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ABSTRACT: H2S-selective catalytic oxidation at high temperatures is a
cost-eﬀective way to directly treat lean acid gas. Herein, cerium
supported on a β-SiC catalyst was synthesized by a simple impregnation
method, and the catalytic behavior for the H2S-selective oxidation
reaction was evaluated at a relatively high-temperature range (300−550
°C). The 10%CeO2/β-SiC catalyst exhibited excellent H2S conversion
(93%) and outstanding sulfur selectivity (94%) at 300 °C and could
maintain it at 82 and 87%, respectively, even at temperatures up to 550
°C. Remarkably, the catalyst revealed prominent reaction stability, which
could proceed consecutively at 550 °C for 30 h and could also run
circularly from 300 to 550 °C three times without notable deactivation.
This demonstrated that the β-SiC support allowed good dispersion of
CeO2 particles, which further improved the reducibility of the 10%
CeO2/β-SiC catalyst. Furthermore, the abundant oxygen vacancies on the catalyst surface facilitated O2 activation by providing a
large amount of surface adsorbed oxygen and by improving the lattice oxygen mobility. Particularly, the high thermal stability of the
β-SiC support displayed a signiﬁcant role in high-temperature reactions, and the strong Ce−O−Si interaction between the β-SiC
support and the CeO2 phase allowed the catalyst a good resistance to SO2 poisoning. This work provides a prospective way for the
treatment of lean acid gas.
2H 2 S + SO2 → 3/n Sn + 2H 2O

1. INTRODUCTION
Hydrogen sulﬁde (H2S) is a colorless, highly toxic, and
corrosive acid gas and is generated in many treating processes
of energy resources, such as oil extraction, coal gasiﬁcation, and
sweetening of natural gas.1 H2S is harmful to human beings as
well as the natural environment. Moreover, the combustion of
H2S will result in a highly toxic byproduct, SOx, which is the
major source of acidic precipitation and impacts the air
quality.2 With the related environmental regulations becoming
increasingly stricter, it is urgent to remove H2S eﬃciently and
eﬀectively from the sulfur-containing gas. Currently, the Claus
process is extensively employed in removing H2S and
recovering the elemental sulfur from the acid gas simultaneously. Generally, the Claus process consists of two parts: the
ﬁrst thermal step and the second multiple catalytic steps. In the
ﬁrst step, one-third of H2S is oxidized by oxygen in the hightemperature furnace (1000−1400 °C, eq 1), producing H2S
and SO2 in a 2:1 ratio with the formation of a large amount of
sulfur. Then, in the second step, the remaining H2S reacts with
the formed SO2 following the Claus reaction (eq 2) to produce
more sulfur at a lower temperature in multiple catalytic steps.3
H 2 S + 3/2O2 → SO2 + H 2OΔH = −519 kJ/mol

ΔH = 146.5 kJ/mol
(2)

However, because the Claus reaction is equilibrium-limited,
approximately 2−3% of H2S is still left in the tail gas. In
addition, for the purpose of keeping ﬂame stability at high
temperatures and achieving suﬃcient combustion, the
technology needs high H2S concentration (>25%), auxiliary
fuel, or oxygen enrichment conditions, which makes the
process complicated and augments the cost of investment.4 In
particular, plants can diﬀer greatly with the H2S content in the
gas stream. In the case of a small plant scale, for example,
puriﬁcation of small-scale natural gas or acid gas from the
integrated gasiﬁcation combine cycle (IGCC) plant, a waste
gas feed containing very low amounts of H2S (<15%,
commonly called lean acid gas) is formed. Its low caloriﬁc
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Fe2O3/β-SiC catalyst showed nearly 100% H2S conversion and
81% sulfur selectivity with an O2/H2S ratio of 2.5; in other
words, excess oxygen. Whereas the Fe2O3/Al2O3 catalyst could
only achieve 65.4% sulfur selectivity at the same conditions.
Owing to the high thermal conductivity of β-SiC, forming of
hot spots on the catalyst surface could be avoided, thereby
preventing secondary reactions, and hence, high sulfur
selectivity was maintained.16,17 Based on these, β-SiC would
be prospective support for high-temperature selective oxidation
of H2S. Meanwhile, ceria and CeO2-containing materials were
found to be active and selective for the oxidation of H2S
because of their prominent redox properties and particularly
abundant oxygen vacancies. Moreover, CeO2 indeed displayed
great resistance to various H2S/O2 ratios, as an excellent
oxygen storage material. However, it suﬀered from sulfation
during a long-term reaction.18
Therefore, a catalyst for high-temperature H2S selective
oxidation is urgently needed to deal with the lean acid gas in
the chemical industry. In the present work, a β-SiC-supported
cerium catalyst that was synthesized via an impregnation
method was evaluated for H2S selective oxidation in the
temperature range of 300−550 °C. The eﬀect of diﬀerent
reaction conditions on the catalytic performance was
investigated and the physicochemical properties of catalysts
were also examined using various characterization techniques.

value is problematic for the Claus reactor, and so it is not
suitable for adopting the Claus process.5
H2S-selective catalytic oxidation is a promising way for
treating lean acid gas since it can transform H2S into elemental
sulfur directly and completely without thermodynamic limits.6
It is far more economical than the Claus process. The
irreversible reaction (followed by eq 3) is an intense
exothermic reaction (ΔH = −222 kJ/mol).7 It has been
calculated that for every 1% of H2S reacting, there will be a
temperature increase of 50−60 °C. Hence, with lean acid gas,
the ﬁxed reaction bed temperature would increase to 300−600
°C, bringing an enormous challenge to the activity and stability
of catalysts at high temperatures. Unfortunately, the byproduct
SO2 could be easily formed at high temperatures by the side
reactions (eqs 4 and 5), resulting in a decrease of the sulfur
yield.8
H 2 S + 1/2O2 → 1/nSn + H 2OΔH = −222 kJ/mol
(3)

