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idative desulfurization of
thiophene to sulfate: the effect of MoOx, WOx and
carbon supports

Cheng Chang,ab Frédéric Vogel, ac Oliver Kröcher ab and David Baudouin *a

Among various forms of sulfur, some organosulfur compounds (particularly alkyl thiophenes) in biomass are

rather refractory under hydrothermal conditions, posing a threat to the catalysts used in catalytic

hydrothermal gasification (cHTG). In petrochemistry, alkyl thiophenes are usually treated by oxidative

desulfurization (ODS) under mild conditions and removed in the form of sulfones, generating a sulfur-

free product stream. ODS could be used to oxidize organosulfur compounds to sulfate, allowing

efficient separation by exploiting the low salt solubility in supercritical water. To assess the viability of

ODS in a cHTG process, we explored the effect of temperature and oxidant concentration (O/S ratio) on

sulfate production from the ODS of thiophene. More importantly, the impact of Mo- and W-based

carbon materials on the conversion of thiophene to sulfate was investigated. Our results showed

a sulfate yield below 5% at temperatures ranging from 50 °C to as high as 400 °C in pressurized water.

Experiments varying the oxidant-to-sulfur (O/S) ratio revealed that lower ratios (#12) enhanced both

sulfate yield and oxygen selectivity, whereas higher ratios (58 and 116) led to decreased selectivity due to

excess oxidant consumption by organic matter. Carbon nanofibers (CNFs) alone increased the sulfate

yield threefold (to 2.3%) at 400 °C, an effect attributed to oxygen-containing surface groups. Acid

treatment of CNFs further boosted this yield to 7%. A clear correlation between surface functionalities

and catalytic activity was established using FTIR and Boehm titration. Among metal oxides, Mo(IV), in the

form of MoO2, was identified as an active phase for oxidative desulfurization (ODS), achieving a sulfate

yield of 12%, while MoO3 and WO3 showed no such activity. However, metal oxide loading altered the

CNF surface properties, potentially diminishing their promotional effect. These findings provide a basis

for further development of MoO2 catalysts supported on surface-modified carbon materials, with the

goal of preserving beneficial carbon surface characteristics.
Introduction

In the catalytic hydrothermal gasication (cHTG) process,
organic matter present in a wet stream, such as sewage sludge,
biogenic organic waste, or manure, can be completely converted
to renewable gas, typically rich in methane. The use of super-
critical water as a reaction medium allows fast kinetics, and
eliminates the need to dry the feedstock prior to its
valorization.1–3 Additionally, due to the drastic drop in dielectric
constant and the derived salt solubility, SCW enables the
separation of salts from the main reaction stream, facilitating
their concentration into a brine phase.4–8 Sulfur is a prominent
issue for such a process, as it is for all catalytic biomass
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conversion processes involving heterogeneous metal catalysts,
which readily deactivate through suldation.9–11 In cHTG,
hydrocarbons from biomass can transform various sulfur
sources into H2S, which preferentially blocks the surface active
sites of the catalyst.9,12,13 With the development of the cHTG
process, inorganic sulfur species such as sulfate salts and
hydrogen sulde can be removed by salt separation4–8 and by
chemisorption over sulfur scavengers,11,14 respectively. Sulfur
scavengers, such as Zn-based11,15 or more recently Cu- and CeO2-
based materials,16,17 can be used for the decomposition of
a broad variety of organosulfur compounds (OSCs) such as alkyl
suldes, alkyl disuldes or thiols, and the subsequent absorp-
tion of the H2S formed. However, alkyl thiophenes are more
recalcitrant, and their formation during cHTG of various
biomass feedstocks is favored.16,18,19 Therefore, studying how
alkyl thiophenes are formed, how to prevent their formation
and how to eliminate them from the supercritical stream is
crucial for lengthening the lifetime of sulfur scavengers and for
protecting the catalyst, bringing economical value to the
development of cHTG.
Sustainable Energy Fuels, 2026, 10, 2563–2574 | 2563
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Table 1 Metal loading and starting materials used for the catalyst
synthesis

Catalysts Metal loading (wt%) Ammonium salt Support

MoOx/AC 13.5 (NH4)6Mo7O24$4H2O AC
MoOx/CNF 13.5 (NH4)6Mo7O24$4H2O CNF
WOx/AC 21.8 (NH4)6H2W12O40 AC
WOx/CNF 21.8 (NH4)6H2W12O40 CNF
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Oxidative desulfurization is a common method applied in
petrochemistry to remove alkyl thiophenes from crude oil. In this
process, thiophenes can be oxidized to sulfones over xed-bed
catalysts together with an oxidant.20–23 Subsequent separation of
water-soluble sulfones by extraction or absorption allows the
generation of low-sulfur oil products. Many studies on ODS were
carried out with petroleum as the feedstock and sulfone or sulfate
as the oxidized sulfur product.24–31 A wide range of catalytic
materials can effectively drive oxidative conversions of thiophenic
substrates under mild conditions. For H2O2, these include
transition-metal oxides and titanosilicates (zeolites), e.g., Ti-
MWW32 and Ti-Beta,33 porous ionic liquids,34 and Ti-, V-, Mo-, W-
and Zr-based catalysts.35,36 For O2 activation in aerobic ODS,
Fe3N,37 FeWC and W oxo-carbide catalysts have shown good
performance,38,39 while ozone-assisted oxidative desulfurization
can be promoted by transitionmetal complexes.40 However, these
studies hadODS performed undermild conditions (T� 350 °C, P
< 3 MPa) and sometimes without water, which is not compatible
with cHTG applications. In addition, in a cHTG context, it is
desired to oxidize the sulfur in alkyl thiophenes all the way to
sulfate, which can then be efficiently removed by salt separation
thanks to the low salt solubility under supercritical water
conditions.15,41–43 Because cHTG requires pumping an aqueous
organic feed at high pressure, employing a liquid oxidizer is ideal,
as it ensures efficient mass transfer during preheating, whereas
a gaseous oxidizer would remain as a separate phase until the
water reaches its critical point, creating localized high oxidizer
concentrations and an associated explosion hazard.

