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Improving catalytic performance via induction
heating: selective oxidation of H,S on a nitrogen-
doped carbon catalyst as a model reaction
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In this work, a macroscopic nitrogen-doped mesoporous carbon-coated silicon carbide catalyst (NMC/
SiC) was developed and fully evaluated as a metal-free catalyst for the selective oxidation of H,S into
elemental sulfur under various conditions using both noncontact induction heating (IH) and classical
Joule heating (JH) modes. The results obtained indicated that the coated SiC catalyst exhibited excellent
desulfurization performance when operated with induction heating. Indeed, when operated with IH, the
catalyst displays better desulfurization performance under challenging reaction conditions, i.e., a low
reaction temperature of 180 °C and a high gaseous space velocity of 3600 h™%, than when operated
using the indirect convection/conduction JH mode. The high desulfurization performance was
attributed to the highly effective heat management inside the catalyst bed via an IH along with a short
diffusion length associated with the nanoscopic dimension of the nitrogen-doped carbon coating layer
on the macroscopic silicon carbide host substrate. The catalyst also displays high stability as a function
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1. Introduction

The improvement in catalysis field stems from the development
of new and optimized catalysts as well as catalytic processes with
better energy efficiency in order to reduce as much as possible
the associated carbon footprint of the process. The increasing
awareness of climate changes and the still too slow decarboniza-
tion of our industrial society have triggered scientists to develop
new chemical processes, thereby making them less and less
dependent on fossil resources."” Induction heating (IH) has
been widely developed in the manufacturing of industrial metallic
work pieces (bonding, welding, and sintering) in several
industries.>* This heating approach enables us to generate heat
directly inside the targeted materials, and thus, significantly
reduces the energy waste caused by heat conduction and/or
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of time on stream thanks to the high stability and activity of nitrogen sites.

radiation usually observed with the conventional heating mode.
With this technology, heat can be directed to the predefined
region without over heating the whole large zone as well as the gas
phase reactant. Therefore, it can avoid thermal decomposition of
reactants or intermediate compounds caused by overheating of
the whole reactor.>® Recently, the IH mode has been reported
as an efficient heating mode for operating catalytic processes
with significantly improved performance.®™" Besides the above-
mentioned advantages, IH represents a green heating means for
operating catalytic processes, as it can be operated using exceed-
ing renewable electricity, instead of using a traditional fuel burner
for providing heat to the reactor, which contributes to the
reduction of CO, for the process.*'>"?

Hydrogen sulfide (H,S), one of the major toxic and mal-
odorous gases, is commonly emitted from chemical industries,
such as natural gas refineries, crude oil, biogas purification and
coal chemistry. H,S is not only harmful to humans but also
induces corrosion in the facilities and pipeline as well as
downstream catalyst poisoning.’*™® The most widely method for
removing H,S is the equilibrated Claus process (2H,S + 30, —
280, + 2H,0 and 4H,S + 250, — 3S, + 4H,0). However, there is
still 3-5% H,S remaining in the tail gas due to the thermodynamic
limitation, which is higher than the standard of legislation require-
ments for the discharge of the off-gas into the atmosphere. The
catalytic selective oxidation process (2H,S + O, — (2/n)S,, + 2H,0),
in which H,S can be directly oxidized into elemental sulfur by
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oxygen, has attracted tremendous attention due to its low cost, high
efficiency and non-thermodynamic process.'” 2 Over the past few
decades, many groups have developed metal-free catalysts based on
the nitrogen-doped nanocarbon materials for H,S selective oxida-
tion in terms of microstructure design,”*>* nitrogen contents and
species regulation,> alkali promotion®*>° as well as the mono-
lithic structure fabrication.*’** Most importantly, the superior
thermal-/electro-conductivity properties over carbon-based materi-
als make it the promising catalyst or catalyst support under IH
model reactions.>**® Recently, Truong-Huu et al.>® first reported
that a macroscopic shaped carbon nanotube/carbon fiber monolith
with abundant surface oxygenate groups has superior activity in the
H,S oxidation reaction under the TH model.

To achieve an efficient catalyst system by using the IH model
for the selective oxidation of H,S, a well-designed nitrogen-
doped mesoporous carbon-coated industrial silica carbide
catalyst (NMC/SiC) was applied and experimental parameters
such as gaseous space velocity, reaction temperature and O,/
H,S molar ratio were carefully investigated. It is worthy to note
that porous SiC was chosen for supporting NMC active sites as
it possesses all the properties required for a catalyst support,
namely, high mechanical strength, high thermal conductivity
which allow rapid homogenization of the temperature within
the catalyst bed, high oxidative resistance and chemically
inertness.””® It is expected that the real on-time temperature
regulation capability of the IH system could allow us to carry out
the catalytic process under more drastic reaction conditions, ie.,
a low temperature and a high gaseous space velocity (GHSV),
which could significantly impact the conversion level, compared
to the traditional indirect JH mode, without noticeable loss in
terms of catalytic performance due to the high efficiency for
maintaining the catalyst surface temperature. This finding could
be applied not only to this model reaction but also to other
catalytic reactions.