1/nSn + O2 → SO2

(4)

H 2 S + 3/2 O2 → SO2 + H 2O

(5)

Article

Since the activation energy for sulfur oxidation to SO2 (120 kJ/
mol) is slightly high, it is unfavorable for SO2 formation at low
temperature (below 300 °C).9 To maintain good sulfur
selectivity and catalyst stability, previous research studies
mostly concentrated on catalysts at low-temperature ranges
(160−300 °C), in which Fe-, V-, and Cr-based catalysts were
extensively used in the H2S selective oxidation reaction. To the
best of our knowledge, there are hardly any reports on the
catalytic selective oxidation of H2S at relatively high temperatures (350−550 °C). Chung reported a Cr(10%)/SiO2
catalyst with the reaction temperature up to 325 °C, and the
catalyst exhibited the best H2S conversion (84.1%) and sulfur
selectivity (86.2%) at 325 °C with a stoichiometric O2/H2S
ratio. Besides, it revealed that the Claus reaction occurred
concomitantly at high temperatures, further removing SO2 and
H2S to increase the sulfur yield.10 Yasyerli studied the eﬀect of
diﬀerent O2/H2S ratios on the H2S-selective oxidation
performance over the Cu−V mixed oxide catalyst at 300 °C.
The catalyst showed 70% H2S conversion and 98% sulfur
selectivity with the O2/H2S ratio at 0.55, whereas sulfur
selectivity reduced signiﬁcantly to 64% with the O2/H2S ratio
increasing to 0.9. Excess oxygen and high reaction temperatures are not beneﬁcial for sulfur selectivity, and the major
product of H2S oxidation is SO2.11 In this view, catalysts with
excellent stability, high-temperature resistance, appropriate
oxygen activation ability, and especially, good oxygen storage
capacity would be feasible for high-temperature H2S selective
oxidation.
Recently, carbon-based catalysts such as porous carbons
(PCs) and g-C3N4 received great attention for H2S selective
oxidation because many carbon materials have two-dimensional structures and enriched defects, which could regulate the
electron density and improve O2 activation.12−14 Furthermore,
the physical structure and properties of silicon carbide (SiC)
are similar to carbon materials. As reported, SiC-supported
catalysts were reactive for the oxidation of H2S and
considerable sulfur selectivity can be obtained due to the
high thermal connectivity of the SiC support.15 For example,
Nguyen compared the H2S selective catalytic performance of
Fe2O3/Al2O3 and Fe2O3/β-SiC catalysts at 300 °C. The

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. All of the chemicals were
analytical grade and were employed without any puriﬁcation.
β-SiC was purchased from the Aladdin Company. Other
chemicals were obtained from the Sinopharm Chemical
Reagent Co., Ltd.
The β-SiC-supported cerium catalyst was prepared by an
impregnation method. Generally, 3.09 g of Ce(NO3)3·6H2O
was dissolved in a 10 mL mixed solution of ethanol and
deionized water in the bath water at 60 °C; then, 10 g of
silicon carbide (β-SiC) powder was added to the solution.
After being fully soaked, the sample was dried at 120 °C for 12
h and then calcinated at 600 °C for 3 h in air condition. The
obtained catalyst was denoted 10%CeO2/β-SiC, wherein 10%
represents the mass fraction of cerium. The pure CeO2 catalyst
was prepared by a simple calcination process. Brieﬂy, moderate
amounts of Ce(NO3)3·6H2O were calcinated in air directly at
600 °C for 3 h. In particular, the purchased β-SiC was also
calcined at 600 °C for 3 h in air condition before the reaction
evaluation to ensure the comparability of all catalysts.
Additionally, for comparison, the 10%Fe2O3/β-SiC catalyst
reported in the literature was also prepared; the synthesis
process was similar to that of 10%CeO2/β-SiC catalyst, except
that the raw material was replaced with ferric nitrate.
2.2. Catalyst Characterization. X-ray diﬀraction (XRD)
patterns of the catalysts were obtained on a Rigaku smartlab
powder diﬀraction system equipped with a Cu Kα radiation (λ
= 0.15418 Å) operating at 40 kV and 40 mA in the 2θ range of
i
kλ y
10−80°. The Scherrer equation jjjD = β cos θ zzz was adopted to
1/2
k
{
calculate the mean crystallite size (D) of the catalysts, wherein
the grain shape is assumed to be spherical (k = 0.89), β1/2 is
the width at half the maximum intensity peak (rad), and θ is
the Bragg angle.
Raman spectroscopy (Raman) was performed with a
confocal microscope multichannel Raman spectrometer
12799
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Figure 1. Schematic diagram of the experiments in the evaluation of catalyst activity.

