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Methane mercaptan (CH3SH) is a common organic sulfur in smelting flue gas, which has significant harm to the
environment, industrial production and human health. Therefore, research on the purification of CH3SH has
received extensive attention. Herein, we focused on the role of H2O in the removal of CH3SH, and revealed that
H2O promotes the adsorption of CH3SH at low temperature and promotes its hydrolysis at high temperature,
which significantly improves the removal of CH3SH. In this study, the polyacrylonitrile-based activated carbon
fiber was prepared by electrospinning, with the diameter of about 300~400 nm. Cu, Fe and Mn were loaded by
impregnation method, and the CH3SH removal efficiency were compared. The combination of characterization
results by HR-TEM, XRD, XPS, NH3-TPD and activity evaluation as well as DFT calculation results finally revealed
the removal mechanism of CH3SH with the participation of H2O.

1. Introduction
Methyl mercaptan (CH3SH) is a colorless gas with the smell of rotten
or cooked cabbage. It is a typical volatile organic sulfur in natural gas,
petroleum gas and water gas [1,2]. Trace amounts of sulfur in fuels and
petroleum raw materials can cause serious corrosion problems in com
bustion equipment. Similarly, burning sulfur-containing fuels will also
produce a variety of sulfur-containing gaseous pollutants [3]. SOx gas
can be removed by wet desulfurization technology [4], and H2S can be
removed by absorption and catalytic oxidation [5]. While, it is more
difficult for organic sulfur to be removed, and methyl mercaptan
(CH3SH) is one of the most common organic sulfur [6,7]. Therefore, it is
particularly necessary to study the purification of low-concentration
organic sulfur in sulfur-containing tail gas [8].
The removal methods of organic sulfur gas are mainly divided into
the dry method and wet method. Among them, wet desulfurization ef
ficiency is relatively high, but it has disadvantages such as high oper
ating cost, many types of by-products, and discontinuous operation [9].
Dry organic sulfur removal technology includes adsorption method

[10,11], catalytic decomposition method [12,13], catalytic oxidation
method [14,15], catalytic hydrolysis method [16,17], etc. Compared
with wet desulfurization technology, the dry method has higher antipoisoning performance, higher selectivity, lower operating cost, and
less secondary pollution. Therefore, dry organic sulfur removal tech
nology shows great development potential. The traditional adsorption
method has a high cost of desorption treatment. Dedong He et al. [12]
catalytically decomposed CH3SH on a modified HZSM-5 catalyst.
However, the temperature was as high as 500 ◦ C. Niina Koivikko et al.
[18] reported a V/Si-Ti catalyst for the catalyst oxidation of CH3SH, the
complete conversion of CH3SH can be achieved at 415 ◦ C, but a variety
of by-products can be detected in the product, such as sulfur dioxide,
carbon monoxide, and dimethyl disulphide products. The catalytic hy
drolysis method has the advantages of higher catalytic selectivity and
lower operating temperature [19], and the combustion of fuel and pe
troleum raw materials can produce a small amount of water vapor,
which can directly participate in the hydrolysis reaction.
Due to the significant advantages, carbon-based catalysts have
received extensive attention in the removal of CH3SH. [14,20–22].
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Langlang Wang et al. [11] significantly improved the performance of
activated carbon after Co(CH3COO)2 modification. In order to improve
the removal effect of CH3SH, Liu Q et al. [23] modified coal-based
activated carbon (AC) with nitric acid and urea. Coconut shell-based
activated carbon modified with melamine and nitric acid/melamine
also showed superior CH3SH removal effect. However, so far there are
few reports on the study of carbon nanofibers in the hydrolysis of CH3SH
and the mechanism of methyl mercaptan hydrolysis is still unclear.
Therefore, in this study, the carbon nanofibers were prepared by elec
trospinning, and modified with active components of Cu, Fe and Mn,
respectively. Activity evaluation results show that compared to other
metals, Cu-loaded catalyst shows a significant advantage in CH3SH hy
drolysis. The relationship between the catalytic performance and
physicochemical properties were then elucidated through the charac
terization techniques of TEM, STEM, XPS, XRD, CO2-TPD et al. In
addition, by combining transient experiments, inactivated sample
analysis and DFT calculations, we initially revealed the role of H2O in
the reaction.

room temperature for 1 h. Finally, the temperature was increased to 800
C at a rate of 10 ◦ C/min.

