O — CryO3 + 3H; (10)

Equation (10) also demonstrates the possibility of H, production, which could be
one possible explanation for the H; increase when Inconel was used instead of stainless
steel. Furthermore, studies on Ni-Cr-based catalysts used in dry reforming reactions have
demonstrated that Cr,O3 can stabilize Ni active sites, thereby enhancing catalytic activity
and increasing the conversion of CHy and CO, [42,43].

Although no Cr-Ni intermetallic bonds were identified before the reaction, the XRD
in the catalyst post-reaction shows CrNiOy4, which could be produced by either reaction
shown in Equations (11) and (12).

NiO + Cr,03 — Cr,NiOy4 (11)

Ni** 4+ 20H~ + Cr,03 — Cr,NiO, 4+ H,O (12)

FeNiO and FeCrO; oxides may either have resulted from the oxidation of intermetallic
compounds present in the catalyst before the reaction or may also result from several other
mechanisms involving iron, nickel, and chromium with an oxidizing agent.

Besides the significant nickel content in the Inconel catalyst, the oxides generated
during the reaction likely contributed to higher CO, and CHy conversion rates as compared
to the stainless-steel catalyst. The latter was also submitted to EDS elemental analysis at
three different zones, and Table 4 shows the elemental analysis composition for these zones
(see Figure 6).

Table 4. Elemental concentration generated by EDS analysis in tree zones from stainless steel catalyst
after reaction (Reaction conditions: Inlet flow =247 mL/min, 950 °C).

Element Weight Concentration (%)

Zone 1 Zone 2 Zone 3
Iron 95.90 95.97 89.23
Oxygen 2.74 2.79 8.94
Manganese 0.74 0.71 0.99
Molybdenum 0.57 0.53 0.54
Chromium 0.03 - -
Titanium 0.01 - -

In Table 4, for all the zones, the elemental analysis shows that the post-reaction stainless
steel catalyst is mostly composed of iron and oxygen, indicating the presence of iron oxide
which was also confirmed by XRD as shown in Figure 7.
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Figure 6. EDS analysis in 3 zones from stainless steel catalyst after reaction (a) zone 1, (b) zone 2,
and (c) zone 3 (FOV: 991 um, Mode: 15 kV—Map, Detector: BSD Full, Reaction conditions: Inlet
flow = 247 mL/min, 950 °C).

The diffractogram in Figure 7 shows peaks corresponding to an iron—chromium
compound (Fe;Cr) as well as iron oxide Fe;Oy4. Although stainless steel is mainly composed
of iron and chromium, iron—chromium can also be present in this material. The presence of
Fe304 peaks indicates that the iron present in the catalyst was oxidized during the reaction.

Then, comparing both catalysts post-reaction, it is most likely that the higher activity
of Inconel was due to its high nickel content and the oxides produced during the reaction,
especially CrpOg3. In contrast, the stainless-steel analysis post-reaction included about 90%
iron, followed by oxygen, and smaller amounts of manganese, molybdenum, chromium,
and titanium. However, no nickel was found in this sample. Therefore, the lower stainless
steel catalytic activity could be related to the absence of nickel or the combination of the
other metals present in the alloy, which could be acting as a catalytic deactivator.
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Figure 7. Diffractogram for stainless steel catalyst after the reaction (Reaction conditions: Inlet
flow = 247 mL/min, 950 °C).

Inconel and stainless steel are common alloys, with their primary compositional
difference being the high nickel (Ni) content in Inconel and the high iron (Fe) content in
stainless steel, while both exhibit similar chromium (Cr) and molybdenum (Mo) levels.
Nickel is well known for its catalytic properties in reforming primary syngas, however, it
must remain in its metallic state to function effectively. Therefore, the other components of
the alloy play a crucial role in ensuring this among which chromium and molybdenum
are particularly recognized for their ability to significantly enhance metal oxidation and
corrosion resistance under harsh conditions [44]. Chromium facilitates the formation of a
stable passivation layer by promoting oxygen adsorption, as observed in ferritic stainless
steel [45]. The addition of molybdenum to the alloys further improves corrosion resistance,
particularly in acidic environments [46].

These findings align with the XRD results, which indicate that Cr is predominantly
present as an oxide. This oxide layer protects Ni, ensuring it remains in its metallic state
and continues to act as a catalyst. On the other hand, molybdenum was not identified
in the XRD analysis. However, given its presence in the alloy, its behaviour as described
in literature is consistent with the expected role of molybdenum in enhancing the alloy’s
performance under such conditions.