To facilitate ODS with H2O2 in the cHTG process, Mo- andW-
based catalysts can be expected to be the most active transition
metal catalysts for ODS.44–48 Carbon materials, such as activated
carbon (AC) and carbon nanobers (CNFs), are the supports
with the best compromise between stability, performance,
specic surface area, and cost in supercritical water.49–52 A few
studies have focused on Mo- and W-based carbon material for
conventional ODS,53–56 but none under cHTG conditions.

This paper aims to bridge the gap in ODS studies of organo-
sulfur compounds between petrochemical research and catalytic
hydrothermal gasication (cHTG), thereby exploring a potential
pathway for desulfurizing cHTG product streams upstream of
a salt separator. Thiophene was chosen as a recalcitrant model
organosulfur compound,16,19 together with H2O2 as the oxidant
and glycerol as an organic model compound for biomass. This
paper investigates the oxidative desulfurization of thiophene to
sulfate under hydrothermal conditions, with a focus on near- and
supercritical water environments typically encountered in
continuous hydrothermal gasication (cHTG). The focus was not
on the oxidation of the hydrocarbon framework, but on the
selective transformation of sulfur. Particular attention was given
to the role of carbon-supportedmolybdenum and tungsten oxides
in inuencing both sulfate yield and sulfur oxidation selectivity.

Experimental
Materials and methods

Glycerol (>99%, Carl Roth GmbH & Co. KG) was diluted in
deionized water (DI H2O) to 20 wt% for the batch reactor
2564 | Sustainable Energy Fuels, 2026, 10, 2563–2574
experiments. Thiophene (>99%) was purchased from Fluka and
diluted to 20 mmol L−1 in the glycerol–water solution before
reaction, representing a typical concentration of sulfur (0.064%)
in wet biomass.57 H2O2 (30%, Merck) was diluted shortly before
the test in the model solution based on the O/S ratio for each
experiment. Aer the batch reactor experiments, isopropanol
(>99.9%, Fisher Scientic AG) was used for rinsing the reactor.

The Mo- and W-based catalysts were prepared using the
incipient wetness impregnation (IWI) method on two supports,
activated carbon AC-CGRAN (AC) from Cabot and carbon
nanobers NC7000 (CNF) from Nanocyl, crushed and sieved to
250–500 mm. Mo and W precursor solutions were prepared by
dissolving ammonium molybdenum tetrahydrate ((NH4)6-
Mo7O24$4H2O) (>99%, Fisher Scientic AG) and ammonium
metatungstate hydrate ((NH4)6H2W12O40) ($99.9%, Fisher
Scientic AG), respectively, in DI H2O. The metal concentration
was then determined as the desired metal loading multiplied by
the mass of the catalyst, divided by the total pore volume. The
support was impregnated by drop-wise addition of the Mo or W
precursor solution under vigorous stirring. The impregnated
support was then dried overnight in air at 120 °C before calci-
nation for 5 h in a quartz tubular furnace heated to 500 °C (5 °
C min−1) under argon (60 mL min−1). According to the litera-
ture,58 the corresponding ammonium salt decomposes at high
temperature into metal(VI) oxides, along with ammonia and
water evacuated by the owing argon. Due to different
reports58–64 on the oxidation state of Mo aer calcination, the
catalysts prepared in this way are referred to as MoOx/AC, MoOx/
CNF, WOx/AC, and WOx/CNF (Table 1). To prepare HNO3-
treated CNF, as received CNF was immersed in 65% HNO3 in
a round bottom ask equipped with a reux condenser and
heated in a water bath at 95 °C. Aer 2 h, the acid treated CNF
was carefully ltered and washed with DI water until the pH of
the ltrate became neutral. Aerwards, the acid treated CNF
was dried overnight.

The hydrothermal experiments (Table 2) were conducted in
a stainless steel batch reactor system developed in-house.57 The
detailed experimental procedure is described in a previous
study.65 In this study, the reaction temperature ranged from 50 °
C to 400 °C. O/S ratios were mainly maintained at 0, 6 and 12, to
study the effect of the O/S ratio under conditions similar to
conventional ODS conditions. The O/S ratio is kept in this range
to prevent overoxidation of S-free organics. The effect of the
relatively high O/S ratios of 58 and 116 on the oxidation selec-
tivity was also studied in supercritical water, for which O/C
ratios were around 1/6 and 1/3, respectively. Note that such
This journal is © The Royal Society of Chemistry 2026
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Table 2 List of experiments performed and conditions applied. For all tests, thiophene concentration and residence time were fixed at
20 mmol L−1 and 30 min, respectively

Experiment no. Potential catalysts Temperature (°C) Glycerol (wt%) H2O2 (mmol L−1) Pressure (MPa) O/S/C ratioa Metal/S ratiob

1 — 400 20 60 25 6 : 1 : 330 —
2 — 350 20 60 18 6 : 1 : 330 —
3 — 300 20 60 11 6 : 1 : 330 —
4 — 250 20 60 7 6 : 1 : 330 —
5 — 200 20 60 5 6 : 1 : 330 —
6 — 150 20 60 4 6 : 1 : 330 —
7 — 100 20 60 3 6 : 1 : 330 —
8 — 50 20 60 2.5 6 : 1 : 330 —
9 — 400 0 0 25 0 —
10 — 350 0 0 18 0 —
11 — 400 20 0 25 0 —
12 — 400 20 120 25 12 : 1 : 330 —
13 — 400 20 580 25 58 : 1 : 330 —
14 — 400 20 1160 25 116 : 1 : 330 —
15 — 400 0 60 25 6 : 1 : 4 —
16 — 350 0 60 18 6 : 1 : 4 —
17 AC 400 20 60 25 6 : 1 : 330 0c