◦

2.4. DFT computational details
Perdew-Burke-Ernzerhof (PBE) functional was used to describe the
density functional theory (DFT) calculations in this work [24] as
implemented in the Vienna ab initio simulation package (VASP 5.4.4)
[25]. The projector augmented wave (PAW) method was used to
describe the core–valence electron interaction [26] and the cutoff en
ergy of 400 eV was adopted during the calculations. A supercell of the
Cu2O (1 1 0) surface with five stoichiometric Cu2O layers was used as the
substrate and the bottom two layer was kept frozen while other atoms
were fully relaxed. In order to avoid the periodic image interaction
normal to the surface, a vacuum gap of 12 Å was applied. Structures
were optimized with a conjugate gradient algorithm until the forces on
all relaxed atoms were less than 0.02 eV/Å, the 2 × 2 × 2 k-point grid
was adopted based on the Monkhorst-Pack method [27].

2. Experimental

3. Results and discussion

2.1. Materials preparation

3.1. Characterization results

Electrospinning is performed using Polyacrylonitrile’s (PAN, Mv =
150000, SIGMA-ALDRICH CHEMIE GmbH) N, N- dimethylformamide
(DMF, Guangdong Guanghua Sci-Tech Co., Ltd., China) solution to
obtain an electrospinning carbon fiber precursor. The electrospinning
carbon fiber (named C-PAN) was then obtained after solidifying and
carbonization. C-PAN supported Cu (Cu(NO3)2⋅3H2O), Fe (Fe
(NO3)3⋅9H2O), and Mn (Mn(NO3)2⋅4H2O) samples were prepared by the
impregnation method, with metal loadings of 10 wt%. After calcinating
at 450 ◦ C for 1 h in N2 atmosphere, the modified electrospun carbon
fiber catalysts (named Cu10%/C-PAN, Fe10%/C-PAN, and Mn10%/CPAN) were ready to be used.

As presented in SEM images (Fig. S2 in Supporting Information), the
fresh sample (uncalcined) of the C-PAN precursor spun by electro
spinning is uniformly filamentous, after calcinating at 450 ◦ C for 1 h in
N2 atmosphere the diameter of the C-PAN fiber decreases to 300–400
nm. The pore properties of the samples were measured through BET
method. The data of the N2 adsorption/desorption isotherms, specific
surface area, pore size, and pore volume are summarized in Fig. 1 and
Table 1. As shown in Fig. 1a, all nanofibers displayed a type-I shape,
which is assigned to microporous materials [28]. The results of pore size
distribution are shown in Fig. 1b, it can be found that the pores of all
samples are mainly distributed below 2 nm, confirming that micropores
are the main pores in the catalysts. Meanwhile, it can also be found that
the catalyst material also contains a small amount of mesoporous
structure [29]. The pore structure and surface properties of M10%/CPAN samples prepared are summarized in Table 1. Compared with other
catalysts, the Cu10%/C-PAN catalyst has the largest specific surface area
(154.49 m2/g) and the smallest average pore diameter (9.73 nm). A
large specific surface area may adsorb more CH3SH and promote the
catalytic hydrolysis of CH3SH on the surface of the material, which may
be the advantage of the Cu10%/C-PAN catalyst.
The morphologies of Cu10%/C-PAN, Fe10%/C-PAN and Mn10%/CPAN samples are investigated by HR-TEM as displayed in Fig. 2. Obvious
particles can be observed on the surface of C-PAN for all three samples
(Fig. 2a, c, e), which may be attributed to the metal component sup
ported by the impregnation method. In order to further confirm the
presence state of active components, the interplanar spacings of the
particles were measured as shown in Fig. 2b, d, f. The results show that
the interplanar spacing of Cu species on the Cu10%/C-PAN surface
(Fig. 2d) are about 0.229 nm and 0.252 nm, corresponding to CuO (1 1 1)
and Cu2O (1 1 1) plane [30,31], respectively. As to Fe10%/C-PAN sam
ple in Fig. 2d, the crystal plane can be assigned as (0 0 6) crystal plane of
Fe2O3 (d = 0.226 nm) [32]. As displayed in Fig. 2f, the Mn species ex
hibits two types of lattice spacing, 0.266 nm and 0.464 nm, which can be
approximately identified as (1 0 3) and (1 0 1) planes of Mn3O4, respec
tively [33,34].
The XRD results shown in Fig. 3 further verify the above inferences
that metal oxides (CuO, Cu2O, Fe2O3, and Mn3O4) are located on the
surface of C-PAN after being modified by Cu(NO3)2, Fe(NO3)3, and Mn
(NO3)2. As presented in Fig. 3, two broad peaks at about 25◦ and 43◦ can
be detected on all samples, corresponding to the (0 0 2) and (0 0 1)
diffraction modes of carbon [35,36]. The diffraction peaks at 2θ = 35.5◦ ,
38.7◦ and 48.7◦ were typical peaks of the CuO species, and the peak
located at 2θ = 38.7◦ corresponds to the (1 1 1) crystal plane of CuO,

