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ABSTRACT

To find efficient adsorption material for the treatment of malodorous gas in sewage plants, in this
study, pure silicon Mobil composition of matter-41 (MCM-41) with cobblestone morphology, a
member of the family of mesoporous molecular sieve, was used. Herein, copper-modified MCM-
41 (Cu-MCM-41) was prepared by hydrothermal method for H,S adsorption. The experimental
results showed that when the water-to-silicon ratio (nH,O:nTEOS) was 493:1, stirring time was
15 min, and modification amount of copper reached 30%; the H,S adsorption time on Cu-MCM-41
was close to 90 min and the theoretical sulfur capacity could reach 34 mg g™, which is much higher
than the adsorption performance of pure nano-copper oxide. After copper modification, the specific
surface area of the sample decreased, and countless small nano CuO particles could be observed
in the cobblestone particles. Moreover, these particles were found to be evenly dispersed on the
surface and pores of MCM-41, which facilitated the adsorption reaction with H,S, and improved
the utilization rate of the active component nano CuO. The adsorbed H,S mainly existed in the
form of CuS, Cu,S, and CuSO, on the surface of the material, and redox reaction occurred during
the adsorption process. This research provides an effective approach for the preparation of

new material for the treatment of sulfur-containing malodorous gas.
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1. Introduction

In recent years, in order to alleviate the water resource
crisis and for partial mitigation of pressure on freshwater
resources, a large number of sewage treatment plants have
been built; moreover, for achieving this objective, seawater
is used for toilet flushing in many cities around the world
[1]. When the sulfate content in domestic sewage is too high,
the sewage plant produces a large amount of hydrogen sul-
fide (H,S) odorous gas. Once this type of waste gas diffuses
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into the atmosphere, it causes serious health hazards to
humans. Therefore, the treatment of odorous waste gas in
sewage treatment plants remains a critical issue and has
become a highly valued problem requiring urgent solutions.

During the investigation, it was found that the currently
used treatment methods for odorous waste gas in sewage
treatment plants mainly include absorption, adsorption,
biological methods, and plasma technologies. However,
due to the unsatisfactory deodorization effect of single
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treatment technology, combined processes are used more
often, which leads to an undesirable increase in the cost of
odor treatment. Compared to other deodorization processes,
the adsorption method exhibits the characteristics of large
adsorption capacity, safe operating conditions, environ-
mental protection, and non-deactivation [2]. Noteworthy,
if high-efficiency adsorbent can be developed, the process
flow of odor control can be shortened. At present, the most
commonly used deodorizing adsorbent in sewage plants is
activated carbon (AC). However, owing to the poor deodor-
ization performance of pure AC, it is often modified to
improve its adsorption performance [3-6]. For example,
Yang et al. [7] prepared a series of N-modified coal-based
AC-loaded zinc oxide adsorbents. Xu et al. [8] modified
AC with potassium permanganate. Importantly, they all
achieved good deodorization effects. However, the pore
structure of AC is complex with a wide pore size distribu-
tion. As a result, the modification process is likely to cause
uneven distribution of deodorizing active components,
blockage or destruction of pores, and eventually affecting
the further improvement of deodorization performance.