18 CNF 400 20 60 25 6 : 1 : 330 0c

19 MoOx/AC 400 20 60 25 6 : 1 : 330 3 : 10
20 MoOx/CNF 400 20 60 25 6 : 1 : 330 3 : 10
21 WOx/AC 400 20 60 25 6 : 1 : 330 3 : 10
22 WOx/CNF 400 20 60 25 6 : 1:330 3 : 10
23 HNO3 treated CNF 400 20 60 25 6 : 1 : 330 0
24 MoO2 400 20 60 25 6 : 1 : 330 3 : 10
25 MoO3 400 20 60 25 6 : 1 : 330 3 : 10
26 WO3 400 20 60 25 6 : 1 : 330 3 : 10
27 MoOx/CNF-3h 400 20 60 25 6 : 1 : 330 3 : 10

a In the O/S/C ratio, O takes only H2O2 into account and excludes the oxygen from glycerol. b Mo or W. c The mass of pure carbon materials added
was kept the same as that of metal-loaded materials.
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View Article Online
high O/C ratios will ultimately not only lead to carbon oxidation
and hence CO2 formation, but also favor H2 production over
CH4,66 both of which are undesirable in cHTG, where methane
is typically targeted.

Each experiment was performed twice. Aer each experi-
ment, the gas phase was bubbled through an alkaline trap and
collected for microGC analysis (see details in ref. 65). The
aqueous phase was poured out directly, aer which 4 mL iso-
propanol (IPA) was added into the reactor to wash out the liquid
residue. This organic phase is referred to as the IPA phase. The
detailed experimental protocol is described in the SI. Ion
chromatography (IC) was used for the determination of sulfate.
UV-Vis was used for the determination of hydrogen sulde. Gas
chromatography with a sulfur chemiluminescence detector
(GC-SCD) was used for the identication of volatile organo-
sulfur compounds and to determine thiophene conversion. For
the catalysts, N2 physisorption was used to measure the specic
surface area and total pore volume. X-ray diffraction (XRD) was
used to determine the crystal phase of the metal catalysts.
Transmission electron microscopy (TEM) was used to assess the
presence of particles on the catalyst support. Fourier transform
infrared (FTIR) spectroscopy was used to qualitatively identify
the surface functional groups of the carbon material, while
Boehm titration was used for quantication of the oxygen-
This journal is © The Royal Society of Chemistry 2026
containing acidic sites on the surface.67,68 Details of these
analytical methods are described in the SI.
Results & discussion

Among the various organosulfur compounds that can be
formed during supercritical water treatment of biomass, thiols,
dialkyl disuldes and various thiophenes are the most frequent
ones.57 Among these compounds, thiophenes are the most
stable in supercritical water,69 due to the low electron density of
their S atom. A preliminary series of ODS tests under cHTG
conditions, at 400 °C and 25 MPa, was performed with various
organosulfur compounds typically found in effluents produced
from the hydrothermal treatment of biomass in the presence of
H2O2 and glycerol (same reaction conditions as exp. 1, Table 2).
The results showed that alkylthiols were the most sensitive to
oxidation and thiophene the least, with the following sulfate
yield order: 1-pentanethiol (29%) > benzothiophene (14%) >
DMDS (9%) > thiophene (0.6%).70 Because of its stability
towards oxidation, thiophene was selected as a model organo-
sulfur compound to probe the efficiency of potential catalytic
material in the ODS of organosulfur compounds in hydro-
thermal and supercritical water.
Sustainable Energy Fuels, 2026, 10, 2563–2574 | 2565
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Inuence of temperature on the hydrothermal oxidative
desulfurization of thiophene

The inuence of temperature on thiophene conversion and
sulfate yield in hydrothermal ODS was studied between 50 and
400 °C. Thiophene conversion was found to be already 87% at
50 °C. The thiophene conversion slowly increased from ca. 87%
to 94% as the temperature rose from 50 °C to 200 °C, as shown
in Fig. 1. Within the temperature range of 250 °C to 400 °C, the
thiophene conversion uctuated around 90%. The highest
conversion was around 95% at 300 °C, and the lowest conver-
sion was around 87% at 50 °C. The respective standard devia-
tion is relatively small compared to the corresponding mean
value. The results show that the effect of temperature on sulfate
formation or thiophene conversion was insignicant under the
reaction conditions in this study. In terms of sulfate produc-
tion, the change in sulfate yield over the temperature range of
50 °C to 400 °C was found to be limited, with the yield
remaining below 5%. A slightly increased yield between 200 °C
and 300 °C was observed, with a maximum of around 5% in this
range. The selectivity of sulfate production was very low
compared to thiophene conversion.

The high conversion of thiophene, coupled with low selec-
tivity toward sulfate, suggests that thiophene rapidly reacts to
form another/other product(s) during the temperature ramp-
up. These products may still contain sulfur (organosulfur
compounds) or may result in sulfur being released in forms
other than sulfate. This indicates that either the kinetics toward
complete oxidation are slow, or the selectivity for sulfur oxida-
tion is inherently low under the tested conditions (reductive
conditions).