and kept at 400 °C for 1 h. After cooling to room temperature,
the gas path was switched to the He ﬂow (50 mL/min) for 30
min to purge the surface oxygen. Then, it was switched to a 4
vol % 18 O 2 /N 2 (50 mL/min) mixture gas with the
programmed temperature increasing from room temperature
to 650 °C (10 °C/min). After the mass spectrometer (MS)
signal was stable, the evolution of diﬀerent isotopes (m/z = 32
for 16O2, 34 for 16O18O, and 36 for 18O2) was monitored by
MS during the desorption process.
X-ray photoelectron spectroscopy (XPS) was performed
using the Thermo Electron Escalab 250 apparatus. The
excitation light source was selected from Al Kα (1486.6 eV)
rays. All binding energies were calibrated with respect to C 1s
peak at 284.8 eV.
2.3. Catalytic Performance Investigation. The schematic diagram of the evaluation process is shown in Figure 1.
The catalytic activity of the synthesized catalyst for H2S
selective oxidation was measured at atmospheric pressure in a
ﬁxed-bed quartz reactor with a continuous ﬂow. Before each
test, the catalyst was ground to 40−60 mesh. In a typical test of
the reaction temperature eﬀect (300−550 °C), the reaction
was performed using 5000 ppm H2S and 2500 ppm O2
balanced with pure He gas, and the gas hourly space velocity
(GHSV) was set at 5000 h−1. After about 1 h stabilization at
each temperature point, the eﬄuent gas mixture was analyzed
using a gas chromatograph with an FPD+ detector (GC,
Agilent 7890B). For the purpose of excluding the eﬀect of H2S
adsorption on the surface of metal pipelines in online GC
analysis, ﬁve samples were collected at each temperature point,
and the average concentration of H2S and SO2 was calculated
to ensure the accuracy of data. Moreover, a condenser was
added to the outlet of the reactor tube to collect the produced
elemental sulfur. Except for the reaction temperature, the eﬀect
of GHSV, H2S/O2 molar ratios, catalyst stability, and
recyclability experiments were also investigated.
There are three possible ways of H2S transformation in the
H2S selective oxidation reaction: (1) converting to the
elemental sulfur that was collected by the sulfur condenser
appended to the outlet of the reactor tube; (2) converting to
the undesirable SO2 that decreased sulfur selectivity; (3)
converting to other sulfur species such as SO42− or S2−, which
could deposit on the catalyst surface, resulting in catalyst

(Horiva Jobin Yvon LabRam HR800). The laser wavelength
was ﬁxed at 532 nm, the scanning wavenumber range was
100−1000 cm−1, and the spectral resolution was 1 cm−1. All
tests were carried out at room temperature.
The morphologies of the catalysts were observed using a
ﬁeld-emission scanning electron microscope (FE-SEM)
(Hitachi SU-8020 and JEOL JSM-7900F). The magniﬁcation
is 1−200k times. The catalyst powder was dispersed on the
conductive tape and was blown with a high-pressure air gun for
morphology observation, ensuring that all the catalyst powder
evenly and ﬁrmly adhered to the conductive tape.
The structural and textural properties were examined by N2
adsorption−desorption measurements with a Micromeritrics
ASAP-2020 PLUS HD88. Before the test, the catalyst was
pretreated by vacuum degassing at 300 °C for 2 h, and then the
N2 adsorption−desorption isotherm was collected at −196 °C.
The speciﬁc surface area was determined by the Brunauer−
Emmett−Teller (BET) method (the relative pressure range of
the selected points is 0.05−0.25); the pore size distribution
was conducted according to the desorption isotherm with the
Barrett−Joyner−Halenda (BJH) method; and the pore volume
was calculated according to the maximum relative pressure (P/
P0 = 0.99).
Electron paramagnetic resonance (EPR) results were
obtained on a Bruker MS 5000 spectrometer. All tests were
performed at room temperature.
The reduction performance of the catalysts was studied
using the Micrometrics AutoChem II temperature program
apparatus. In the analysis, the catalyst (about 100 mg) was ﬁrst
pretreated in an Ar ﬂow from 50 to 300 °C and then held at
300 °C for 1 h. After cooling to room temperature, the gas
path was switched to a 5 vol % H2/He mixture with a ﬂow rate
of 50 mL/min and heated up to 900 °C at a rate of 10 °C/min.
The H2 temperature-programmed reduction (TPR) proﬁles
were obtained by online computer recording, monitored by a
thermoconductivity detector. The water produced during the
heating process was removed using a cold trap.
The temperature-programmed 18O isotopic exchange
(TPIE) experiments were performed using the Micrometrics
AutoChem II and Hiden HPR-20 R&D instruments. The
catalyst (100 mg) was pretreated in a 5 vol % O2/He (50 mL/
min) mixture from room temperature to 400 °C (10 °C/min)
12800
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Figure 2. XRD (a), Raman (b), N2 adsorption−desorption isotherms(c), and the pore size distribution (d) proﬁles of 10%CeO2/β-SiC, CeO2, and
β-SiC catalysts.

and the CeO2 phase were present, and the peaks of the CeO2
phase supported on β-SiC were broader than in the CeO2
catalyst. These results indicated that cerium oxide was
supported on β-SiC successfully and might have smaller
particles. To conﬁrm this, the Scherrer equation was applied to
calculate the crystallite size and the results are gathered in
Table 1. As seen, the 10%CeO2/β-SiC catalyst displayed an

deactivation. Considering that the amount of sulfur species
deposited on the catalyst surface is very small, which could be
ignored compared with the other two ways and given that the
amount of the collected elemental sulfur is diﬃcult to precisely
measure. Therefore, sulfur selectivity was estimated inversely
by the amount of SO2 produced. The conversion of H2S, sulfur
selectivity, and sulfur yield were deﬁned as follows
H 2S conversion =