2. Materials and methods
2.1 Silicon carbide support

Porous silicon carbide (B-SiC) was produced via a gas-solid
synthesis process®® according to the following reaction equa-
tions (1) and (2):

Si0, + Si < 2Si0 1)
Si0O + C — SiC + CO (2)

During synthesis, CO formed from the reaction (eqn (2)) was
continuously flushed by an argon stream, which forces the
displacement of the reaction shift towards the right side. The
industrial process developed by SICAT Co. (https://www.sicatca
talyst.com) allows the production of B-SiC with a capacity
of ca. 50 tons per year in different sizes and shapes depending
on the downstream applications. The obtained B-SiC displays
an exclusive meso- and macropore network, which renders
it suitable for use as a medium thermal conductor support in
numerous catalytic processes. It displays a total pore volume
of 0.120 cm® g~ " and is mostly composed of mesopores with an
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average pore size distribution centered at around 12.8 +
1.5 nm.

2.2 Synthesis of NMC/SiC monolith catalysts

Commercial B-SiC in the form of extrudates (D ~ 1 mm, L ~
3 mm) was thoroughly washed with deionized water in order to
remove powdery material fractions followed by complete drying
at 130 °C overnight. The nitrogen-doped mesoporous carbon
coating process has been widely reported in our previous
studies.*"**** In a typical procedure, 1.5 g of p-glucose and
2.25 g of citric acid were added into 10 mL of ultrapure Milli-Q
water at room temperature. Afterwards, 1.73 g of ammonium
carbonate was added in a single portion to this solution under slow
stirring at room temperature and an instantaneous effervescence
due to CO, evolution was observed. The obtained clear solution was
subsequently impregnated onto 10 g of SiC dropwise. The impreg-
nated wet solid was maintained at 40 °C until the surface was dried
before heated up to 130 °C in air for 1 h. The as-synthesized
composite was then annealed at 900 °C in He at a heating rate of
5 °C min ' for 2 h, during which the mesoporous N-doped
graphitized C-coating on the SiC matrix was formed. The digital
photo of the pristine SiC is presented in Fig. 1A. The NMC/SiC
support displays the same morphology and a darker color than that
of the pristine SiC support (not shown), which could be attributed
to the presence of the coated NMC layer.

The SEM and TEM micrographs in Fig. 1B and C evidence
the highly porous structure of the SiC support, which is
composed of small particles aggregated with each other to
form a material matrix. The TEM micrograph shown in
Fig. 1D highlights the SiC microstructure covered in part by a
thin layer of oxidic phase, ie., Si0,C,/SiO,, in an amorphous
structure. The high-resolution TEM micrograph shown in
Fig. 1E clearly evidences the presence of stacking faults along
the (111) growth axis of the SiC material and the SiO,C,/SiO,
amorphous on the topmost surface.

The anchorage of the NMC layer on the SiC support could be
favored by the presence of a thin layer of SiO,C,/SiO, on the SiC
surface,’” which provided oxygenated functional groups for
interaction with the NMC precursors. Indeed, the SiO,C,/SiO,
layer is relatively thin, ie., 3-5 nm, which will not alter the
intrinsic thermal conductivity of the ceramic support but just
play a role as an anchorage interface for the deposited nitrogen-
doped carbon layer. Previous results have shown that the SiC
support significantly improved heat transfer via the catalyst bed
due to its medium thermal conductivity, compared to the other
insulator materials.*?

2.3 Characterization techniques

Scanning electron microscopy (SEM) was carried out using a
ZEISS 2600F microscope with a resolution of 5 nm. The sample
was deposited onto a double-face graphite tape in order to
avoid charging effect during the analysis. Transmission elec-
tron microscopic (TEM) analysis was carried out using a JEOL
2100F operating at 200 kV accelerating voltage, equipped with a
probe corrector for spherical aberrations, and a point-to-point
resolution of 0.2 nm. The sample was dispersed by ultrasound

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 1 (A) Digital photo of the pristine SiC support. (B) SEM micrograph of SiC showing the highly porous structure of the support. (C—E) Representative
TEM and high-resolution TEM micrographs of SiC, with stacking faults along the [111] direction, covered with a thin hydrophilic passivated layer of SiO,C,/

SiO, (with an average thickness of 2 nm).