To assess the role of water alone on thiophene conversion
and sulfate yield (blank experiment), experiments were carried
out with only thiophene in water as the feedstock. Two different
temperatures were chosen, 400 °C and 350 °C, for comparison
between supercritical water conditions and subcritical water
Fig. 1 Influence of temperature on thiophene conversion and sulfate
yield in ODS (results from experiments 1 to 8, with 20 wt% glycerol,
20 mmol L−1 thiophene, 60 mmol L−1 H2O2 for 30 min, O/S/C = 6 : 1 :
330, see Table 2).

2566 | Sustainable Energy Fuels, 2026, 10, 2563–2574
conditions (exp. 9 and exp. 10 in Table 2). Fig. S1 shows that
thiophene conversions were around 99% and 98% at 400 °C and
350 °C, respectively, and the corresponding sulfate yields were
around 0.5% and 3%, respectively. A small amount of sulfate
was formed, presumably due to the oxidation of thiophene by
the residual oxygen dissolved in the water of the feedstock. In
this blank experiment, the concentration of hydrogen sulde
collected in the liquid trap was below the detection limit within
the temperature range studied, indicating negligible H2S
production. This result is in agreement with the data from Lu's
study,71 which showed that thiophene in supercritical water at
(450 °C) hardly decomposes to produce H2S (with only 0.0012%
yield).

The volatile organosulfur compound (VOSC) products were
below the detection limit of the GC-SCD for all experiments
(0.02 ppm of S72), as shown in the chromatogram in Fig. S2. This
result shows that no new VOSCs were produced from the reac-
tion between thiophene, H2O2 and glycerol during all the tests
performed. The fact that the conversion of thiophene was
comparable from 400 °C down to 50 °C and that no VOSCs were
formed under any of these conditions indicates that thiophene
does not decompose under hydrothermal conditions below
400 °C, but rather forms polar or larger non-volatile compounds
that still contain sulfur. The GC-SCD result in Fig. S3 shows that
there were no VOSC products formed when exposed to pure
water at 350 °C and 400 °C either, which is in line with the
literature.71 This indicates that thiophene or its decomposition
products are converted to non-volatile S-compounds, possibly
via dimerisation/oligomerisation.

The fact that the experiment in the absence of H2O2 leads to
high thiophene conversion cannot be explained by the presence
of small amounts of oxygen in the system (O2_dissolved/S is ca.
0.013 : 1). Hydrolysis can be excluded because volatile decom-
position products would have been formed and observed by GC-
SCD.73,74 The conversion of thiophene to non-volatile thienyl-
thiophene (dimer) or to di/tetrahydrohydroxythiophenes, cata-
lysed by rst-row transition-metal cations, was reported in pure
water at 240 °C and 3.4 MPa,75 and might partially explain the
conversion of thiophene at high temperature, assuming leach-
ing of Ni from the stainless steel. Finally, thiophene S-alkylation
or electrophilic reactions with the reactive carbonyl intermedi-
ates derived from glycerol dehydration, can lead to thiophene-
based alkylated or condensation products.76 The conversion of
thiophene observed even at low temperature likely originates
from a reaction with glycerol, but its origin could not be clearly
evidenced.
Inuence of the O/S ratio on oxidative desulfurization of
thiophene

The effect of the O/S ratio during ODS of thiophene under cHTG
conditions was studied by examining sulfate production and
oxygen selectivity at different O/S ratios. From Fig. 2, it can be
seen that increasing the O/S ratio from 0 to 12 caused an
increase in the sulfate yield from 0.3% to 1.6%. The yield
remained stable when increasing the O/S ratio to 58 (within
standard deviation) and then further rose to 3.1% at an O/S ratio
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Influence of the O/S ratio on the sulfate yield and oxygen
selectivity for the ODS of thiophene (results from experiments 1 and
11–14: 20 wt% glycerol, 20 mmol L−1 thiophene, 400 °C and 25 MPa
for 30 min, S/C = 1 : 330, see Table 2).
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of 116. To evaluate the overall selectivity of H2O2 toward sulfate
formation, the oxygen selectivity was analyzed, dened as the
ratio of oxygen incorporated into sulfate to the total oxygen
amount supplied by H2O2 (see eqn (S3)). The oxygen selectivity
behaved differently from the sulfate yield. Initially, the increase
in oxygen selectivity was insignicant when the O/S ratio
increased from 6 to 12. Then, the oxygen selectivity decreased to
0.09% as the O/S ratio increased to 58. At this point, adding
more H2O2 to increase the O/S ratio did not signicantly affect
the oxygen selectivity, which reached 0.11% when the O/S ratio
was 112.

These results reveal that increasing the O/S ratio in the
region # 12 is benecial for sulfate production and oxygen
selectivity, but further increasing the O/S ratio to 58 has an
adverse impact on oxygen selectivity. Doubling the O/S ratio to
116 would double the sulfate yield, but the oxygen selectivity
remained the same. The low selectivity might be a result of the
highly reactive conditions met in (near) supercritical water,
which involve the formation of small reductants such as H2,
short alcohols or aldehydes,77 prone to oxidation. Another
possibility is that ODS took place during the temperature ramp-
up and the thiophene oxidation product was reduced back once
the SCW conditions in the presence of glycerol were reached. It
is unclear how fast H2O2 reacts with thiophene and glycerol
(and their decomposition products) in the experimental setting
of this study. When the reaction system was overloaded with the
oxidant (O/S $ 12), sulfate production continued to increase;
however, excess oxidant – including unselective cOH radicals
from H2O2 – was likely consumed by organic matter in the
feedstock or might even reduce the already formed sulfate. This
leads to a decrease in oxygen selectivity, suggesting that while
thiophene conversion was rapid, the reaction pathway favors
alternative products over selective sulfur oxidation. Within the
30 min residence time, further increasing the H2O2 concentra-
tion of the feed did not increase the oxygen selectivity for sulfate
production from the ODS of thiophene.
This journal is © The Royal Society of Chemistry 2026
Additionally, Fig. S4 shows that increasing the H2O2

concentration can lead to the measurable production of volatile
organosulfur compounds, which are considered as byproducts
in the process of sulfate production. Based on these results, an
O/S ratio of 6 (H2O2 concentration at 60 mmol L−1) was
considered optimal and chosen as the reaction conditions for
subsequent experiments. Different feed compositions showed
that the addition of 20 mmol L−1 thiophene and 60 mmol L−1