(H 2S)in − (H 2S)out
(H 2S)in

Table 1. Structural and Textural Properties of 10%CeO2/βSiC, CeO2, and β-SiC Catalysts

(H 2S)in − (H 2S)out − (SO2 )out
sulfur selectivity =
(H 2S)in − (H 2S)out

sulfur yield = (H 2S conversion) × (sulfur selectivity)

catalyst

SBETa
(m2/g)

VPb
(cm3/g)

DP c
(nm)

crystallite sized (nm)

10%CeO2/β-SiC
CeO2
β-SiC

36.5
6.8
32.6

0.21
0.02
0.13

20.0
10.3
15.6

9.7 (CeO2)/24.6 (SiC)
12.5
24.1

a

BET speciﬁc surface area was calculated at P/P0 = 0.05−0.25. bTotal
pore volume was estimated at P/P0 = 0.99. cBJH pore diameter was
calculated from the desorption branch. dCrystallite size was calculated
using the Scherrer equation.

3. RESULTS AND DISCUSSION
3.1. Structures and Morphologies of Catalysts. Figure
2a illustrates the XRD patterns of 10%CeO2/β-SiC, CeO2, and
β-SiC catalysts. As seen, the β-SiC catalyst displayed diﬀraction
peaks at 33.6, 35.6, 41.3, 60, 71.7, and 75.5°. The diﬀraction
peaks were attributed to the SiC crystal phase with a cubic
structure in the center of the β-face (PDF 29-1129).19 As for
the CeO2 catalyst, it presented a typical ﬂuorite-type CeO2
crystal phase (PDF 43-1002) with a face-centered cubic
(FCC) structure. The diﬀraction peaks displayed at 33.3, 47.5,
56.3, 59.2, 69.2, 76.3, and 79.2° were assigned to the (111),
(200), (220), (311), (222), (400), (331), and (420) crystal
faces, respectively.20 It can be obviously observed that in the
10%CeO2/β-SiC catalyst, both the diﬀraction patterns of β-SiC

average size of 9.7 nm for the CeO2 phase, smaller than that in
the CeO2 catalyst (12.5 nm), which indicates that CeO2 could
highly disperse on the β-SiC support.
Moreover, Raman spectroscopy was employed to explore the
structural properties of the catalysts. As depicted in Figure 2b,
the pure CeO2 catalyst presented a peak at 459 cm−1, assigned
to the F2g vibrational mode of ﬂuorite-type ceria with reference
to the literature.21 The intense peak that appeared at around
782 cm−1 could be attributed to a β-SiC phase according to the
spectrum of the β-SiC catalyst. In the case of the 10%CeO2/β12801
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Figure 3. SEM images of 10%CeO2/β-SiC (a, b), β-SiC (c), and CeO2 (d) catalysts. EDS maps of Si (f), O (g), and Ce (h) on the 10%CeO2/βSiC (e) catalyst.

Figure 4. H2S conversion (a) and sulfur selectivity (b) for 10%CeO2/β-SiC, β-SiC, and CeO2 catalysts at 300−550 °C (reaction conditions: [H2S]
= 5000 ppm, [O2] = 2500 ppm, GHSV = 5000 h−1) and the Claus reaction activity (c) without the catalyst at 300−550 °C (reaction conditions:
[H2S] = 2000 ppm, [SO2] = 1000 ppm, GHSV = 5000 h−1).

SiC catalyst, both peaks that represented the presence of CeO2
and β-SiC phase appeared. In addition, the intensity of the
peak at 459 cm−1 decreased and a shift toward a lower
wavenumber (∼445 cm−1) was observed compared to the pure
CeO2 catalyst. This is due to the decrease in the crystalline size
of CeO2 particles, which was consistent with the above
results.22,23

SEM images were collected to examine the morphologies of
the catalysts. As shown in Figure 3a−d, the 10%CeO2/β-SiC
catalyst displayed wire or plate crack morphologies, whereas
the β-SiC catalyst exhibited sheet or wedge-like morphologies
with porous structures. In contrast, the CeO2 catalyst displayed
random nanoparticles with sizes ranging from 500 to 1000 nm.
As known, the porous structure endows the catalyst with a
large speciﬁc surface area, and it is easier for the reactant
12802
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Figure 5. H2S conversion (a), sulfur selectivity (b), and sulfur yield (c) with diﬀerent H2S/O2 molar ratios (reaction conditions: [O2] = 2500 ppm,
GHSV = 5000 h−1, T = 300−550 °C) and the catalytic performance on various GHSV (d) and water vapor conditions (e) (reaction conditions:
[H2S] = 5000 ppm, [O2] = 2500 ppm, T = 550 °C) over the 10%CeO2/β-SiC catalyst.

structure, including sheet, plate crack, or wedge-like structures.
The results were consistent with the SEM characterization
obviously. Moreover, Table 1 shows the textural properties of
all catalysts. As seen, the CeO2 catalyst showed the smallest
pore volume (0.02 cm3/g) and speciﬁc surface area (6.8 cm2/
g), which may be due to the calcination agglomeration at high
temperatures. Thus, it had a large crystallite size as determined
by XRD analysis. In the case of 10%CeO2/β-SiC catalyst,
owing to the CeO2 supported on the β-SiC surface, the speciﬁc
surface area increased from 32.6 to 36.5 m2/g and 0.13 to 0.21
cm3/g for the pore volume. It was attributed to the fact that βSiC has a great resistance for sintering and, as a support, is
conducive to disperse CeO2.
3.2. Catalytic Performance. 3.2.1. Eﬀect of Reaction
Temperatures. The catalytic performance of 10%CeO2/β-SiC,
CeO2, and β-SiC catalysts for H2S selective oxidation was
evaluated in the temperature range of 300−550 °C and the