in an ethanol solution for 5 minutes and a drop of the solution
was deposited onto a copper plate covered with a holey carbon
membrane for observation. The elemental mapping of different
species, e.g., Si (SiC), C (SiC), and N (NMC), was carried out by
scanning transmission electron microscopy (STEM) using a
JEOL 2100F electron microscope equipped with a Gatan Energy
Filter and cold field-emission gun (FEG) operating at 200 kv
with 1.5 A lattice resolution. The Brunauer-Emmett-Teller
(BET) specific surface area (SSA) and the pore size distribution
of the support and the catalyst, after thermal treatment, were
determined by liquid N,-adsorption and desorption using an
ASAP 2020 Micromeritics™ instrument. All the samples were
degassed at 250 °C under vacuum for 8 h in order to remove all
the moisture. The pore size distribution was calculated from
the desorption branch of the isotherm using the Barrett-Joyner—
Halenda (BJH) approach. Thermal gravimetric analysis (TGA)
was performed using a TGA Q5000 instrument at a heating rate
of 10 °C min " under air flow in the atmosphere (20 mL min*).
The weight of the sample was kept at around 10 mg in order to
avoid diffusion problems during the analysis. Electrical conduc-
tivity of a cylinder filled with the catalyst extrudates and covered
with two copper plates was tested using a 115 Fluke digital
multimeter.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

2.4 H,S selective oxidation process
The H,S oxidation process can be outlined according to main
eqn (3)-(5):

H,S +10, > 1/nS, + H,0 AH=-222KkJmol™' (3)

S+0, - SO, AH=—297 k] mol™* 4)

2H,S + 30, — 280, + 2H,0 AH = —-381 Kk mol ™" (5)

For conventional Joule heating, 6.0 g of NMC/SiC (Vo ~ 7.5 cm?)
was loaded on a silica wool pad located in a tubular Pyrex
reactor (with an inner diameter of 26 mm) and housed in a
vertical tubular electrical furnace. The furnace temperature was
controlled by a K-type thermocouple and a Minicor
regulator located next to the external wall of the reactor. The
reactant gas mixture [H,S (1 vol%), O, (2.5 vol%), H,O (30 vol%)
in inert He as a carrier (balance)] was passed downward
through the catalyst bed. All the gas flow rates were monitored
using Brooks 5850TR mass flow controllers. Steam (30 vol%) in
the reactant feed was ensured by bubbling the inert carrier in a
saturator containing hot water at 80 °C in order to simulate the
industrial effluent. The gas hourly space velocity (GHSV) was
fixed at 1200 and 3600 h™* and the O,-to-H,S molar ratio was

New J. Chem., 2023, 47, 105-1M6 | 1107
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evaluated ranging from 0.6 to 2.5. All catalytic runs were carried
out in the continuous mode. Elemental sulphur was vaporized
(because of the high partial pressure of sulphur at the reaction
temperature) and condensed alongside with steam at the
reactor outlet in a trap maintained at room temperature. The
analysis of the inlet and outlet gases was performed on-line
using a Varian CP-3800 gas chromatograph (GC) equipped with
a Chrompack CP-SilicaPLOT capillary column and a thermal
catharometer detector (TCD) for the detection of O,, H,S, H,O
and SO,. H,S and SO, concentrations were recalculated on the
basis of the corrected flow after steam condensation. All the
connecting lines were wrapped with thermal tapes and main-
tained at 140 °C in order to prevent any condensation.

The IH experiment was conducted using an EasyHeat™ 8310
induction heating setup (10 kW, Ambrell Ltd) equipped with a
spiral 6-turn induction coil (L = 1.05 m, pure coil resistance =
2.066 x 1072 Q) and an external cooling chiller with a recircu-
lated water/glycerol (10%) mixture as a cooling medium. In a
typical experiment, one glass reactor containing the catalyst,
similar to that used for the JH, was placed inside the induction
heater coils. The real-time temperature control/regulation was
ensured using a PID system (Proportional Integral Derivative
controller, Eurotherm model 3504) connected to a laser pyrom-
eter (Optris®, power < 1 mW, located at ~30 cm from the
catalyst) focused on the middle of the catalyst bed and with the
capability of working in the 150-1000 °C range. The heating/
cooling rate allowed for the system is about 300 °C min " in the
160-300 °C temperature range. The laser beam was focused on
the extrudates constituting the catalyst bed localized behind
the reactor wall.

It is worthy to note that the inductor was operated at a
frequency of 263 kHz, which generated a much lower magnetic
field than those generated at a lower frequency, i.e., <10 kHz.***>
In addition, magnetic fields from low-frequency induction are
more penetrating to the surrounding material. However, in order
to reduce the exposure of the worker to the magnetic field,
the setup was localized inside a Faraday cage surrounded with a
metal mesh.