H2O2 did not affect the gas produced from the non-catalytic
gasication of glycerol (Fig. S5). However, glycerol itself could
affect the selectivity of the ODS of thiophene to sulfate, as its
decomposition products in SCW include reducing gases such as
CO and H2. Since glycerol was xed at 20 wt%, 60 mmol L−1

H2O2 resulted in a low O/C ratio of 1/55, which might have
hindered the oxidative desulfurization (ODS) of thiophene to
sulfate.

To probe whether the sulfate production from thiophene
oxidation was hindered by the low O/C ratio caused by glycerol,
experiments were carried out without the addition of glycerol
(with a high O/C ratio of 1.5) in the feed for comparison. Two
different temperatures were chosen, 400 °C and 350 °C, for the
comparison between supercritical water conditions and
subcritical water conditions (exp. 15 and exp. 16 in Table 2).

Fig. S6 shows that thiophene conversion in the experiments
without glycerol was around 99% at both 400 °C and 350 °C,
slightly higher than in the cases with glycerol, which was
around 92%. This can be explained by the addition of glycerol in
the feedstock, which competes with thiophene in reacting with
H2O2, thus leading to a lower thiophene conversion. This
explanation is supported by the sulfate yield results in Fig. S7, in
which the sulfate yields from the experiments without glycerol
were around 15% and 33% at 400 °C and 350 °C, respectively,
much higher than in the cases with glycerol, which were around
0.7% and 2%, respectively. Note that at the O/S/C ratio of 6 : 1 : 4
used, a maximum of 46% of the full oxidation of thiophene to
CO2, H2SO4 and H2O can be reached. According to literature,
the formation of sulfoxide (C4H4SO) or sulfones (C4H4SO2)
during ODS is preferred. Thiophene sulfone is the most stable
and common product before ring cleavage, indicating that the
conditions applied favor the formation of sulfate. The higher
sulfate yield observed at 350 °C compared to 400 °C may be
attributed to increased reduction of intermediate organosulfur
compounds by thiophene decomposition products, e.g. CO, at
the higher temperature, which competes with sulfate formation
and limits its accumulation. It should also be noted that VOSC
products were below the detection limit without glycerol,
meaning that decomposition of thiophene to volatile organo-
sulfur side products did not occur under these conditions, or
these compounds were readily oxidized to non-volatile
compounds. This would be explained by the faster oxidation
kinetics of, e.g., thiols or disuldes that can form upon thio-
phene decomposition,70 resulting in thiophene being the
dominating organosulfur compound observed. These results
underline the low selectivity of H2O2 oxidation of thiophene
under these conditions.

The low sulfate selectivity further indicates that several
competing pathways operate under these reducing conditions.
Sustainable Energy Fuels, 2026, 10, 2563–2574 | 2567
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Because thermochemical sulfate reduction is extremely slow78

and the S(+VI) / S(+IV) step is rate-limiting,79 sulfate formed in
this system is unlikely to be further reduced. Thus, the limited
sulfate yield may arise from partially oxidized sulfur interme-
diates being diverted into non-volatile organosulfur
compounds, and/or from unselective H2O2 reactions with other
organic species present.

The strong suppression of sulfate formation by glycerol can
be attributed to intense competition between thiophene and the
large excess of sulfur-free organic species (glycerol and its
decomposition products), present at an S/Cglycerol molar ratio of
1 : 326. Under the applied conditions—low viscosity, complete
miscibility of reactants, and high temperature and pressure—
H2O2 is expected to react rapidly and unselectively with any
available organic compound. This large excess of reductants
relative to H2O2 promotes highly unselective oxidation path-
ways, thereby limiting sulfur oxidation to sulfate. Achieving
high sulfate selectivity therefore requires a catalyst capable of
steering the reaction toward selective sulfur oxidation and
enhancing the corresponding reaction kinetics.

Inuence of Mo- and W-based carbon materials on ODS of
thiophene

As described in the former section, the use of catalysts to
accelerate thiophene oxidation towards sulfate is necessary. To
prevent excessive oxidation of organics, which is undesired in
the catalytic hydrothermal gasication to methane, an O/C ratio
of 1/55 was kept for the subsequent experiments.

Fig. 3 shows the inuence of various Mo- and W-based
carbon supported materials, as well as the carbon supports
themselves, on the sulfate yield and oxygen selectivity in the
ODS of thiophene. First, it can be observed that AC and CNF
supports increased the sulfate yield by a factor of 2.4 and 3.4
when compared to the test without the addition of any material.
The oxygen selectivity followed the same trend, with approxi-
mately 1.4% over AC and 1.8% over CNF, which is a 3 to 4-fold
Fig. 3 Influence of various Mo- and W-based carbon materials on the
sulfate yield and oxygen selectivity from the ODS of thiophene (results
from experiments 1 and 17–22: 20 wt% glycerol, 20 mmol L−1 thio-
phene, 60 mmol L−1 H2O2, 25 MPa pressure and 30 min residence
time, see Table 2).

2568 | Sustainable Energy Fuels, 2026, 10, 2563–2574
increase compared to the material-free test. The positive effect
of the carbon materials might result from the oxygen-
containing surface functional groups on the supports.