molecules to access the active sites, which would be beneﬁcial
for the catalytic performance.24 Additionally, SEM-energydispersive X-ray spectroscopy (EDS) analysis of the 10%
CeO2/β-SiC catalyst (shown in Figure 3e−h) indicated a
homogeneous distribution of Si, O, and Ce on the catalyst
surface, suggesting that the CeO2 was well dispersed on the βSiC surface.
Figure 2c displays the nitrogen adsorption−desorption
isotherms and Figure 2d illustrates the pore size distribution
of 10%CeO2/β-SiC, β-SiC, and CeO2 catalysts. It can be
observed that all of the catalysts displayed type IV isotherms,
signifying the presence of mesoporous structures with
favorable pore connectivity.25 Particularly, the CeO2 catalyst
presented type IV isotherm, showing an H4-type hysteresis
loop, which suggests the hybrid micropore and mesoporous
pore structures; while the 10%CeO2/β-SiC and β-SiC catalysts
exhibited H3-type hysteresis loops, implying an irregular pore
12803
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Figure 6. Stability behaviors of 10%CeO2/β-SiC and 10%Fe2O3/β-SiC catalysts at 350 °C (a), the 10%CeO2/β-SiC catalyst at 550 °C (b), and the
recyclability of the 10%CeO2/β-SiC catalyst (c, d) (reaction conditions: [H2S] = 5000 ppm, [O2] = 2500 ppm, GHSV = 5000 h−1).

was also veriﬁed that the reaction stability of CeO2 could be
improved by supporting it on the β-SiC surface.
Furthermore, the Claus reaction with no catalyst was also
investigated to study the slight increase in catalytic performance above 450 °C, and the results are demonstrated in Figure
4c. As shown, the conversions of H2S and SO2 were relatively
low (<20%) when the temperature was below 450 °C.
However, when the temperature was above 450 °C, H2S and
SO2 reacted vigorously until the conversion was up to 60% at
550 °C. Based on this, the slight increase of the catalytic
performance above 450 °C might be due to the Claus reaction,
which further improved the conversion of H2S and SO2.
3.2.2. Eﬀect of H2S/O2 Molar Ratios. Figure 5a−c illustrates
the eﬀect of H2S/O2 molar ratios for H2S selective oxidation
over the 10%CeO2/β-SiC catalyst in the temperature range of
300−550 °C. As illustrated in Figure 5a, the conversion of H2S
increased with the H2S/O2 molar ratios decreasing from 2.5:1
to 2:1.2, namely, from inadequate to excessive O2. On the
contrary, the sulfur selectivity decreased with the H2S/O2
molar ratios decreasing from 2.5:1 to 2:1.2 (as seen in Figure
5b). Excessive oxygen is conducive to the conversion of H2S
but is not beneﬁcial for obtaining higher sulfur selectivity
because SO2 is easily formed at high temperatures due to side
reactions (eqs 4 and 5). It can be concluded that a maximum
sulfur yield could be obtained with a stoichiometric ratio of
H2S/O2, as shown in Figure 5c.
3.2.3. Eﬀect of the GHSV. Figure 5d demonstrates the eﬀect
of diﬀerent GHSV on the catalytic performance over the 10%
CeO2/β-SiC catalyst. As shown, the H2S conversion and sulfur
selectivity were maintained at nearly 83 and 90% without a
notable decrease. In other words, the 10%CeO2/β-SiC catalyst

results are demonstrated in Figure 4a,b. The H2S conversion is
shown in Figure 4a. For 10%CeO2/β-SiC and CeO2 catalysts,
the H2S conversion ﬁrst decreased when the temperature
increased from 300 to 450 °C, and then with further increase
in the temperature to 550 °C, H2S conversion showed a small
increase. However, the H2S conversion on the β-SiC catalyst
was almost constant at ∼80% with a very small continuous
increase in all of the investigated temperature ranges.
Apparently, the 10%CeO2/β-SiC catalyst exhibited the best
H2S conversion (93% conversion rate at 300 °C) and can
maintain it at 82% even at temperatures up to 550 °C.
The sulfur selectivity is presented in Figure 4b. It can be
noted that the variation was similar to that of the H2S
conversion. In the beginning, the sulfur selectivity of 10%
CeO2/β-SiC and CeO2 catalysts reduced from 94 to 86% and
94 to 83%, respectively, when the reaction temperature
increased from 300 to 450 °C. Then, the sulfur selectivity
increased slowly to 87% when the temperature increased up to
550 °C. Likewise, the β-SiC catalyst presented an average
sulfur selectivity at ∼85% with a very small continuous increase
in all of the investigated temperature ranges. Notably, the 10%
CeO2/β-SiC catalyst displayed the highest sulfur selectivity,
which was as high as 94% at 300 °C and even 87% at 550 °C.
In addition, the color of the CeO2 catalyst changed from
yellow to black after being tested at high temperatures. Based
on this, it can be inferred that the pure CeO2 was unstable in
the high-temperature H2S selective oxidation reaction and new
cerium species may be formed during the reaction process. In
contrast, this phenomenon was not observed for the 10%
CeO2/β-SiC and β-SiC catalysts, which could be ascribed to
the high thermal stability of the β-SiC support. Accordingly, it
12804
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Figure 7. XPS spectra (a, b), EPR (c), H2-TPR (d), and 18O2-TPIE (e, f) curves of 10%CeO2/β-SiC, CeO2, and SiC catalysts.

