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ABSTRACT: Hydrogen sulfide (H2S) is a very toxic, acidic, and odorous
gas. In this study, a calcined zeolite was used to investigate the adsorption
performance of H2S. Among particle size, calcination temperature and time
calcination temperature and time had significant effects on the adsorption
capacity of H2S on the zeolite. The optimal calcination conditions for the
zeolite were 332 °C, 1.8 h, and 10−20 mm size, and the maximum
adsorption capacity of H2S was approximately 6219 mg kg−1. Calcination
could broaden the channels, remove the adsorbed gases and impurities on
the surface of zeolites, and increase the average pore size and point of zero
net charge. As the zeolite adsorbed to saturation, it could be regenerated at
the temperatures between 200 and 350 °C for 0.5 h. Compared with the
natural zeolite, the adsorption capacities of dimethyl disulfide, dimethyl
sulfide, toluene, CH3SH, CS2, CO2, and H2S were significantly higher on the
calcined zeolite, while the adsorption capacity of CH4 was lower on the calcined zeolite. A gas treatment system by a temperature
swing adsorption−regeneration process on honeycomb rotors with calcined zeolites was proposed. These findings are helpful for
developing techniques for removing gas pollutants such as volatile sulfur compounds and volatile organic compounds to purify
biogas and to limited toxic concentrations in the working environment.

1. INTRODUCTION
Hydrogen sulfide (H2S) is a very toxic and acidic gas. H2S has
no color, but it has a strong odor of rotten eggs, with a low
odor threshold value of ∼ 0.5 ppbv.1 H2S is the main odorous
gas generated from various waste treatment plants, such as
landfills and municipal and agricultural waste compost plants,
with concentrations from several to thousand parts per million
by volume (ppmv).2,3 In waste disposal plants that receive
waste containing high levels of sulfur (e.g., construction and
demolition debris), the H2S concentration can reach 5−10%.4
Industrial activities, such as wastewater treatment, paper mills
and petroleum/natural gas drilling and refining, can produce
H2S as a byproduct.

5−7 H2S can corrode transport lines and
poison catalysts even at low levels in industries, such as biogas,
natural gas and liquefied petroleum gas.8 In addition, H2S can
irritate the human cornea and respiratory mucosa and cause
conjunctivitis and upper respiratory tract diseases.9 When H2S
enters the blood, it can combine with hemoglobin to form
irreducible sulfurized hemoglobin and cause symptoms of
poisoning.10 Long-term exposure to low concentrations of H2S
may cause headache, fatigue, memory loss, insomnia, chest
pain, cough, nausea, and diarrhea.11,12 Therefore, in a working
environment, H2S should be removed to a level that is below
the limited toxic concentration of 10 ppm.13

Adsorption is a common method for H2S treatment. The
main adsorbents for H2S removal include activated carbon,

bentonite, zeolite, metal oxides, and microporous polymer
materials.14−16 Of these adsorbents, activated carbon has been
reported to be an effective adsorbent that can catalyze and
accelerate H2S-oxidation to elemental sulfur at room temper-
ature and remove it by adsorption.14 Bouzaza et al.17 found
that H2S removal by activated carbon fibers mainly consists of
physical adsorption and chemical oxidation, which are greatly
affected by the humidity of the environment. Mescia et al.18

reported that two kinds of activated carbons could significantly
improve the H2S adsorption capacity due to the different
effects of the various activated carbons on H2S removal.
Although the removal of H2S with activated carbon has been
widely studied, the treatment cost is relatively high due to the
limited adsorption capacity of activated carbon. Compared
with activated carbon, zeolites including natural zeolites and
zeolites modified by metals or metal oxides have been reported
to be less expensive adsorbents for H2S removal.

19 However,
the regeneration of metal-oxide-based sorbents is usually
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performed at a high temperature (>400 °C), which consumes
additional energy. Recently, metal−organic frameworks
(MOFs) have been reported to capture and remove H2S.

20

However, the framework of some MOFs such as MOF-199 is
easily collapsed after H2S adsorption, which is adverse to H2S
adsorption.21 Therefore, a sorbent that is inexpensive, easily
available, and regenerated is more feasible and beneficial for
H2S removal during waste disposal and industrial activities.
In this study, the effect of the zeolite particle size, calcination

temperature, and calcination time was investigated to optimize
the zeolite for H2S removal. The surface morphology, surface
area, pore size, X-ray diffraction (XRD) pattern, and point of
zero net charge (pHPZNC) of zeolite were characterized before
and after calcination, and the adsorption isotherm and
regeneration conditions were analyzed. Additionally, the
adsorption capacities of the gas pollutants generated from
waste disposal, such as CH3SH, dimethyl disulfide, dimethyl
sulfide (DMS), toluene, CS2, CO2, and CH4, were determined.
These results provided a deep understanding of the character-
istics of H2S adsorption on the calcined zeolite and were
helpful for developing techniques for gas pollutant treatment.