Molecular sieve is a type of hydrated aluminosilicate,
a uniform pore structure that has the function of screening
molecules. In this study, pure silicon MCM-41 with cobble-
stone morphology, a member of the family of mesoporous
molecular sieve, was used [9,10]. Corporation synthesized
MCM-41, an ordered mesoporous material that possesses
an excellent porous system. It has attracted significant
research attention due to its high specific surface area, high
thermal stability, and the possibility of controlling its pore
size. These characteristics have made MCM-41 a promis-
ing material as a catalyst. It offers a wide range of appli-
cation prospects in the fields of adsorption, separation,
drying and purification, and catalysis. For example, Du et
al. [11] and Fu et al. [12] used functional groups to mod-
ify MCM-41 to adsorb heavy metal ions such as Hg, Pb(II),
and Cd(II). Zhang et al. [13] used graphene combined with
MCM-41 to remove tetracycline from water bodies and
achieved significant results. Molecular sieves have also
been reported as potential candidates for the adsorption of
malodorous gases. The H-ZSM-5 type molecular sieve pre-
pared by Hulea et al. [14] and the nickel-modified MCM-
41 studied by Ghimire et al. [15] showed high adsorption
catalytic performance on mercaptan oxidation. Geng et al.
[16] prepared three types of molecular sieves (MCM-41,
SBA-15, and MCM-48) loaded with zinc oxide (ZnO) adsor-
bents. Noteworthy, the adsorbents have large adsorption
capacity and can be used through multiple adsorption/
regeneration cycles. Khaledyan et al. [17] used iron-mod-
ified MCM-41 to obtain a better adsorption effect on the
adsorption of H,S [18]. Wang et al. [19] prepared ZnO-
supported SBA-15, which exhibited better H,S removal
effect compared to zinc-modified graphite oxide [20].

The above-mentioned studies indicate that the mod-
ified molecular sieve offers a larger adsorption capacity
for malodorous gases; however, the modified elements
are mostly iron and zinc. The preliminary research by our
research group showed that the deodorization performance
of nano-CuO is significantly better than that of zinc/iron-
based deodorants [21]; nonetheless, there are few reports
on copper-modified molecular sieve deodorants. Among

the range of molecular sieve materials available, MCM-
41 belongs to the mesoporous material with wider pores.
The introduction of highly active H,S adsorbent into the
framework of MCM-41 can realize the uniform distribution
of active components in the pores and improve the deodor-
ization performance of MCM-41.

In this study, the hydrothermal method was used to
in situ synthesize copper-modified MCM-41. The perfor-
mance toward H,S adsorption was used as the evaluation
index. The preparation process conditions of Cu-MCM-41
were optimized through single-factor experiments, and
the techniques including X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron micros-
copy (TEM), X-ray photoelectron spectroscopy (XPS), and
specific surface area analysis were used to characterize the
as-synthesized samples. It is expected that the results of this
study may provide new materials for the treatment of odor-
ous gases in wastewater treatment plants. The purpose is
to replace inefficient deodorizing materials.

2. Experimental
2.1. Material preparation

The hydrothermal method was used herein to prepare
copper-modified MCM-41 (Cu-MCM-41) [22]. The specific
preparation process is as follows: a certain amount of dis-
tilled water was taken in a beaker and NaOH was added to
adjust the pH to 12.3 + 0.1. Further, cetyltrimethylammo-
nium bromide (CTAB, 2 g) was added, and after thorough
dissolution, the contents were stirred in the water bath at
60°C for 30 min until the solution became clear. The solu-
tion was then let sit for 15 min, further, the stirring was
continued and tetraethyl orthosilicate (TEOS, 10 mL) was
slowly added. When the white flocculent precipitate was
produced in the above-mentioned solution, stirring was
continued under water bath condition at 60°C, and at
the same time, copper nitrate solution (0.5 mol L) was
added dropwise thereto in a certain ratio (when prepar-
ing MCM-41, copper nitrate solution is not added in this
step). After complete mixing, the solution was stirred
for a period and allowed to stand for 15 min. The as-pre-
pared light blue mixture (100 mL) was taken and put into
the reaction kettle, which was then placed in an oven at
130°C. Further, the mixture was crystallized for 48 h and
the reaction kettle was taken out, the products in the reac-
tion kettle were filtered and washed until neutral, and the
solid products were dried in the oven at 80°C for 15 h.
The dried product was ground to powder form, placed in a
tube muffle furnace for high-temperature calcination, and
the tube furnace was heated at a rate of 2°C min; calci-
nation temperature was 550°C and the holding time was
5.5 h. After calcination, the product was cooled down to
room temperature, taken out, and placed in a desiccator,
which afforded black Cu-MCM-41 or white MCM-41.