molecules for adsorption at identical active sites, restricting the
transformation and reaction of H2S. On the other hand,
excessive water vapor can promote the reverse Claus reaction
(3/n Sn + 2H2O → 2H2S + SO2), producing secondary H2S
and SO2, which results in the decrease of H2S conversion and
sulfur selectivity.26 Considering the catalyst behavior in the
water-containing environment, it can be inferred that the
decrease of catalytic performance was mainly due to the
reverse Claus reaction occurring with the introduction of water
vapor.
3.2.5. Durability of Catalysts. The durability of catalysts is a
key factor in the application. Therefore, the reaction stability
properties of the 10%CeO2/β-SiC catalyst at high temperatures were examined. In addition, the stability behavior of the

can operate in a wide GHSV range without any loss of activity
at a temperature of 550 °C.
3.2.4. Eﬀect of H2O. The eﬀect of water vapor on the
catalytic performance was investigated on the 10%CeO2/β-SiC
catalyst at 550 °C. As illustrated in Figure 5e, when 25 vol % of
water vapor was added to the reactant gas ﬂow, the H2S
conversion and sulfur selectivity both decreased slowly, for
instance, the sulfur selectivity reduced from 88 to 84%.
Moreover, the catalytic performance can return to the previous
level or even better when the water vapor was removed.
Overall, the 10%CeO2/β-SiC catalyst seemed to be slightly
sensitive to the water vapor. According to the previous
literature, H2O molecule aﬀects the catalyst activity via two
paths. On the one hand, H2O molecules will compete with H2S
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3.4. Surface Oxygen Properties of Catalysts. Primarily,
the EPR spectroscopy was conducted to investigate the surface
oxygen properties of 10%CeO2/β-SiC, CeO2, and β-SiC
catalysts. The results are shown in Figure 7c. In the literature
research, the EPR signal of g = 2.003 is attributed to the
unsaturated defective sites, namely paramagnetic oxygen
vacancies. As known, the unsaturated defective sites (oxygen
vacancies) are believed to promote the dissociation of
molecular oxygen and enhance the lattice oxygen mobility.30,31
Based on these, the SiC catalyst displayed an obvious g signal,
which can be associated with the surface oxygen vacancies. The
abundant defects on the β-SiC support can eﬀectively initiate
the activation of molecular oxygen. Similarly, the g = 2.003
signal also appeared on the 10%CeO2/β-SiC catalyst with a
weaker intensity, which was related to the concentration of the
relative oxygen vacancies. However, for the pure CeO2 catalyst,
almost no signal can be observed in the EPR spectrum,
suggesting the lowest concentration of oxygen vacancies of the
CeO2 catalyst at ambient conditions compared with the 10%
CeO2/β-SiC and β-SiC catalysts. The diﬀerences among these
catalysts proved that the β-SiC support should be responsible
for the abundant defects and oxygen vacancies, providing a
high O2 activation capacity.
Later, the O 1s XPS spectra of 10%CeO2/β-SiC, CeO2, and
β-SiC catalysts were adopted to further examine the surface
oxygen species. As shown in Figure 7b, the O 1s spectrum of
the 10%CeO2/β-SiC catalyst could be divided into two peaks.
The lower binding energy peak at 529.9 eV was related to the
lattice oxygen (Olat2−, marked as Oα), while the higher binding
energy peak at 533.2 eV was assignable to the surface-adsorbed
oxygen (O2ads2−, Oads−, or O2ads−, labeled as Oβ) that physically
or chemically absorbed on the oxygen vacancies.32,33 For the
pure CeO2 catalyst, two peaks located at 529.4 and 531.6 eV
were observed, which were relevant to the Oα and Oβ species,
respectively. It demonstrated the coexistence of the surfaceadsorbed oxygen and lattice oxygen within the 10%CeO2/βSiC and CeO2 catalysts. In the case of the SiC catalyst, there
was only surface-adsorbed oxygen (Oβ) since the O 1s peak
was symmetrical at 532.5 eV. It can be noted obviously that the
Oβ species related to oxygen vacancies in β-SiC and 10%
CeO2/β-SiC catalysts were distinctly more abundant than that
in pure CeO2, matching well with the EPR characterization
results. In addition, the Oβ/(Oα + Oβ) ratio, calculated based
on the peak areas (summarized in Table 2), also veriﬁed that
there were more oxygen vacancies in the 10%CeO2/β-SiC
catalyst. It can be inferred from the above analyses that the
surface-adsorbed oxygen (Oβ) plays a vital role, as reactive
oxygen species, in the H2S selective oxidation reaction. More
importantly, it could be noticed that the O 1s energy values of
the 10%CeO2/β-SiC catalyst shifted toward higher values with
respect to pure CeO2 catalyst, an index of an increased positive
polarity, which might be ascribed to the formation of Si−O
covalent bonds between the supported CeO2 phase and the βSiC support.16 The results showed that there were more
electrons transferred to the β-SiC support and these electrons
may be from the internal metal compound, which can further
improve the catalytic performance.34,35 Moreover, the strong
Si−O−Ce interaction due to the formation of Si−O covalent
bonds might be responsible for the superior reaction stability
of the 10%CeO2/β-SiC catalyst.
Moreover, the temperature-programmed 18O isotopic
exchange (TPIE) experiments of 10%CeO2/β-SiC and CeO2
catalysts were performed to determine the mobility of the