3. Results and discussion

3.1 Nitrogen-doped mesoporous carbon coated on SiC

The specific surface area (SSA) of the NMC/SIC significantly
increases compared to that of the pristine SiC support despite
the relatively low loading of the NMC phase (ca. 5 wt%), e.g.,
54 m” g ' vs. 24 m* g ', which could be attributed to the micro-
and mesoporous characters of the NMC phase according to our
previous reports.*™** The coating of the SiC material with a layer
of NMC also significantly modified the pore size distribution of
the final composite with the contribution of small mesopores
having an average pore size distribution centered at ca. 2.0 +
0.5 nm. According to the results, the introduction of the
nitrogen-doped carbon layer significantly modifies the overall
porosity of the final composite. The detailed description of the
catalyst characteristics can be found in our previous report.**
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Fig. 2 (A and B) HR-TEM images of the NMC/SiC catalyst indicating the
presence of a homogeneous and thin layer of NMC on the SiC support.
(C—F) HAADF-STEM and EELS mapping images (Si, C and N elements)
showing the coverage of the SiC support by the NMC layer.

100 nm NK

The coating of the SiC support by a layer of NMC also
increases the overall conductivity of the composite. An average
resistance of 2000 kQ was measured for the pristine SiC
extrudates, while for NMC/SiC, the resistance value drastically
drops to 12 kQ, indicating the large improvement of the
conductivity. These results confirmed the large difference
between the surface NMC coating layer and the bulk support
in terms of interaction with the magnetic field and, conse-
quently, its respective surface temperature.

The HR-TEM images of the NMC/SiC catalyst are displayed
in Fig. 2A and B. The amorphous nature of NMC is clearly
visible on the surface of the SiC support. This amorphous and
porous nitrogen-doped carbon layer is expected to offer a large
surface area with abundant active sites to the reactants, leading
to a significant improvement in the catalytic performance. It is
also expected that this carbon layer could participate in the
heat transfer throughout the whole catalyst body, and thus,
reduce the formation of local hot spots inside the catalyst bed,
which is detrimental to the selectivity. According to the results,
the NMC layer was homogeneously coated onto the SiC host
matrix surface with an average thickness of ca. 10 £ 2 nm.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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The HAADF-STEM and EELS mapping images of the NMC/SiC
catalyst (Fig. 2C-F) clearly confirm the homogeneous coating of
the nitrogen-doped mesoporous carbon layer on the SiC surface
according to the high overlap between the elemental signals of
Si and N. Such a thin coating layer displays high accessibility
for the reactant to the whole active phase, which is not the case
for traditional supported catalysts, where some active sites are
inevitably located far inside the pores of the support and
cannot be fully accessible for the reactant, resulting in limited
intrinsic activity. The uniformity of the NMC coating layer was
also investigated by statistical STEM-EELS analysis on several
areas of the catalyst (not shown), which confirms the homo-
geneity of the coating on the surface of the support. It is worthy
to note that due to the extremely low thickness of the coating
layer, the high-resolution TEM is the sole technique that allows
us to access such coatings.

The TGA spectra of the pristine SiC support and the one
coated with a layer of NMC are presented in Fig. 3A and B.
Pristine SiC displayed a slight weight loss of ca. 3.2 wt% at a
temperature of ca. 692 °C, which could be attributed to the
combustion of some residual carbon localized within the
materials (Fig. 3A). At a temperature higher than 700 °C, part
of SiC was converted into SiO,, leading to a gradual weight
increase. The NMC-coated SiC sample displayed a weight loss at
lower temperatures, i.e., 612 vs. 692 °C, as shown in the TGA
spectrum in Fig. 3B. The difference in terms of weight loss
between the two samples allows us to calculate the NMC
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loading to ca. 5 wt%. The surface chemical composition of
the SiC and NMC/SiC materials was analyzed by XPS, and the
results are presented in Fig. 3C and D. According to the XPS Siy,
results (Fig. 3C), the SiC surface was composed of several Si
species, which could be attributed to the presence of SiC and a
mixture of SiO,C,/SiO, layer-coated SiC core,*” while over the
NMC/SiC sample, nitrogen species can be observed, e.g., pyr-
idinic, pyrrolic, quaternary and oxidized nitrogen species,
according to the high-resolution N, spectrum (Fig. 3D).