2.2. Testing and characterization
2.2.1. Material deodorization performance test

H,S was used as the adsorbate. The data show that
the H,S concentration of industrial and urban sewage
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treatment plants is generally in the range of a few ppm
to thousands of ppm [23,24], thus the gas used in this
test was a mixture of H,S and N, (the concentration
of H,S was 1,000.0 = 5.0 ppm, China). The test sample
(0.0800 + 0.0005 g) was taken in an absorption tube with
an inner diameter of 10 mm. H_S flow rate was regulated
at 20 mL min™. After the flow rate was stable, H,S was
passed into an absorption tube. Aliquots of the sample
were taken at the outlet of the absorption tube at certain
intervals, and gas chromatography was used to detect
the concentration of H,S in the absorption tube outlet.
When the gas concentration exceeded 20.0 ppm, intake
was stopped. When the material began to adsorb H,S, the
stopwatch was used to judge the material deodorization
performance.

2.2.2. Characterization

The H,S chromatographic analysis was carried out using
a GC9160 gas chromatograph model (Shanghai Ouhua
Analytical Instrument Factory, China). The column tempera-
ture was 80°C and the inlet temperature was 50°C. Hydrogen
flame photometric detector with detecting temperature of
250°C was used and high purity nitrogen (99.999%) was
utilized as carrier gas. The external standard method was
used to determine the H,S concentration at the reactor
outlet.

XRD analysis was carried out using a D8 advance X-ray
diffractometer (Bruker, Germany) with a CuKo radiation
source. The tube voltage was 40 kV, the tube current was
40 mA, the scanning range was 5°-80°, and the scanning
speed was 2°min™".

SEM analysis was performed using a JSM-6380LV SEM
(JEOL Corporation, Japan). The sample was vacuum-filtered
and the surface was sprayed with gold before testing.

The morphology and particle size of the material were
observed using a Japanese JEX-1200EX TEM, and the test
voltage was 80 kV. First, the sample was ultrasonically
dispersed with absolute ethanol for 20-30 min, then drop-
per was used to disperse it on a copper mesh, and then
TEM was performed after drying the sample.

The specific surface area and pore structure of the
sample were determined using a 3H-2000PS1 instrument
(Bethesda Instruments (Beijing) Co., Ltd.). The specific
surface analysis range was 0.05 m? g, and the pore size
analysis range was 3.5-5,000 A. The specific surface area
and pore volume of the sample were calculated by the
Brunauer-Emmett-Teller (BET) method and the Barrett—
Joyner-Halenda (BJH) method, respectively.

Atomic absorption analysis was carried out using an
AA7000 atomic absorption spectrophotometer (Shimadzu
Corporation, Japan), with a wavelength range of 190-
800 nm, the characteristic concentration of Cu element of
<0.02 pug mL™, the detection limit of <0.005 pug mL™, and
RSD of £1%.

XPS analysis was carried out using a PHI 5700 ESCA
system type X-ray photoelectron spectrophotometer (American
Physical Electronics Corporation, America). The X-light
source was an Al target, Ko line, 1,486.6 eV voltage irradi-
ated sample excited photoelectron, hemispherical precision
electronic energy analyzer, fixed through retarding mode.

3. Results and discussion

3.1. Optimization of preparation conditions for
copper-modified MCM-41

3.1.1. Effect of water-to-silicon ratio on deodorization
performance of Cu-MCM-41

The water-to-silicon ratio is an important factor affect-
ing the particle size of MCM-41. Some studies have sug-
gested that the difference in the amount of water during
the reaction affects the morphology of the micelles formed
by CTAB [25], and ultimately influences the particle size.
When the added amount of copper was 40% and the stir-
ring time was 15 min, different materials were obtained by
changing the water-silicon ratio (1, ,:7,.). Fig. 1 exhibits
the SEM images of different samples prepared using differ-
ent water-to-silicon ratios. When the water-to-silicon ratio
is 247:1 and 986:1 (Figs. 1a and e), Cu-MCM-41 particles
appear to stick to each other, and it is impossible to discrim-
inate the morphology of molecular sieve. It is believed to be
caused by the agglomeration of copper oxide on the surface
of the material. This can be attributed to the fact that when
the amount of water in the reaction system was too small,
it affected the precipitation of MCM-41 crystal, and the
crystal shape of the obtained crystal was not good; there-
fore, the copper oxide could not be uniformly dispersed in
the pores of MCM-41, resulting in agglomeration. In con-
trast, when an excessive amount of water was used, the
MCM-41 with a smaller particle size was precipitated, thus
copper compounds were mostly deposited on the surface
of MCM-41 and agglomerated on the surface making the
final morphology unclear. When the water-to-silicon ratio
was 493:1 (Fig. 1c), Cu-MCM-41 molecular cobblestone
exhibited the most complete morphology, the particle size
was moderate, and the surface was uniformly dispersed.