Aer loading these two carbon supports with WOx, the
sulfate yield over WOx/AC and WOx/CNF both dropped to
around 0.7%, which is nearly the same as in the case without
material addition. Their oxygen selectivity followed the same
trend. However, loadingMoOx on the carbon supports exhibited
a different result. The sulfate yield over MoOx/CNF increased to
2.8%, which is 20% higher than that over pure CNF, while the
sulfate yield over MoOx/AC was the same as over pure AC (1.7%).
There are a few hypotheses that could explain these results: 1.
WOx might favor competing reactions, preventing sulfate
formation; 2. WOx might favor the reduction of sulfate or ODS
intermediates 3. WOx altered the surface functionalities of the
supports favoring thiophene oxidation to sulfate. In parallel,
MoOx seems to participate in sulfate formation, or in changing
the nature of the surface of the carbon support, e.g. by the
formation of more carbon surface functionalities through C
surface oxidation. It can, however, not be excluded at this stage
that MoOx decreases the surface functional groups of the
carbon support active in sulfate formation, while MoOx

contributes to the ODS reaction. The difference between MoOx/
AC and MoOx/CNF could be explained by the presence of
different forms or phases of MoOx, or the much higher meso-
porous surface area of CNF (AC being mostly microporous, see
Table S3 and Fig. S13) and hence the intensied possible effect
of MoOx on surface carbon active sites.

Note that experiments were conducted to quantify the sulfate
adsorption capacity of AC, CNF, MoOx/AC and MoOx/CNF
(blank adsorption tests, see the SI). These materials were found
to adsorb sulfate at a level corresponding to 0.19%, 0.02%,
0.12%, and 0.015% sulfate yield (see Table S1), which are
negligible compared to the values obtained during the hydro-
thermal ODS tests.

To better understand the effect of the carbon surface on the
sulfate yield, FTIR spectra of the fresh catalysts were measured.
The FTIR spectra of CNF, MoOx/CNF and WOx/CNF are pre-
sented in Fig. S8. Due to the strong absorption of carbon, it had
to be highly diluted in KBr to allow exploitable IR transmission,
at the expense of the signal to noise ratio. Yet, absorption bands
at around 1260 cm−1, 1540 cm−1, and 1585 cm−1 were observed
on CNFs, which can be assigned to the C–O bond vibration in
lactone,80 the asymmetric stretching vibration of the carboxylate
group (–CO2

−),81 and the C]C stretching mode associated with
nanober surface defects,82 respectively. Aer loading MoOx

and WOx, the absorption at 1260 cm−1 (C–O vibration in
lactone) clearly decreased in the order CNF > MoOx/CNF > WOx/
CNF while that at the other two bands varied slightly. This
supports the previous assumption that WOx and MoOx altered
the surface properties of the CNF.

Boehm titration was used to quantify the acidic sites on the
potential catalysts, which allowed a more direct analysis of the
oxygen-containing surface functional groups. With bases of
various strengths (NaHCO3, Na2CO3, and NaOH), different
acidic oxygen-containing groups are neutralized distinctively.
Fig. 4 reveals that aer the loading of MoOx, the total amount of
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 The type and concentration of acidic functional groups on
differentmaterials: as received (untreated) CNF, on HNO3-treated CNF
and on MoOx supported on (untreated) CNF.
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acidic sites decreased, with only lactonic groups as the main
contributor, represented by the C–O bond vibration in lactone
at 1260 cm−1 on the FTIR spectrum of MoOx/CNF. The decrease
in oxygen-containing surface functional groups on MoOx/CNF
further supports the previous assumption that the loading of
MoOx could alter the surface properties and cover active sites,
which is in agreement with the FTIR results.

XRD characterization was carried out on fresh AC, CNF,
MoOx/AC, MoOx/CNF, WOx/AC, and WOx/CNF to evaluate the
crystalline phases, and indirectly the oxidation state of Mo
andW present in the supported metal oxides. The XRD patterns
are shown in Fig. 5. The diffraction reections (“diffraction
peaks”) on the XRD pattern of MoOx/CNF correspond to the
characteristic peaks of MoO2. No signals of MoO3 were found
for MoOx/CNF. The diffraction peaks observed for WOx/CNF are
characteristic of WO3 and no other type of tungsten phase was
found. These results indicate that the oxidation state of Mo was
Fig. 5 XRD patterns of fresh Mo- and W-based catalysts and the neat
supports AC and CNF.

This journal is © The Royal Society of Chemistry 2026
reduced from +6 (ammonium salt used for the synthesis) to +4
aer the thermal treatment performed in an inert atmosphere,
while that of W remained the same at +6. The only explanation
is that the CNF support acted as a reductant for MoO3 during
the thermal treatment, reducing it to MoO2. In the same group
of the periodic table, W has a higher atomic number (74) than
Mo (42), resulting in a greater effective nuclear charge. The
standard reduction potentials of MoO3/MoO2 and WO3/WO2

indicate a higher reducibility of molybdenum oxide (0.25 V vs.
0.036 V, respectively). Note that oxycarbides of W or Mo nor-
mally form only under high-temperature, non-aqueous, carbon-
rich conditions (typically $600–900 °C),83,84 while thermody-
namics show that neither metal should be reduced below +IV
between 150–550 °C in pure or reductive supercritical water.85

Therefore, forming W or Mo oxycarbides under the conditions
used here is extremely unlikely.

In the case of MoOx/AC and WOx/AC, no diffraction peaks
could be observed. This suggests that themetal oxides on AC are
amorphous or smaller than ca. 5 nm. TEM was used to further
assess the presence of particles, but hardly any particles could
be observed (see Fig. S9 and S10).