3.2 H,S selective oxidation

3.2.1 Influence of the reaction gaseous space velocity. In
most of the catalytic processes, the ability of the catalyst to
convert a large amount of reactants per time unit represents a
main factor, as it will condition the size of the reactor for a
given productivity of the plant. However, the catalytic perfor-
mance is strongly influenced by the reactant gaseous space
velocity, as it leads to a shorter contact time, which could
impact the reactivity, and also an increase in the rate of heat
removal via solid—-gas exchange, which could lower the catalyst
surface temperature and, in turn, the catalytic performance. In
this section, the influence of the heating mode on the main-
tenance of the desulfurization performance, expressed in terms
of H,S conversion and SO, selectivity, as a function of the
reactant gaseous hourly space velocity (GHSV) will be investi-
gated, and the results are summarized in Fig. 4. The blank test
carried out with a bare SiC support (not shown) confirmed the
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Fig. 3 TGA profiles of the (A) SiC and (B) NMC/SiC samples in air flow. (C and D) High-resolution XPS Si,, and Nis spectra of the NMC/SIiC sample.
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Fig. 4 Desulfurization performance on NMC/SIC operating under (A)

JH and (B) IH. Reaction conditions: [H,S] = 1 vol%, [O,] = 2.5 vol%,

[H,0l = 30 vol%, O,-to-H,S ratio of 2.5, He (balance), 6.0 g NMC/SiC
(Vear, ~ 7.5 cm?), 210 °C.

complete inactivity of the support for the desulfurization
process at different temperatures.

Under traditional Joule heating (JH), the thermal inertia of
the oven is unable to achieve on real-time temperature com-
pensation inside the catalyst bed caused by the increase in the
GHSV, which leads to a net decrease in the catalytic performance,
though no irreversible deactivation was observed according to the
return test (Fig. 4A). Indeed, under the JH mode, increasing the
GHSV, from 2400 h™" to 3000 h™ ", leads to a significant decrease
in H,S conversion, from 98% to 70%, whereas the sulfur selectivity
displays no obvious change. Similar results have also been
reported on the monolithic carbocatalysts doped with different
heteroelements, eg, N and P, as reported by Xu and co-
workers.>*® However, it is expected that induction heating (IH)
could be the heating mode of choice for operating the reaction
under high reactant gaseous velocity, as the surface reaction
temperature of the catalyst is adjusted constantly and rapidly by
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the inductor (only the catalyst was heated with the direct feedback
of the catalyst temperature to the inductor setup), at a heating rate
as high as several hundred degrees per minute. The results
obtained at 2400 h™* clearly indicated the better maintenance of
the desulfurization performance on the NMC/SiC catalyst operated
under the IH mode (Fig. 4B, left part). In order to verify such
improvement in terms of catalytic performance, the reaction
was carried out under a higher GHSV, ie., 3600 h™" instead of
2400 h™", and the results are presented in Fig. 4B (center part).
Unlike the results obtained under JH, the desulfurization of the
NMC/SIC catalyst, operated under IH, remains at almost 100%,
even under higher GHSV conditions, along with slightly improved
sulfur selectivity. The return test back to a GHSV of 2400 h™"
restored completely the desulfurization performance and con-
firmed, as for the catalyst operated under the JH mode, that no
deactivation occurred on the catalyst under different GHSV. The
results obtained here definitively highlight the superiority of IH for
operating catalytic processes on the NMC/SiC catalyst at a high
space velocity.

The results obtained can be discussed as follows: it is
expected that under IH regulation, the temperature variation
on the catalyst surface, consecutive to the increase in the
gaseous reactant velocity which induces higher gas-solid heat
exchange, was rapidly regulated via fast heating adjustment,
which thus, allows the maintenance of the reaction temperature
and the desulfurization performance. A recent study by Malhotra
et al.*’” on the heat behavior inside the catalytic reactor operated
under selective and localized microwave heating has reported a
similar fact about the influence of the reactant flow rate on the
surface temperature of the catalyst. According to the simulation
results, the reactant flow rate has almost no influence on
the catalyst temperature under microwave heating as only the
catalyst, with high response heating rate, was heated, while the
reactant gas-phase entering the catalytic bed remains cold. As
soon as the reactant gas entered the catalyst bed, which was
maintained at the reaction temperature, the gas was heated up
to the reaction temperature via rapid gas-solid heat exchange
and the reaction starts.*® However, the same simulation using
indirect boundary heating, similar to the JH, where all the
reactor length was heated to the same temperature, reveals that
the gas-phase velocity induces a significant change in the
catalyst temperature, at least at the entrance of the catalyst
bed. Indeed, at a gaseous velocity fixed at 100 sccm, the catalyst
temperature remains unchanged with respect to the set tem-
perature, whereas, at a gaseous velocity of 1000 sccm, a large
drop in temperature was observed at the entrance part of the
catalyst, ca. 300 K below the set temperature, due to the decrease
in the temperature at the entrance part of the reactor as the high
flow cannot be heated up effectively and also to the high gas-
solid temperature exchange. The loss in the temperature at the
first part of the catalytic bed under traditional thermal catalysis
is due to the inability of the indirect boundary heating to
maintain the temperature of the catalyst due to its low thermal
inertia. It is worthy to note that the problem of heat transfer
at a high reactant space velocity under indirect Joule heating not
only happens in a laboratory setup but could also be present in
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industrial plants where heat management with a high flow rate
remains the most important problem to solve.