Fig. 2 exhibits the time curve of adsorption of H,S
on Cu-MCM-41. The deodorization performance of
Cu-MCM-41 is obviously better than that of MCM-41.
This is ascribed to the fact that the main component of the
MCM-41 molecular sieve is SiO,, and its pores do not have
active components that trap odorous gas molecules, and the
pores are uniform, mostly through-holes. After H,S enters
the pores, it is difficult to capture, thus the adsorption
effect is not ideal. When MCM-41 was modified with cop-
per ions, the high-temperature roasting preparation process
causes Cu to be deposited in the form of copper oxide in
the pores. Copper oxide offers high adsorption performance
for H,S, thus Cu-MCM-41 acquires better deodorization
performance.

Fig. 2 further demonstrates that the adsorption of H,S on
MCM-41 and Cu-MCM-41 first increases and then decreases
with the increase of water volume. Combined with the
surface morphology analysis of Cu-MCM-41, the results
indicate that when the water-to-silicon ratio is too high
or too low, the Cu-MCM-41 particles are smaller, and the
surface agglomeration phenomenon appears. The effective
adsorption area of the material is reduced, the utilization
rate of the active component copper oxide is reduced,
and the deodorization activity is also reduced. When
the water-silicon ratio (1, ,71,,.) is 493:1, Cu-MCM-41
particles are large, with complete morphology, and no
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Fig. 2. H,S adsorption time of MCM-41 and Cu-MCM-41 with different water-to-silicon ratios: (a) MCM-41 and (b) Cu-MCM-41.
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agglomeration of active components occurs on the sur-
face, deodorization performance of Cu-MCM-41 is the best,
and the adsorption time of H,S can be close to 90 min.

3.1.2. Effect of stirring time on deodorization
performance of Cu-MCM-41

Fig. 3 shows the SEM images of MCM-41 and
Cu-MCM-41 prepared under different mixing times after
mixing all raw materials. Fig. 3a demonstrates that when
the stirring time is 5 min, the Cu-MCM-41 particles formed
are uneven in size, the edges of the particles are rough, and
small particles adhere to the surface. In contrast, when the
stirring time is 15 min, the particle morphology is complete,
the edges are clear, and some small particles adhere evenly
on the surface. For the too long stirring time (Figs. 3c-e),
the cobblestone-like morphology of Cu-MCM-41 is broken

in a large area to form small particles. The copper oxide
loaded on MCM-41 by the co-precipitation reaction
falls off and the active components are reduced. Fig. 3e
shows that when the stirring reaches 60 min, the surface of
the material is almost smooth, and the copper oxide basi-
cally falls off from the surface of the material. Combined
with the time curve of H,S adsorption shown in Fig. 4, the
results indicate that when the stirring time is extended
from 5 to 15 min, the adsorption performance of the sam-
ple is slightly improved. The adsorption effect of the
Cu-MCM-41 sample is the best when the stirring time is
15 min. However, with the extension of the stirring time,
the adsorption performance decreases significantly.
It indicates that too long stirring time of the material after
mixing is not conducive to the dispersion of the loaded
metal on the surface of the material, and the load ratio is
reduced, which impacts the adsorption effect. Finally, the

Fig. 3. SEM images of Cu-MCM-41 with different mixing times after mixing all materials: (a) 5 min, (b) 15 min, (c) 30 min, (d) 45 min,

and (e) 60 min.
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Fig. 4. H,S adsorption time of MCM-41 and Cu-MCM-41 prepared under different stirring time: (a) MCM-41 and (b) Cu-MCM-41.

optimized stirring time required for the completion of
the reaction was determined to be 15 min.