2.2. Experimental apparatus
The catalytic hydrolysis reaction of CH3SH is carried out in a fixed
bed reactor (i.d. 4 mm). A simulated gas stream composed of CH3SH
(200 ppm), H2O (1%) and balance nitrogen with the gas flow rate of 100
ml/min. CH3SH concentration is 200 ppm. The concentration of CH3SH
was detected with gas chromatography (GC-9790II, Jiangsu Fuli
Analytical Instrument Co., Ltd, China) with flame photometric detector
(FPD) under the following conditions: capillary chromatographic col
umn (RB-PLOT Q), the oven temperature was 150 ◦ C and detector
temperature was 250 ◦ C. The experimental device diagram of this
experiment is shown in Fig. S1 in the Supporting Information.
The removal rate of CH3SH was calculated as follows.
CH3 SH Conversion(%) = 1 −

CH3 SHoutlet
× 100%
CH3 SHinlet

(1)

2.3. Characterization of catalysts
Morphology of C-PAN was observed under Scanning Electron Mi
croscope (SEM) on Zeiss Gemini 500. High-resolution transmission
electron microscopy (HR-TEM) images were obtained on a JEOL JEM
2100 TEM instrument. Powder XRD (Ultima IV) measurements of the
catalysts were diffractometer with Cu Kα radiation source (λ = 0.15406
nm). The patterns were taken over the 2θ range from 10 to 80◦ at a scan
speed of 5◦ /min. XPS (Thermo fisher Scientific K-alpha)’s X-ray light
source is a monochromatic Al Kα source (Mono Al Kα, 1486.6 eV). The
basic site of the material is determined by CO2-Temperature Pro
grammed Desorption (CO2-TPD) through Micromeritics AutoChem II
2920 instrument. During measuring, the sample was pretreated in a N2
atmosphere at 400 ◦ C for 30 min firstly, and then exposed to CO2 at
2
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Fig. 1. (a) 77 K/N2adsorption/desorption isotherms and (b) pore size distributions of the prepared samples.

the catalysts. Generally, the strength and the amount of basic sites can be
respectively reflected by CO2 desorption temperature and peak area
[47,48]. Fig. 5 exhibits the CO2-TPD results of C-PAN support and metalmodified catalysts. Since the high thermal stability of the material under
800 ◦ C (see TG results in Fig. S4 in Supporting Information), the CO2
observed in CO2-TPD can all be attributed to the desorption peak of
adsorbed CO2. As shown in Fig. 5a, the amount of CO2 adsorption
increased significantly after metal loading, indicating that metal loading
can increase the basic sites of the catalyst. And that the peak area of
Cu10%/C-PAN (7.83) was much higher than that of Fe10%/C-PAN
(7.26) and Mn10%/C-PAN (6.58), which will undoubtedly increase the
adsorption of CH3SH on Cu10%/C-PAN sample. In addition, as a result,
the increase of basic sites would have a closely relation to the improved
catalytic activity towards CH3SH decomposition [49]. Therefore, CH3SH
is more easily adsorbed and activated on Cu10%/C-PAN sample, which
may improve the catalytic hydrolysis activity. The basic site intensity of
each sample was analyzed by deconvoluting the CO2-TPD spectrum, as
shown in Fig. 5b. Four sub-peaks can be observed on all samples, which
are located at around 102 ◦ C, 220~250 ◦ C, 387 ◦ C and 460 ◦ C with the
gradual increase of temperature, attributing to physical adsorption
peaks, weak basic site, medium strong basic site and strong basic site,
respectively. By analyzing the ratio of different intensities of basic sites,
it can be observed that the Cu10%/C-PAN sample has the highest pro
portion of medium strong basic sites. According to the literatures
[15,50,51], adsorption with appropriate strength (neither very strong
nor very weak) is more conducive to the progress of the catalytic reac
tion, so this may be one of the reasons for the relatively high activity on
the Cu10%/C-PAN sample.