3.3. Part II: The Impact of Increasing the Total Gas Feed Flow (Inconel as Catalyst)

Figure 8 shows the gas composition at the inlet before and after the reforming experi-
ments, using Inconel powder as a catalyst and using different flow feeds in the reactor.
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Figure 8. Gas composition (volumetric percentage) in the inlet and reformed gas with Inconel as
catalyst at different total gas flow rates (Inlet flows tested: 247, 297, 347, and 397 mL/min, reaction
temperature = 950 °C).

Figure 8 shows that H; increased while CH4 and CO, concentrations decreased after
reforming, compared to the inlet values for all tested total flow rates. When comparing the
initial total flow rate of 247 mL/min with the higher flow rates tested, the increase slightly
impacted the H, amounts, which showed a decreasing trend. CO, and CH4 amounts,
on the other hand, had more significant changes when the total flow was increased. The
concentration of CO showed a decreasing trend up to the flow rate of 347 mL/min and
slightly increased at 397 mL/min, though lower than at the 247 and 297 mL/min flows.
Figure 9 compares the CO, and CHy conversions after reforming with Inconel at different
total flow rates fed.

Figure 9 shows that the increase in the total flow rate decreased CH,; and CO; con-
versions. This was expected since the catalytic bed volume remained constant, only the
flow rate increased, and the Gas Hourly Space Velocity (GHSV) increased. When the GHSV
increases, the gases flow faster inside the reactor, allowing the reacting molecules to spend
less time interacting with the active sites on the catalyst while as well reducing adsorption
and conversion [47]. Similar trend results in CH4 and CO, conversions were found in the
work of Jafarbegloo et al. [48], where both conversions decreased, along with the H, /CO
ratio, when the flow rate was increased. Table 5 shows the H,/CO ratio results when
changing the total flow rate from 247 to 367 mL/min.

Table 5. H, /CO ratio for the reformed gas using Inconel as a catalyst, with the total flow rate varying
from 247 to 397 mL/min (950 °C).

Total Flow (mL/min) H,/CO
247 1.27
297 1.25
347 1.68

397 1.50
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Figure 9. CO, and CHy conversions for the reformed gas with Inconel at different total flow rates
(Inlet flows tested: 247, 297, 347, and 397 mL/min, reaction temperature = 950 °C).

As shown in Table 5, the increase in total flow did not significantly affect the Hy /CO
ratio. Since the Hy composition remained practically constant, variations in the H, /CO
ratio were primarily due to the changing amount of CO. This behaviour aligns with the
findings of Choudhary et al. [49], who reported that changes in total flow had no substantial
impact on the H, /CO ratio.

Based on these results, it can be concluded that optimizing conversion efficiency is
essential for any catalytic process. According to the analysis, optimizing gas flow rates is
critical, as while the H, /CO ratio remains unaffected, the conversions of CHy and CO, are
significantly impacted. Longer contact times allow for better interaction between reactant
gases and the active sites of the catalyst, maintaining overall process efficiency through
higher conversion rates. Therefore, by controlling flow rates, optimal conditions for catalyst
performance and longevity can be achieved, making catalytic processes both efficient
and sustainable.

4. Conclusions

This work has demonstrated that the activity of Inconel when used as catalyst to
reform raw SCWG syngas was higher than stainless-steel, which shows its potential for
syngas upgrading. Results showed that the Inconel catalyst achieved higher conversion
rates for both CO, and CHy, which can be attributed to its high nickel content that can
induce cleavage of C-H bonds. Moreover, the content of chromium itself and other metals
present in Inconel contributed to the formation of active oxide compounds, such as Cr,O3,
further enhancing catalytic activity. Another key finding of this work was the effect of the
total gas feed flow rate on the performance of the Inconel catalyst. Higher flow rates led
to reduced CH4 and CO, conversions, likely due to shorter interaction times between gas
molecules and the active sites of the catalyst. However, the H, /CO ratio remained nearly
constant despite changes in flow rate, with variation driven mainly by changes in CO
production. The results of this study are relevant to the development of sustainable energy
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systems since syngas, particularly when derived from biomass, could represent a critical
building block for producing chemicals, energy, hydrogen, or liquid fuels. The catalysts
evaluated in this work play a pivotal role in advancing these applications by potentially
reducing dependence on fossil fuels while promoting the use of renewable feedstocks.
Furthermore, the superior catalytic performance and durability of Inconel could lead to the
creation of more efficient and robust systems, minimizing waste and operational costs. This
contribution aligns with global efforts to develop energy-efficient processes and sustainable
energy solutions.
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