3.1.3. Effect of the amount of copper on the deodorization
performance of Cu-MCM-41

The adsorption effect of MCM-41 for H,S at room tem-
perature was very poor. The effective adsorption time of
MCM-41 (0.0800 g) was about 10 min. Cu co-precipitated
with the silicon source during the preparation process of
MCM-41. After calcining at high temperature, it could be
oxidized to form CuO, which exhibited excellent adsorp-
tion performance for H,S. The actual copper load of
Cu-MCM-41 was determined by atomic absorption spec-
trometry. Through experimental investigation, the effect
of the amount of copper content on the deodorization
performance of Cu-MCM-41 adsorbent was investigated,
as shown in Fig. 5. Fig. 5 exhibits that with the increase
in the amount of copper, the deodorization time also pro-
longed. When the copper loading was close to 33.33%
and 40.05%, the sample adsorbed H,S for nearly 90 min.
It indicates that copper oxide with a load of about 30.0%
on MCM-41 shows a good adsorption effect.

In summary, MCM-41 has poor deodorization activity,
while Cu-MCM-41 modified with copper shows signifi-
cantly improved H,S adsorption performance. During the
preparation process of Cu-MCM-41, when the ratio of water
to silicon is 493:1, stirring time is 15 min, and modification
amount of copper is 30%; the adsorption performance
of the prepared sample becomes optimal. The adsorp-
tion time for H,S is close to 90 min, the theoretical sulfur
capacity can reach 34 mg g™, and the deodorization perfor-
mance is better than or close to those of molecular sieves
and carbon-based adsorption materials reported in the lit-
erature [26]. The active component of Cu-MCM-41 nano
CuO has a theoretical sulfur capacity of up to 113.3 mg g7,
which is better than the deodorization performance of
nano CuO reported in the literature [21].
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Fig. 5. Cu-MCM-41 adsorption time with different copper loads.

3.2. Deodorization structure analysis of Cu-MCM-41
3.2.1. XRD analysis

In order to investigate structural characteristics of the
molecular sieve adsorbent, molecular sieve modified with
copper was characterized by XRD. Fig. 6 shows the char-
acterization results, illustrating that the six-party structure
of MCM-41 is still present after copper modification [27],
and diffraction peaks appear at 20 of 2.1°, 3.6°, and 4.2°,
which correspond to the PDF standard card, correspond-
ing to the diffraction peaks of the (100), (110), and (200)
crystal planes. Further analysis shows that the diffraction
peak intensity at 20 of 35.6° and 38.7°, is relatively large.
Compared to the PDF standard card, the diffraction peak
at 35.6° is attributed to the CuO(111) crystal plane, and that
at 38.7° is attributed to the CuO(111) crystal plane. With
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Fig. 6. XRD analysis of Cui-MCM-41 with different copper loads:
(a) 40.05%, (b) 33.33%, (c) 23.34%, and (d) 16.67%.

the increase of the amount of modification, the intensity
of the diffraction peak is obviously increased. By using the
half-width value of the diffraction peaks of the (111) and
(111) crystal planes, the average grain size of CuO from a
to d is 21.2, 14.4,10.8, and 8.6 nm, respectively. It indicates
that the grain size of CuO increases with the increase of
copper load. Analysis shows that when the load is small,
the nano-CuO adheres mostly to the inside of the pores;
however, when the load increases, copper oxide parti-
cles aggregate on the surface of the sample, and the colli-
sion probability of CuO increases, resulting in an increase
in the grain size [28]. Analysis of the combined results of
adsorption deodorization experiments and electron micros-
copy analysis indicates that the larger the loading of active
component CuO, the better the deodorization. When the
loading reaches 33.33%, the deodorization effect is better,
CuO size is moderate, and the distribution is uniform.