10%Fe2O3/β-SiC catalyst as mentioned in the previous
research was also studied for comparison. As displayed in
Figure 6a, the 10%CeO2/β-SiC catalyst can maintain the H2S
conversion and sulfur selectivity constant at nearly 87 and 90%
for 6 h at 350 °C. However, the catalytic performance of the
10%Fe2O3/β-SiC catalyst decreased signiﬁcantly, where the
H2S conversion decreased from 88 to 43% and sulfur
selectivity decreased from 76 to 55% after reacting at 350 °C
for 3 h.16 Similar deactivation also occurred over the 10%
CuO/β-SiC catalyst in our original experiments. Thus, the
catalysts that have excellent catalytic activity at relatively low
temperatures will not be suitable for the high-temperature H2S
selective oxidation reaction.
Moreover, the stability behavior of the 10%CeO2/β-SiC
catalyst at high temperatures (550 °C) was also evaluated. As
seen in Figure 6b, the 10%CeO2/β-SiC catalyst can run stably
for almost 30 h without any activity loss, exhibiting high
reaction stability. In addition, the recyclability of the 10%
CeO2/β-SiC catalyst was studied and is shown in Figure 6c,d.
As shown, the catalytic performance only exhibited a very
slight decrease after three reaction cycles.
Based on the above analysis, the 10%CeO2/β-SiC catalyst
shows outstanding catalytic performance and prominent
durability. The high reaction stability might be related to the
great thermal connectivity of the β-SiC support, high
dispersion, and smaller crystalline size of CeO2 particles on
the β-SiC surface, and the strong interaction between CeO2
and β-SiC. However, the nature of the interaction and speciﬁc
mechanism of the reaction and deactivation are still unclear,
which is mainly determined by the physical or chemical
properties of the catalysts. Therefore, a variety of characterization techniques have been applied to study the abovementioned problems.
3.3. Chemical States of Cerium Species. XPS methods
were employed to explore the chemical states of cerium on the
10%CeO2/β-SiC and CeO2 catalyst surfaces. The related
spectra are illustrated in Figure 7a. According to the literature,
the spectrum of Ce 3d can be distributed into 10 peaks,
denoted “u” and “v”, which represented the 3d3/2 and 3d5/2
signals of cerium, respectively, and displayed an 18.4 eV spin−
orbit splitting.27 In addition, the peaks named v0, v′, u0, and u′
were ascribed to the characteristic peaks of Ce3+, while those
named v-v‴ and u-u‴ were related to the characteristic peaks
of Ce4+.28 Hence, this indicated that both Ce3+ and Ce4+ were
present in the 10%CeO2/β-SiC and CeO2 catalysts. It is wellknown that the amount of Ce3+ corresponds to the number of
oxygen vacancies on the catalyst surface.29 According to the
peak areas of the Ce3+ and Ce4+ signals, the ratio of the surface
Ce3+ expressed as Ce3+/(Ce4+ + Ce3+) was calculated and is
shown in Table 2. The calculation results revealed that the 10%
CeO2/β-SiC catalyst possessed more surface Ce3+; in other
words, it had more oxygen vacancies compared to the pure
CeO2 catalyst.
Table 2. XPS Calculation Results of the Fresh and Used
10%CeO2/β-SiC and CeO2 Catalysts
catalysts

Ce3+/(Ce4+ + Ce3+)

Oβ/(Oα + Oβ)

CeO2-fresh
10%CeO2/β-SiC-fresh
10%CeO2/β-SiC-used

0.23
0.30
0.25

0.30
0.91
0.88
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Figure 8. XPS spectra of Ce 3d (a), O 1s (b), and S 2p (c−e) for the fresh and used 10%CeO2/β-SiC, CeO2, and SiC catalysts.

lattice oxygen species.36 Figure 7e,f illustrates the evolution
curves of diﬀerent oxygen isotopes, including 18O2 (m/z = 36),
16 18
O O (m/z = 34), and 16O2 (m/z = 32). As seen, the
desorption products of 16O2 and 16O18O were observed in both
10%CeO2/β-SiC and CeO2 catalysts. According to the
literature, the peaks appearing at 400−600 °C should be
associated with the lattice oxygen (Olat2−) of CeO2.37,38 As
such, the 16O2 signals observed were related to the desorption
of the lattice oxygen (16O2) from the bulk phase of CeO2.
Then, the18O2 gas phase entered the bulk phase to supplement
the oxygen vacancy via the following steps: 18O2ads− →
18
O2ads2− → 218Oads− → 218Olat2−, forming surface oxygen
isotopic species (18Oβ) and lattice oxygen isotopic species
(18Oα).39 Meanwhile, the intermediate oxygen species 16O18O
was formed. Moreover, it can be noted that more 16O2 and
16 18
O O species were produced from the 10%CeO2/β-SiC
catalyst. This might be due to the more oxygen vacancies in the