Table 1
Textural properties of the prepared samples.
Catalyst

SBET (m2/g)

Vmicro (cm3/g)

Average pore width (nm)

Mn10%/C-PAN
Fe10%/C-PAN
Cu10%/C-PAN

107.06
124.72
154.49

0.044
0.056
0.048

16.48
11.91
9.73

which is consistent with the HR-TEM results. The big sharp peak at 36.4◦
was assigned to Cu2O [37]. Meanwhile, the change process of the
graphitization degree and defects of C-PAN after the active component
loading is revealed by Raman results. As shown in Fig. S3 (see Sup
porting Information), C-PAN possesses the highest defect content and
graphitic carbon content. Since the defect sites of the carbon material
are anchor sites of the active components [38], it can be seen that the
defect content is significantly reduced after the metal is loaded. Mean
while, the strength of graphitic carbon is also significantly reduced due
to the coverage of active components. Among them, the Raman strength
decreased the most after loading Cu, which may be due to the interac
tion between Cu and defects promotes the anchoring of Cu on the surface
of C-PAN.
XPS analysis was conducted to further detect the chemical states of
the loaded active components as displayed in Fig. 4. As shown in Fig. 4a,
except for O 1s, N 1s and C 1s peaks at around 533, 400 and 284 eV,
respectively [39,40], the peaks of Mn 2p, Fe 2p and Cu 2p can be
observed clearly. The overlapped XPS peaks were deconvoluted to
assign the oxidation state of the metal species at the catalyst surface as
displayed in Fig. 4b, c and d. The peak at 640.8 eV of Mn 2p3/2 can be
assigned to Mn2+ in MnO [41], and the binding energy at 642.8 eV is due
to the trivalent state of Mn (Mn2O3) [42]. Fig. 4c showed the Fe 2p orbit,
the peak of Fe 2p3/2 satellite, Fe2O3 and FeO can be observed at 718.8 eV
[43], 711.8 eV and 710.1 eV [44,45], respectively. Characteristic peaks
of Cu2O and CuO can be observed in the spectrum of Cu 2p3/2 in Fig. 3d
at 932.2 eV and 934.2 eV, respectively [46].
Since CH3SH is an acid gas, it is necessary to detect the basic sites of

3.2. Results of activity tests
The catalytic activity and products of the samples were then inves
tigated and shown in Fig. 6. As can be observed, all samples showed
barely activity below 150 ◦ C and compared with other samples, Cu10%/
C-PAN displayed the highest removing efficiency of CH3SH. When the
3
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Fig. 2. HR-TEM images of (a)(b) Cu10%/C-PAN (c)(d) Fe10%/C-PAN (e)(f) Mn10%/C-PAN.

temperatures. In the process of product analysis, we can observe some
interesting phenomena: First, the yields of H2S and CH3SCH3 are rela
tively close, much higher than COS; in addition, H2S is formed before
CH3SCH3 on all samples, which indicating that H2S and CH3SCH3 are not
generated simultaneously by a simple one-step decomposition method.
In addition, we also explored the S species on the surface of Cu10%/CPAN samples after reaction at different temperatures through XPS
characterization, and the results are shown in Fig. S5 (see Supporting
Information). According to the analysis of the S 2p spectrum, it can be
found that adsorbed sulfur species are observed on all samples. The
peaks located at 161.59 eV [15,52], 163.18 eV and 164.59 eV are
attributed to metal-S bonds [14,53], adsorbed CH3SH and adsorbed
CH3SCH3, respectively. In addition, the peak located at 168.3 eV can be
assigned to sulfuric acid groups [11], which indicated that part of the
element S converted into sulfate during the reaction. Therefore, the
reacted S is not completely discharged as a sulfur-containing gaseous
product, and part of S remains on the surface of the material.
The role of water in the reaction was explored through steady-state
and transient reaction experiments, as shown in Fig. 7. The steadystate experiments under wet and dry condition at 300 ◦ C (Fig. 7a)
showed that the introduction of water has a significant promotion effect
on the activity, and the CH3SH conversion rate has risen from about 70%
to more than 95%. In addition, the stability is better when H2O is
involved, and the conversion rate can be maintained above 95%. While,
when there is no water, the conversion rate of CH3SH gradually de
creases with time. The effect of H2O was further verified through the
transient reaction at different temperatures. The results are shown in

Fig. 3. XRD patterns of Cu10%/C-PAN, Fe10%/C-PAN, Mn10%/C-PAN and
C-PAN.

temperature is higher than 200 ◦ C, the conversion rate of CH3SH is
higher than 70%. In addition, we also analyzed the products of the
catalytic reaction. As can be seen in Fig. 6b, the main products are H2S
and CH3SCH3, and a small amount of COS is generated at high
4
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Fig. 4. XPS of the prepared samples in the range 100–1300 eV and XPS spectra of Mn 2p, Fe 2p and Cu 2p for the fresh samples.