3.2.2. Specific surface area and pore structure analysis

Table 1 lists the specific surface area and pore structure
data of the samples. Table 1 summarizes that compared to
those of MCM-41, the specific surface area and pore vol-
ume of copper-modified samples, that is, Cu-MCM-41,
are significantly reduced. However, the proportion of the
pore volume of samples with size in the range of 2-50 nm
increased significantly, indicating that nano CuO entered

Table 1

173

the pores of MCM-41, occupied most of the micropores,
and got connected to each other on the surface of the mate-
rial to form a new pore structure. It resulted in the increase
in the volume ratio of mesopores and macropores, and
the average pore size also increased. However, molecular
sieves before and after modification were mainly meso-
porous structures. The adsorption effect of MCM-41 before
modification was not good, and the adsorption effect after
modification was obviously improved, indicating that
CuO is the main active component for adsorbing H,S. The
specific surface area of Cu-MCM-41 is still relatively large,
thus it provides the channel for H,S to enter the interior of
the material, which is beneficial to the adsorption reaction.
After Cu-MCM-41 adsorbed H_S, the pore size distribution
did not change significantly; however, noteworthy, original
macropores disappeared, and specific surface area, aver-
age pore size, and pore volume all decreased. This result
may be ascribed to the fact that the copper oxide particles
trapped gas molecules, and the formed product blocked
some pores.

Figs. 7a and b display the nitrogen adsorption and
desorption curves before and after the adsorption of H,S
on Cu-MCM-41. Fig. 7a illustrates that according to the
IUPAC isotherm type classification, Cu-MCM-41 before
adsorption belongs to type III isotherm, and adsorption
amount in the low-pressure region is relatively small, about
60 mL g'. The amount of adsorption in the medium pres-
sure zone increases to about 150 mL g. A large amount of
adsorption is observed to occur in high-pressure area; how-
ever, comparative analysis of pore structure data presented
in Table 1 indicates the accumulation of pores between the
MCM-41 molecules and copper oxide particles attached to
the surface of MCM-41, resulting in this phenomenon. Fig.
7b shows the nitrogen adsorption and desorption isotherm
of Cu-MCM-41 after H,S adsorption, which still belongs
to the type III isotherm, and the total adsorbed amount
is about 200 mL g™, which indicates that the deodoriza-
tion process is likely to generate solid phase products
which get fixed in the pores, resulting in a decrease in
nitrogen adsorption capacity. The adsorption capacity in
the low-pressure region is about 40 mL g7, the adsorp-
tion capacity in the mesoporous region is about 60 mL g,
and that in the high-pressure region is about 70 mL g™.
Analysis reveals a significant decrease in the amount of
mesoporous adsorption, indicating that the reaction mainly
takes place in the mesoporous region. Some products are
also formed on the surface of Cu-MCM-41; therefore, the
accumulated pores with larger pore diameters are occupied
with products, and some are converted into micropores or
mesopores with smaller pore diameters, and some may be

Material specific surface area, pore structure, and pore size distribution data

Sample BET (m*g™) Pore volume Average pore Particle size distribution (%)
(mL.g™) size (nm) <2nm 2-50 nm >50 nm
MCM-41 1,444.0841 0.981136 2.3771 39.3 60.6 0.1
Cu-MCM-41 460.5985 0.759710 8.0649 9.0 90.2 0.8
Cu-MCM-41 (after adsorbing H,S) 187.48 0.28 5.47 10.9 89.1 0.0
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Fig. 7. N, adsorption/desorption isotherms: (a) Cu-MCM-41 and (b) Cu-MCM-41 after absorbing H.S.

completely occupied by the product directly. Therefore, the
adsorption process is mainly concentrated in mesopores.

3.2.3. Morphological analysis

The surface morphology of MCM-41 before and after
copper modification was characterized by SEM, as shown
in Figs. 8a and b. Before modification, the shape of MCM-
41 particles is similar to that of pebbles. The surface of
the particles is smooth, the particle size distribution is rel-
atively uniform, and the size is about 200 nm. After Cu
modification, the surface of the material is rough, and the
morphology of MCM-41 cobblestone does not change. A
large number of small particles is evenly distributed on the
surface of the material. Combined with the results of XRD
analysis, it is considered that the smaller particles should
be nano-CuO grains. To further analyze the structure of
Cu-MCM-41, it was characterized by TEM.