2. MATERIALS AND METHODS
2.1. Experimental Materials. The zeolite used in this

study was Yusong clinoptilolite, which was purchased from
Gongyi city. The main physicochemical characteristics of the
experimental zeolite were as follows: specific gravity, 2.16 g
cm−3; volume weight, 1.35 g cm−3; mud content, ≤1.0%;
ammonia absorption capacity, 1.5−1.6 mmol g−1; SiO2, 68−
71%; Al2O3, 13−14%; Fe2O3, 1−1.8%; CaO, 1.8−2.2%; MgO,
0.9−1.4%; K2O, 1.6−3.9%; NaO, 0.6−1.6% (Table 1). After
being washed and air-dried, the zeolite was sieved into three
particle sizes, that is, 4−6, 6−10, and 10−20 mm.

2.2. Batch Experiment of Calcined Zeolite for H2S
Removal. 2.2.1. Zeolite Particle Size. Three particle sizes of
the zeolite, including 4−6, 6−10, and 10−20 mm, were used to
determine the effect of zeolite particle size on H2S adsorption.
The calcination condition of the zeolite was set at 400 °C for 2
h.
2.2.2. Calcination Temperature. Based on the experimental

results of the zeolite particle size, the optimal zeolite particle
size was used for this test. To determine the effect of
calcination temperature on H2S adsorption, the experiment
was performed at 150, 200, 300, 400, 500, and 600 °C with a
calcination time of 2 h.

2.2.3. Calcination Time. Based on the experimental results
of the calcination temperature and particle size, the optimal
zeolite particle size and calcination temperature were studied
further. The time was set at 0.5, 1, 1.5, 2, 2.5, and 3 h to
determine the effect of the zeolite calcination time on H2S
adsorption.

2.2.4. Box−Behnken Experiment. Based on the exper-
imental results of a single factor including the zeolite particle
size, calcination temperature, and time, a Box-Behnken
experiment of particle size (4−6, 6−10, and 10−20 mm),
calcination temperature (200, 400, and 600 °C) and
calcination time (1, 2, and 3 h) was designed to optimize
the calcination conditions of the zeolite.
Approximately 4 g of natural zeolite or calcined zeolite was

placed in 160 mL serum bottles for the above batch tests
(unless stated otherwise). The serum bottles were flushed with
high purity N2 (99.999%) at a flow rate of 200 mL min−1 for 5
min and then sealed with a butyl rubber stopper. After
extraction of a certain amount of gas from the serum bottles,
H2S was injected to achieve a concentration of 10% (v/v) in
the headspace. A treatment without zeolite was used as a
control. Each treatment was performed in triplicate. All serum
bottles were placed at 30 °C. Gas samples were collected from
the headspace of the serum bottles to measure the H2S
concentration after 12 h (a preliminary experiment showed
that the adsorption equilibrium of H2S was obtained within 6−
12 h).
2.3. Analysis of Physicochemical Properties. The

structural properties of the zeolite were characterized using
an X’pert PRO X-ray diffractometer (Netherlands, Panaco)
with CuKα radiation (λ = 1.54 Å) in a 2θ range of 8−35° at a
step size of 0.02°. The working voltage and current were 40 kV
and 40 mA, respectively. The surface area and pore size
properties of the zeolite were analyzed at 77.35 K (liquid
nitrogen temperature) by an Autosorb-1-C ratio surface area
and pore size distribution apparatus (Quantachrome instru-
ments, USA). Any adsorbed gases or vapors were removed
before the actual measurement by being degassed at 120 °C for
24 h. Then, the samples were vacuumed at 5.0 cm3 g−1 with
nitrogen as the adsorbate. The surface area and pore size were
calculated as described previously.22 The zeolite morphology
was analyzed before and after calcination by using cold field
emission scanning electron microscopy (SEM) (SU8010
Hitachi, Japan). The pHPZNC value of the zeolite was
determined using the titration method as described pre-
viously.23 In brief, 25 mL of a 0.001 mol L−1 NaNO3 solution
with pH values of 2, 4, 6, 8, 10, or 12 was added into a flask,
and then the zeolite was added to obtain the contents at 40, 80,
120, 160, 200, and 300 g L−1. After the solution was shaken at
150 rpm and 30 °C for 24 h, the pH value of the solution was
determined.
2.4. Adsorption Isotherm and Regeneration of