Fig. 7b and c. As can be observed, the introduction of water has greatly
improved the removal effect of CH3SH at each temperature, and at the
same time significantly affected the products such as CH3SCH3 and H2S
(Fig. 7c). Science no reaction product was detected at 150 ◦ C, CH3SH is
mainly removed by adsorption as displayed in the XPS results shown in
Fig. S5 (see Supporting Information). Therefore, we speculate that H2O
can affect both the adsorption of CH3SH at low temperatures and the
hydrolysis of CH3SH at high temperatures.

The XPS O 1s characterization of the catalyst after reaction at
different temperatures was carried out to confirm the change of surface
oxygen, so as to infer the dissociation of H2O at different temperatures.
As presented in Fig. 8b, compared with fresh sample, the peak area of O
species on spent samples increased obviously and gradually increased as
the temperature rises. In addition, a new sub-peak appeared at 532.3 eV
as the temperature increases, which can be attributed to surface hy
droxyl groups [54,55]. In summary, the introduction of H2O can pro
mote the adsorption of CH3SH, and the dissociation of H2O at high
temperature further promotes the hydrolysis of CH3SH.
Based on the above analysis and combined with the activity evalu
ation results, we speculate that CH3SH hydrolysis mechanism is as
follows:

3.3. Mechanism studies
DFT calculation method was conducted to further explore the role of
H2O in the reaction process and thus infer its reaction mechanism, as
displayed in Fig. 8a. Since it can be seen from the XRD results described
above that Cu2O has the highest peak intensity, Cu2O was thus selected
as the theoretical calculation model for Cu/C-PAN sample. The opti
mized periodic structures of Cu2O and H2O adsorption on Cu2O surface
and CH3SH, CH3SH + H2O adsorption on Cu2O surface are displayed in
Figs. S6 and S7 (See Supporting Information). In order to compare the
effect of H2O on the adsorption of CH3SH, we calculated the adsorption
energy of CH3SH under dry and wet (first adsorption of H2O molecules)
conditions. The calculation results show that the adsorption energy of
CH3SH is only − 0.43 eV when there is no water molecule involved,
while for the pre-adsorption system of H2O molecule the adsorption
energy of CH3SH is as high as − 2.91 eV. Therefore, it can be concluded
that H2O can significantly promote the adsorption of CH3SH.

H2O → Hads + OHads

(1)

CH3SH + Hads → CH3ads + H2S

(2)

CH3SH + OHads → CH3Sads + H2O

(3)

CH3ads + CH3Sads → CH3SCH3

(4)

4. Conclusion
In this study, the polyacrylonitrile-based activated carbon fiber was
prepared by electrospinning, and then loaded with excessive metal
5

Y. Zhang et al.

Applied Surface Science 567 (2021) 150851

Fig. 5. (a) CO2-TPD of the prepared samples and (b) peak separation processing.

Fig. 6. (a) Catalytic activity of the catalyst and (b) product type and content under programmed temperature.
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Fig. 7. (a) Evaluation of durability of Cu10%/C-PAN catalyst, and under wet and dry air flow alternately at 150 ◦ C, 200 ◦ C, 250 ◦ C, and 300 ◦ C (b) CH3SH conversion
and (c) product yield.

Fig. 8. (a) The adsorption energy of CH3SH under dry and wet conditions and (b) XPS spectra of O 1s for the fresh samples and spent Cu10%/C-PAN under different
temperature.

elements (Cu, Fe, Mn) by the impregnation method. Among them,
Cu10%/C-PAN sample displayed the best CH3SH removal efficiency,
with the conversion rate of higher than 70% in the temperature range of
200–300 ◦ C. In addition, the introduction of H2O significantly promoted
the removal of CH3SH, and the conversion rate of CH3SH increased from
about 60% to more than 95%. Catalyst characterization combined with

DFT calculation results show that the introduction of H2O promotes the
adsorption of CH3SH, and the dissociation of H2O at high temperature
further promotes the hydrolysis of CH3SH. The hydrolysis mechanism of
CH3SH was then inferred based on the results.

7
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