As a partial summary, we can conclude that direct heat
targeted using the induction process allows us to operate the
catalytic process at its kinetic limit thanks to the extremely high
heat generation within the catalyst bed and its maintenance
throughout the process. In addition, such heating means can
be operated using renewable energy, which could also contri-
bute to the reduction of the carbon footprint of the process
compared to the traditional gas burners.

3.2.2 Influence of the reaction temperature. The influence
of the reaction temperature, which is another important para-
meter for the reaction, was also investigated in detail. Taken
into account the high stability of the catalysts in the previous
section, a single batch of catalyst was used in this study for
different reaction conditions in order to reduce as much as
possible artifacts by using a different catalyst for each test
condition. The desulfurization performance of the NMC/SiC
catalyst was fully studied under conventional Joule (JH) and
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Fig. 5 Desulfurization performance on NMC/SiC operated under (A) JH
and (B) IH modes. Reaction conditions: [H,S] = 1 vol%, [O,] = 2.5 vol%,
[H,Ol = 30 vol%, He (balance), O,-to-H,S ratio = 2.5, 6.0 g NMC/SiC
(Veat, ~ 7.5 cm®) and GHSV (STP) of 2400 h™%,
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induction heating (IH), and the results are presented in Fig. 5.
The desulfurization performance regarding H,S conversion and
sulfur selectivity of the NMC-coated catalyst remains stable as a
function of time on stream for both heating processes at a
reaction temperature of 210 °C. Such results confirm the high
performance of nitrogen-doped species for the desulfurization
process.”® At a reaction temperature of 210 °C, the catalyst
displays similar desulfurization performance, while the sulfur
selectivity is higher under JH than that of IH, e.g., 82% vs. 70%.
Decreasing the reaction temperature has more impacts on the
desulfurization performance of the catalyst operated under the
JH mode. Indeed, at a reaction temperature of 190 °C, the H,S
conversion is almost 100% under the IH mode (Table 1),
whereas it is decreased to ca. 87% with the JH mode, which
reveals the better desulfurization performance of the NMC
catalyst operated under the IH operation mode. Further
decreasing the reaction from 190 °C to 180 °C leads to a more
significant difference in terms of H,S conversion; indeed, at
180 °C the H,S conversion under the IH mode remains high at
96%, while under JH it decreases to ca. 75%. Both catalysts
recover the initial desulfurization performance during the
return tests back to 210 °C (not shown), which confirms the
high stability of the catalyst as already observed in the previous
section. However, the IH mode again leads to a lower sulfur
selectivity, which could be attributed to the secondary reaction
between the intermediate sulfur and the excess of oxygen on
some local hot spots (see discussion below). The relatively low
sulfur selectivity observed on the NMC/SiC catalyst operated
under the IH mode, even at relatively low reaction temperature,
could be explained by the fact that some hot spots could occur
at the contact point between the two catalyst particles, which
could be at the origin of the over oxidation to yield SO,,
especially in the presence of excess oxygen. Khattak®® and
Haneishi et al.>® have reported that a hot spot could occur at
the contact point of two silicon carbide spheres during micro-
wave heating, due to the presence of a higher concentration of
electromagnetic field at such point. Fig. 5B shows that at such a
low reaction temperature. The sulfur selectivity under the
IH mode was slightly improved and becomes close to that
observed for the NMC/SiC catalyst operated at 190 °C under
the JH mode. These results confirm in part the existence of a
higher surface temperature on the NMC/SiC catalyst operated
under the IH mode, as suggested above. Such a high micro-
scopic local surface temperature of the NMC/SiC catalyst under
the TH mode could thus explain the higher desulfurization
performance of the catalyst than that observed for the same
under the JH mode.