catalyst, which was supposed to accelerate the oxygen
dissociation and lattice oxygen mobility as mentioned above.
These studies indicated that the lattice oxygen of 10%CeO2/βSiC and CeO2 catalysts played a signiﬁcant role in the hightemperature H2S selective oxidation and the mobility of lattice
oxygen depended on the number of oxygen vacancies.
3.5. Reductive Properties of Catalysts. To study the
reductive properties of 10%CeO2/β-SiC, CeO2, and β-SiC
catalysts, H2−TPR proﬁles were performed. As seen in Figure
7d, the pure CeO2 catalyst presented three reduction peaks at
308, 452, and 793 °C. Due to the low reduction enthalpy, the
outermost surface of cerium oxide is reduced at low
temperatures, and the reduction of bulk cerium takes place
at high temperatures.40 Hence, the peaks displayed at 308 and
452 °C could be ascribed to the reduction of surface Ce4+,
while the peak at 793 °C was attributed to the reduction of
bulk Ce4+.23 In the case of the 10%CeO2/β-SiC catalyst, three
12807
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main peaks occurred at 270, 394, and 725 °C. These peaks
could be assigned successively to the reduction of surface Ce4+
and bulk Ce4+ as well. It should be noted that the reduction
signals of the 10%CeO2/β-SiC catalyst shifted integrally to a
lower temperature compared with the CeO2 catalyst, which
demonstrated that the reducibility of the 10%CeO2/β-SiC
catalyst was greatly improved, furthermore, contributing to the
high catalytic performance. The results might be due to the
high dispersion of CeO2 on the β-SiC support and the smaller
crystalline size of CeO2 particles, matching well with the XRD
and Raman characterization studies.
3.6. Mechanisms of Reaction and Deactivation.
3.6.1. Mechanism of the Catalytic Reaction. To explore the
speciﬁc reaction mechanism, XPS analyses of the fresh and
used 10%CeO2/β-SiC catalyst were examined. The XPS
spectra and the related calculation results are summarized in
Figure 8a,b and Table 2. As shown, the ratio of Ce3+/(Ce4+ +
Ce3+) decreased from 0.30 to 0.25 after a single evaluation,
indicating that Ce3+/Ce4+ were involved in the redox cycle. In
addition, the ratio of Oβ/(Oα + Oβ) also decreased apparently
from 0.91 to 0.88, implying that the surface-adsorbed oxygen
also participated in the oxidation reaction. Combined with the
O18 isotopic exchange experiments, the reaction mechanism
can be inferred as follows: H2S was ﬁrst adsorbed on the
surface of the catalyst and then it was oxidized by the active
oxygen species (surface-adsorbed oxygen or mobile lattice
oxygen), resulting in the production of elemental sulfur. At the
same time, Ce4+ was reduced to Ce3+. Subsequently, the
oxygen in the gas phase was to supplement the lattice oxygen
via the following steps: O2ads− → O2ads2− → 2Oads− → 2Olat2−.
Meanwhile, Ce3+ was reoxidized to Ce4+, making a complete
catalytic reaction cycle. Hence, the H2S selective oxidation
reaction on the catalysts obeyed a redox mechanism.
Moreover, the catalytic activity of the β-SiC catalyst, which
had no reductive center, was due to its remarkable O2
activation ability as mentioned in the EPR analysis. The
abundant surface-adsorbed oxygen and high thermal connectivity provided a decent catalytic performance for the
oxidation of H2S to the elemental sulfur.
3.6.2. Mechanism of the Catalyst Deactivation. Figure
8c−e displays the S 2p spectra of the fresh and used 10%
CeO2/β-SiC, CeO2, and β-SiC catalysts to explore the catalyst
deactivation process. The surface composition of these
catalysts was also conducted in Table 3. As shown in Figure
8d, a peak was detected at 168.6 eV over the used CeO2
catalyst while it did not appear on the fresh catalyst. The
spectra can be divided into two peaks at binding energies of
168.3 and 169.5 eV, which were the signals of S 2p3/2 and S
2p1/2, respectively. The ﬁtted two peaks were both related to
the SO42− species.41,42 The phenomenon proved that CeO2

was unstable at the high-temperature reaction and was easily
sulfated, which might cause the catalyst deactivation. It could
also explain why the color of the CeO2 catalyst turned black
after the reaction, as mentioned in the Catalytic Performance
section. Particularly, there was no S 2p signal appearing on the
used 10%CeO2/β-SiC and β-SiC catalysts, as seen in Figure
8c,d. The catalyst surface composition (seen in Table 3) also
conﬁrmed the remarkable stability and eﬃcient resistance to
SO2 poisoning because almost no S species deposited on the
surface of 10%CeO2/β-SiC and β-SiC catalysts, which could be
ascribed to the strong Si−O−Ce interaction and high thermal
connectivity of the β-SiC support.

4. CONCLUSIONS
A series of 10%CeO2/β-SiC, CeO2, and β-SiC catalysts were
prepared and applied to the H2S selective catalytic oxidation
reaction in the high-temperature range of 300−550 °C.
Signiﬁcantly, the 10%CeO2/β-SiC catalyst exhibited excellent
H2S conversion (93%, 300 °C) and sulfur selectivity (94%, 300
°C), simultaneously with long-term reaction stability and
outstanding recyclability. The characterization results indicated
that the β-SiC support allowed high dispersion of CeO2
particles, improving the reducibility of the 10%CeO2/β-SiC
catalyst, which further promoted the catalytic performance.
Particularly, the abundant surface-adsorbed oxygen (Oβ) and
mobile lattice oxygen (Oα) played a signiﬁcant role, in fact as
the reactive oxygen species, involved in the H2S selective
oxidation reaction. The reaction on these catalysts followed a
redox mechanism, while the formation of sulfate was the main
reason for deactivation. Moreover, the high thermal connectivity of β-SiC and strong Ce−O−Si interaction between
the CeO2 phase and the β-SiC support provided the 10%
CeO2/β-SiC catalyst a remarkable resistance to SO2 poisoning
under high-temperature conditions.
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