Apart from the effect of surface functional groups, it has also
been reported that the formation of Mo species with an oxida-
tion state lower than +6 fromMoO3 leads to high activity for the
ODS of organosulfur compounds with Mo(V) as the most active
species.86 The combination of XRD results andmeasured sulfate
yields suggest that loading MoOx onto CNF promoted the
sulfate yield from the ODS of thiophene due to the presence of
Mo(IV). The difference between AC and CNF supported MoOx

can be explained either by highly dispersed MoOx, as evidenced
by XRD and TEM, which altered the carbon surface function-
alities, compensating the promoting effect of the Mo(IV) or by
MoOx, which is only present in the micropores of the AC,
resulting in very low accessibility of the metal.

Note that Mo- and W-based phases present in the fresh
catalyst are prone to evolve during the tests under reductive
supercritical water.
The effect of oxygen-containing surface functional groups

The potentially promoting effect of oxygen-containing surface
functional groups on the sulfate yield in the ODS of thiophene
was studied by treating CNF with HNO3 (reux for 2 h at 95 °C),
which is known to oxidize the carbon surface.87–89 FTIR spec-
troscopy shows an increase in the absorption bands at around
1260 cm−1, 1540 cm−1, and 1585 cm−1 aer the HNO3 treat-
ment, which correspond to the C–O vibration in lactone, the
asymmetric stretching vibration of the carboxylate group, and
the C]C stretching vibration of CNF surface defects, respec-
tively (see Fig. 6). Additionally, two new bands appeared in the
spectrum of the HNO3-treated CNF at around 1685 cm−1 and
1730 cm−1, which can be assigned to the C]O bond vibration
in lactonic groups and carboxylic groups, respectively.90–92 This
conrms that the HNO3 treatment of CNF produced more
oxygen-containing surface functional groups on CNF.

Boehm titration (Fig. 4) of the HNO3-treated sample shows
that the oxidation treatment of CNF led to a considerable
Sustainable Energy Fuels, 2026, 10, 2563–2574 | 2569
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Fig. 6 FTIR results of the modified CNF materials (diluted 500-fold
with KBr; the CNF used to prepare MoOx/CNF was not treated with
HNO3).

Fig. 8 Reaction pathway involving the formation of a percarboxy-
licacid-type active site leading to the oxidation of thiophene to, here,
its sulfoxide.
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increase in the concentration of acidic sites, which is around 8
times higher than that of the untreated CNF.

The same reaction conditions were applied in the batch
reactor experiment (exp. 23 in Table 2) using HNO3-treated CNF
as potential catalyst for the ODS of thiophene. Fig. 7 shows that
the sulfate yield increased signicantly to almost 8% over
HNO3-treated CNF compared to around 2.3% over the original
CNF, and the oxygen selectivity increased from below 0.5% to
above 4%. Note that the quantity of acidic sites on the surface of
CNF and HNO3-treated CNF represents approximately 3 and 9%
of the sulfate formed, considering conservatively that four
acidic sites are needed to oxidize one thiophene to sulfate, and
they therefore cannot account for a stoichiometric (non-
catalytic) oxidation of thiophene to sulfate. It can be inferred
that the addition of oxygen-containing surface functional
groups on the CNF promoted the sulfate yield from the ODS of
thiophene. This result supports our previous hypothesis
Fig. 7 Influence of HNO3 treatment of CNF on sulfate yield and
oxygen selectivity (results from experiments 1, 18, 20 and 23).

2570 | Sustainable Energy Fuels, 2026, 10, 2563–2574
regarding the catalytic effect of oxygen-containing surface
functional groups on selective thiophene oxidation towards
sulfate.

It has been reported that organosulfur compounds (e.g.
thiophene or dibenzothiophene) can adsorb onto surface sites93

of the carbon catalyst, and our results, together with prior
studies, suggest that activated carbon likely enhances ODS by
generating surface-bound percarboxylic acid species formed
through the reaction of carboxylic acids with H2O2,94–96 as
depicted in Fig. 8. Thiophene is expected to have p–p interac-
tions with the CNF surface, favouring its reaction with per-
carboxylic acid. This proposed percarboxylic-acid-type active
site aligns with established reaction pathways for liquid-phase
oxidation of thiophenic sulfur compounds, where percarboxy-
lic acids produced from carboxylic acids (typically formic or
acetic acid) and hydrogen peroxide drive the oxidation
process.21,97,98 Moreover, ex situ formation of surface-anchored
percarboxylic acids on mesoporous silica has been demon-
strated to effectively oxidize BT and DBT model compounds.99

Carbon nanober and activated carbon (AC) has long been
recognized as one of the more hydrothermally stable support
materials for heterogeneous catalysts (at 23–30 MPa, 380–450 °
C), particularly in comparison to silica, alumina, and
zeolites.52,100 However, the stability of activated carbon is not
unconditional, and its surface functional groups are subject to
transformation under supercritical water conditions. However,
to the best of our knowledge, the stability of such functionalities
at the surface of supercritical water stable carbon materials has
not been systematically studied, making the long-term stability
of functionalised CNF difficult to assess.