Such local high temperatures can operate without changing
the macroscopic temperature of the whole catalyst, as reported
previously by Chaudret and co-workers during oxygen evolution
reactions and hydrodeoxygenation processes.’ In fact, the
authors have achieved high catalytic performance via over-
heating the surface of the nano-catalyst, ie., FeNi nano-
particles, which induces an increase in local high temperatures
well above the boiling point of the solvent in which the reaction
takes place. The heat generated at such local high temperature
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Table 1 Catalytic performance of different carbon-based materials for H,S oxidation
Catalysts Feed composition (%) 0,/H,S ratio T (°C) H,S conv. (%) S sel. (%) Ref.
CNT H,S/0,/N, (balance) = 0.5/0.25/99.25 (wt%) 0.5 210 27 67 17
NPC-8 H,S/0, = 1.2/1.8, H,0 30 vol% (He balance) 1.5 190 95 83 21
EM-2-800 H,S/0, = 1/2.5, H,O 30 vol%, He balance 2.5 190 100 72 22
AC H,S/0,/N, (balance) = 0.5/0.25/99.25 (wt%) 0.5 200 45 100 24
N-CNT;, ¢x H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 190 91 75 26
N@CF-800 H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 230 57 95 27
AN@C/SiCg?[IT] H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 190 86 78 31
O-CNT-250-24 H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 190 50 90 32
210 80 88 32
N-C/CNTjso0 H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 190 99 79 33
1.5 190 98 87 33
N-C/CNT-2%P H,S/0O, = 1/2.5, H,O 30 vol%, He balance 2.5 210 99 82 34
O-CNT@O-CF H,S/O, = 1/2.5, H,O 30 vol%, He balance 2.5 200 86 86 36
210 98 84 36
N-C/SiC H,S/0, = 1/2.5, H,O 30 vol%, He balance 2.5 210 100 60 42
NPC700 H,S/0, = 1/2.5, H,0 30 vol%, He balance 2.5 190 97 84 46
210 100 81 46
N-OMC-900 H,S/0,/N, = 0.5/0.25/99.25 (wt%), H,O 23.5 vol% 0.5 210 75 97 55
2-C3N, 0.5 210 32 36 55
NMC/SiC H,S/O, = 1/2.5, H,0 30 vol% (He balance) 2.5 180 99 79 This work
2.5 190 100 77
0.63 210 99 88

was rapidly dissipated into the whole catalyst matrix and the
reactions are completed despite the relatively mild reaction
conditions as measured macroscopically.

The decrease in H,S conversion observed at 180 °C could be
attributed to some sulfur deposition on the catalyst surface at
this low reaction temperature, which hinders the access of the
active site for the reactant. The SEM micrographs of the spent
catalyst after the reaction at 180 °C were investigated. The SEM
micrographs (Fig. 6) evidence the presence of sulfur particles
on the catalyst surface. However, it is expected that the

presence of some smaller sulfur particles, which could partially
block the pore entrance of the catalyst, cannot be accurately
detected by SEM analysis.

3.2.3 Influence of the O,-to-H,S ratio. The performance of
this catalyst was further evaluated at different O,-to-H,S ratios
with both IH and JH modes (Fig. 7). The desulfurization
performance obtained with an O,-to-H,S ratio of 0.63 is com-
parable with that obtained at a ratio of 2.5 at a GHSV of
2400 h™' and 210 °C (Table 1). These results indicate again
the high stability of the metal-free NMC catalyst, regardless of

e, R R
Fig. 6 (A and B) SEM micrographs of the spent NMC/SIiC catalyst after the desulfurization test at 180 °C for 24 h under the IH mode showing the
presence of some large discrete sulfur particles. (C) High-resolution SEM micrograph of the sulfur particles with round-shaped morphology.
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the heating mode, compared to the traditional Fe-based silica
catalyst, as reported in our previous articles.**'*"** The latter
generally displays a noticeable deactivation with the fluctuation
of the O,-to-H,S ratio due to the formation of iron sulphide
with a lower intrinsic desulfurization activity.>®>* The sulfur
selectivity reaches the highest value at an O,-to-H,S ratio of
0.63, which is attributed to the self-inhibition of the secondary
reaction, ie., S + O, — SO,, due to the lower oxygen concen-
tration in the feedstock, and thus, the oxygen available on the
catalyst surface for performing over oxidation process. Indeed,
under this condition, the sulfur selectivity is directly controlled
by the availability of oxygen near the active site rather by the
catalyst surface temperature, as observed in the above-
mentioned experiments. The sulfur selectivity is slightly lower
under the IH mode at an O,-to-H,S ratio >0.63, while it
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Fig. 7 Desulfurization performance on NMC/SiC operated under (A) JH
and (B) IH modes. Reaction conditions: [H5S] = 1 vol%, [H,O] = 30 vol%,
He (balance), 6.0 g NMC/SIC (Vo ~ 7.5 cm?), 210 °C and GHSV (STP) of
2400 h™%
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becomes close to that obtained under the JH mode at a
stoichiometric ratio. Under stoichiometric conditions, the
H,S conversion remains slightly higher under the IH mode
than under the JH mode, which could be again explained by the
better temperature management of the catalyst under IH.