Figs. 8c and d exhibit the TEM images of the samples,
revealing that MCM-41 particles are thin around, thick in
the middle, and faintly visible stripes are found to appear
in the interior, which proves that the pores are formed
inside the material. After Cu modification, numerous small
CuO particles are visible in cobblestone-like large particles,
boundaries between particles are clear, and no residual
CuO particles appear near the large particles. It indicates
that adhesion between CuO and molecular sieve is strong,
and it is uniformly dispersed on the surface of MCM-41
and inside the pores. Combined with the adsorption H,S
test results, this structure facilitates the reaction of H,S
molecules in the pores.

3.3. Product analysis of Cu-MCM-41 after H,S adsorption

Fig. 9a shows the XPS fitting pattern of Cu after H,S
adsorption on Cu-MCM-41. The characteristic peaks belong—
ing to Cu* and Cu? appear at 932.86 and 933.92 eV, indi-
cating that after H,S adsorption, Cu in Cu-MCM-41 exists
in two forms, Cu* and Cu?. Fig. 9b shows the XPS fitting

pattern of S after Cu-MCM-41 adsorbed H,S. Obvious
fitting peaks are present at 161.7 and 168.1 eV Analysis
shows that the fitted peak at 161.7 eV belongs to S in CuS
and Cu,S. The fitted peak at 168.1 eV belongs to S in CuSO,.
It indicates that after H,S is adsorbed on Cu-MCM-41, S
may exist in various valence states, and a complex redox
reaction occurs during the chemical adsorption process,
resulting in fixing of S on the surface and pores of the
adsorbent, achieving the dual purpose of desulfurization
and fixing.

4. Conclusion

MCM-41 with cobblestone morphology was synthe-
sized by the hydrothermal method. The surface of MCM-
41 was found to be smooth, and the specific surface area
could reach 1,444.08 m? g'; however, the H,S adsorption
performance was poor. The H,S adsorption performance of
Cu-MCM-41 obtained by modifying MCM-41 with copper
was significantly improved. The surface of Cu-MCM-41 was
rough. Copper was found to occupy the pores of MCM-41
in the form of nanometer copper oxide and blocked the
micropores, thus the specific surface area of Cu-MCM-41
was reduced to 460.60 m? g'. However, evenly distrib-
uted nano-CuO particles could be seen on the surface of
the material and in the pores, which is conducive to the
adsorption of H,S. During the preparation process, different
ratios of water to silicon, stirring time, and copper modifi-
cation amount all affected the particle size of Cu-MCM-41
and the distribution of active component CuO, resulting in
changes in the adsorption performance of H,S. When the
water-to-silicon ratio of MCM-41 was 493:1, stirring time
was 15 min, and modification amount of copper was 33.33%,
the prepared Cu-MCM-41 exhibited the longest adsorption
time of H,S, nearly 90 min. The utilization rate of nano
CuO was significantly improved. A complex redox reaction
occurred between H,S and Cu-MCM-41 during the adsorp-
tion process. S was mainly fixed on the surface and pores of
Cu-MCM-41 in the form of three compounds, namely, CuS,
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Fig. 8. Electron microscopy images of MCM-41 and Cu-MCM-41: (a) SEM image of MCM-41, (b) SEM image of Cu-MCM-41,

(c) TEM image of MCM-41, and (d) TEM image of Cu-MCM-41.

(a)
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(b)

Intensity/a.u.

930 935 940 945 950 955 960
Binding energy/eV

158

2 16 166 s 1
Binding Energy/eV

Fig. 9. Fitting spectrum of XPS after adsorption of H,S on Cu-MCM-41: (a) XPS fitting for Cu, and (b) XPS fitting for S, .
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Cu,S, and CuSO,, resulting in a further decrease in the spe-
cific surface area of Cu-MCM-41.
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