Supporting MoOx on CNF led to a decrease in the total acidic
sites, likely as a result of the adsorption of Mo on these sites. It
is noteworthy that despite MoOx/CNF containing four times
fewer oxygen-containing surface groups than CNF, it still
produces a slightly higher sulfate yield. It is assumed that the
addition of Mo(IV) can also promote the sulfate yield from the
ODS of thiophene. The promoting effect of Mo(IV) addition
might be weaker than the adverse effect of surface functional
group removal on MoOx/CNF; thus, the sulfate yield over MoOx/
CNF was still higher than that over pure CNF.
This journal is © The Royal Society of Chemistry 2026
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The effect of Mo(IV)

Batch reactor experiments (exp. 24 to exp. 26 in Table 2) were
carried out using pure MoO2, MoO3 and WO3 as potential
catalysts to further study the assumed promoting effect of
Mo(IV) on the sulfate yield in the ODS of thiophene. To allow for
a comparison, the same molar quantity of active metal as in the
supported metal oxide materials was used. Note that the
specic surface areas of the carbon-supported materials are two
orders of magnitude larger than those of the pure oxides (see
Table S2), but the surface areas of MoO3 and MoO2 are similar.
The surface area of the oxide (active metal) is not known in
MoOx/CNF, but the dispersion (the proportion of metal at the
surface, and hence the proportion of metal that is active) is
expected to be much higher than in MoO3 and MoO2 consid-
ering the TEM observations made. Fig. 9 shows that the sulfate
yield over MoO2 increased to around 12%, while that over MoO3

and WO3 and without catalysts was around 0.6%. The oxygen
selectivity followed the same trend and reached approximately
8%. This result is in line with the assumption that Mo(IV)
promotes sulfate production, while Mo(VI) andW(VI) do not have
any impact.

Because the metal/S ratio (3 : 10) was kept constant and
because the dispersion on MoOx/CNF is much higher than in
MoO2, this result points out that the selectivity towards sulfate
is much higher with MoO2 than with MoOx/CNF. Sintering or
coking alone can therefore not explain the low performance of
highly dispersed MoOx/CNF compared to poorly dispersed
MoO2. Oxidation of Mo to Mo(VI) or rapid leaching of highly
dispersed Mo species from MoOx/CNF may account for the
reduced performance. Although these effects could not be
assessed due to the small catalyst mass and the presence of
coke, recent work showed substantial leaching of highly
dispersed NiMo catalysts during heating from room tempera-
ture to 400 °C in pure water.56 While the conditions here differ
and are less prone to leaching, Mo leaching during the batch
experiments cannot be excluded, particularly on the highly
dispersed MoOx/CNF (Fig. 9).
Fig. 9 The effect of pure MoO2, MoO3, and WO3 on sulfate yield and
oxygen selectivity (results from experiments 1, 18, 20, and 24 to 26).

This journal is © The Royal Society of Chemistry 2026
Then, the effect of calcination temperature of the catalysts
on the sulfate yield was investigated. It has been reported that
MoO3 can be reduced to MoO2 on the surface of carbon mate-
rials at high temperatures due to the reductive nature of
carbon.101 At 500 °C, an increasing amount of MoO2 was formed
with the increase in residence time during the reaction between
MoO3 and carbon. The original calcination time used for the
preparation of MoOx/CNF was 5 h. By shortening the calcination
time to 3 h (exp. 27 in Table 2), less MoO2 formation was ex-
pected. The XRD patterns (Fig. S11) of both catalysts show little
difference between both, except for smaller and broader
diffraction peaks, indicative of lower MoO2 formation, which is
in agreement with Zhang's observations.101

Fig. S12 shows that the sulfate yield over MoOx/CNF-3h is
around 1.5%, which is lower than that over MoOx/CNF and CNF
alone, indicating that the promoting effect of Mo(IV) on the
sulfate yield is weaker with shorter calcination time, and inad-
equate loading of Mo(IV) (or calcination of CNF) might not be
able to compensate for the drop in catalytic activity due to the
alteration of surface functional groups. This result also
supports that Mo(IV) is a key factor ins enhancing the sulfate
yield.

Molybdenum is well known for its redox capability in
oxidative processes such as ODS;102 however, under the
predominantly reductive conditions applied here, thermody-
namic modeling indicates that MoO2 is the dominant stable
phase,85 and any redox cycling would more likely occur between
Mo(0) and Mo(IV) sites. The reduction of MoO3 to MoO2 in
pressurized pure water has been experimentally observed at
temperatures as low as 320 °C,103 consistent with thermody-
namic calculations,85 when accounting for the measured103

oxygen fugacity in pure water. However, the very low activity of
MoO3 suggests that this reduction proceeds slowly. Given that
reaction conditions and medium composition evolve continu-
ously during testing, and therefore oxygen fugacity also
changes, obtaining direct experimental evidence for
molybdenum-based redox mechanisms is particularly chal-
lenging and lies beyond the scope of this work.

Conclusion

In the ODS of thiophene under cHTG-relevant conditions,
temperature has little effect on conversion and does not
signicantly promote sulfate formation. In contrast, the O/S
ratio strongly inuences both sulfate yield and oxygen selec-
tivity. A moderate increase in the O/S ratio enhances sulfate
yield, but beyond a certain threshold, selectivity toward sulfate
declines. This is likely due to competing oxidation reactions
involving hydrocarbons in the feedstock, which consume the
excess oxidant. Integrating the ODS of thiophene into a SCWG
process in order to convert organosulfur compounds to sulfate
would therefore negatively impact methane production.

Selectivity towards sulfate formation from thiophene during
ODS reaches a maximum around 350 °C before dropping above
the critical point of water. This is likely due to competitive
reduction reactions in SCW caused by the rapid decomposition
of organics and higher concentrations of small reductive
Sustainable Energy Fuels, 2026, 10, 2563–2574 | 2571
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compounds (H2, CO, light alcohols, and alkenes). However, the
sulfate yield without the use of a catalyst remains marginal, i.e.,
below 5%.

Catalyst screening revealed that carbon nanober enhances
sulfate production, whereas activated carbon does not, which
suggests that micropores are less relevant, probably because
they become lled with coke. A clear correlation was observed
between oxygen-containing surface groups and sulfate yield. By
increasing CNF surface functionalities or by using pure MoO2,
a signicant increase in thiophene conversion to sulfate can be
achieved.
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