3.2.4 Long-term stability of the NMC/SiC catalyst. For
industrial implementation, the resistance towards deactivation
is one of the most important parameters, as it determines the
operation duration of the catalyst that will have a significant
impact from both economic and environmental point of view
for the process. The catalyst was also evaluated for long-term
tests, i.e., low temperatures, 190 °C and high GHSV, 2400 h™*
(Fig. 8). The results clearly indicated the high stability of the
catalyst under harsh reaction conditions. This could be due to
the combination of the high stability of nitrogen-doped sites
incorporated within the carbon matrix with high thermal
conductivity along the film, the high thermal conductivity
and chemical inertness of the SiC support that allow the heat
transfer in a homogeneous manner within the catalyst bed, as
well as the fast and efficient heat targeting of the IH mode.
Such high stability of the nitrogen-doped carbon sites has
already been widely reported in our previous studies for use
as a metal-free catalyst or non-innocent glue for different
reaction processes under indirect Joule heating, e.g., sour gas
desulfurization (at higher reaction temperature) and ethylben-
zene dehydrogenation.’"*°** The slight deactivation observed
at 190 °C and 2400 h™, i.e., H,S conversion passing from 100%
to 98% after ca. 80 h of reaction, could be attributed to the high
sulfur formation rate, which cannot be efficiently removed
from the catalyst surface, and thus, progressively block the
access to the active sites. Such slightly deactivated catalyst can
be easily recovered by subjecting the spent catalyst to thermal
treatment under inert gas at 300 °C for a short period to
vaporize the solid sulfur deposit.
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Fig. 8 Long-term desulfurization test on NMC/SiC operated under direct
IH. Reaction conditions: [H,S] = 1 vol%, [O,] = 2.5 vol%, O,-to-H,S ratio =
2.5, [H,0] = 30 vol%, He (balance), 6.0 g NMC/SIC (Vea. ~ 7.5 cm?), 190 °C
and GHSV (STP) of 2400 h™™,
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Fig. 9 XPS survey and S 2p spectra of the spent catalyst showing the presence of sulphur deposit on the surface.

The physical characteristics, e.g., SSA and pore size distribu-
tion, of the spent NMC/SiC catalyst after long-term evaluation
were analyzed and compared with those of the pristine catalyst:
the pristine catalyst shows an SSA of 54 m”> g~ ', while the spent
catalyst displays an SSA of 14 m® g~ '. The loss of the SSA of the
spent catalyst could be attributed in part to the solid sulfur
deposition, as discussed in the previous section. The decrease
in the SSA is also accompanied by a disappearance of small
pores, i.e., 2 nm, and a contribution of mesopore centered at
around 8.0 £ 1 nm. The XPS analysis of the spent catalyst
reveals the presence of a S 1s peak, which confirms the
presence of some solid sulfur deposited during the reaction
on the surface of the catalyst (Fig. 9). It is expected that such
sulfur deposit could partially block the access of the reactant to
the active site. However, it is worthy to note that the long-term
reaction was carried out under drastic conditions, ie., low
temperatures (which favors the sulfur deposit) and a high space
velocity, and thus, to avoid such slight deactivation, the process
should take place at a higher reaction temperature in order to
avoid residual sulfur deposit. It is worthy to note that despite
the significant SSA loss, the desulfurization activity remains
extremely stable, which confirms the high performance of the
layered NMC/SiC catalyst.

4. Conclusion

In summary, a combination of a silicon carbide catalyst (NMC/
SiC) coated with thin-layer nitrogen-doped mesoporous carbon,
with high thermal conductivity, and contactless induction
heating displayed high efficiency for performing the selective
oxidation of H,S under different conditions. The IH displays
several advantages for operating the catalytic desulfurization
process under severe reaction conditions compared with tradi-
tional JH, i.e., easily operate catalytic desulfurization process
with good performance at a much lower temperature (180 °C)
and a higher GHSV (3600 h™'). Heat was directly targeted to the
solid catalyst/susceptor, while the entrance gas was not heated,
which contributed to the reduction of the overall energy input
compared to the traditional indirect convection/conduction
heating where significant heat was lost via convection and
conduction processes from the oven to the catalyst bed. The

M4 | New J Chem., 2023, 47, 1105-1116

harvested heat was rapidly transferred through the layer of
NMC with high heat conductivity to the entire surface of the
catalyst where the reaction takes place. In addition, the high
heat targeting of the contactless induction heating allows
the fast temperature regulation of the catalyst, which could
efficiently off-set the large heat loss via gas—solid heat exchange
when operated at a high space velocity as encountered with
traditional Joule heating. The current study also opens up the
possibility of integrating the IH system into renewable energy
networks. As a plug-and-play small and highly efficient system,
IH could contribute to the decentralization of industrial units
to the extraction place and significantly reduce the overall
carbon footprint of the process by reducing the energy cost
associated with transport over long distances.
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