Zeolite. The adsorption isotherm of H2S was determined in
the H2S concentration range of 0.1 to 17% (v/v).
Approximately 4 g of calcined zeolite or natural zeolite was
placed in 160-mL serum bottles, and H2S was injected to
obtain the setting concentrations. Gas samples were periodi-
cally collected from the headspace of the serum bottles to
measure the H2S concentration until adsorption equilibrium
(12 h).
The H2S-saturated zeolite was regenerated at temperatures

of 200, 250, 300, and 350 °C for 0.5 h. A treatment without
zeolite was used as a control. Five replicates were established

Table 1. Main Physicochemical Properties of the
Experimental Zeolite

parameter value parameter value

solubility in hydrochloric
acid solution

≤2.26% ammonia
absorption
capacity

1.5−1.6
mmol g−1

specific gravity 2.16 g
cm−3

SiO2 68−71%

volume weight 1.35 g
cm−3

Al2O3 13−14%

wear rate ≤0.8% Fe2O3 1−1.8%
crashed rate ≤1.0% CaO 1.8−2.2%
porosity ≥56% MgO 0.9−1.4%
mud content ≤1.0% K2O 1.6−3.9%
moisture content ≤1.8% NaO 0.6−1.6%
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for each treatment. Gas samples were collected from the
headspace of the serum bottles to measure H2S concentration
after 12 h. The regeneration test was repeated ninetimes.
Each treatment of the zeolite adsorption isotherm and

regeneration was performed by the same method as described
in the batch experiments (unless stated otherwise).
2.5. Analysis of the Adsorption Capacity. The

adsorption capacities of CH3SH, dimethyl disulfide, toluene,
DMS, CS2, CO2, and CH4 on the calcined zeolite or natural
zeolite were tested. The experiment was performed in 160-mL
serum bottles by the same method as described in the batch
experiments. After extracting a certain amount of gas from the
headspace of the serum bottles, CH3SH, dimethyl disulfide,
toluene, DMS, and CS2 were injected to obtain a concentration
of 2000 ppm (v/v), and CO2 and CH4 were injected to 10%
(v/v). After 12 h, gas samples were collected from the
headspace of the serum bottles to measure CH3SH, dimethyl
disulfide, toluene, DMS, CS2, CO2, and CH4.
The concentrations of H2S, CH3SH, dimethyl disulfide,

DMS, and CS2 were measured using an HC-3-trace sulfur
analyzer.24 The toluene concentration was determined as
described by Su et al.25 The concentrations of CH4 and CO2
were analyzed by using gas chromatography equipped with a
thermal conductivity detector as described previously.26 The
adsorption capacity of gas, including H2S, CH3SH, dimethyl
disulfide, DMS, CS2, CH4, and CO2, was calculated by using
the following equation.

=
[ ] ×

Q
M c c c c v

Tm
273 ( ) ( ) 10

22.4
k ke

e
0 e 0

6

(1)

where Qe is the adsorption capacity of gas on the zeolite, mg
kg−1; M is the molar mass of gas, g mol−1; 273 is the standard
Kelvin temperature (0 °C), K; c0 is the initial concentration of
gas in the headspace of the experimental serum bottle, ppmv; ce
is the gas concentration in the headspace at time t, ppmv; ck0 is
the initial concentration of gas in the control, ppmv; ce is the
gas concentration in the control at time t, ppmv; v is the
volume of the serum, L; 22.4 is the standard volume of 1 mol
of an ideal gas at standard temperature and pressure, L mol−1
K−1; T is the experimental temperature, K; and m is the dry
mass of zeolite, kg.

3. RESULTS AND DISCUSSION
3.1. Effect of Zeolite Calcination Conditions on H2S

Adsorption. In this study, calcination conditions, including
zeolite particle size, calcination temperature, and time, were
investigated to optimize H2S adsorption removal by the zeolite
(Figure 1). The adsorption capacity of H2S was 3202 ± 102,
2858 ± 55, and 1872 ± 51 mg kg−1 on the natural zeolites with
sizes of 4−6, 6−10, and 10−20 mm, respectively, which only
accounted for 28.9−53.3% of the calcined zeolite of the
corresponding particle size, indicating that the calcined zeolite
could significantly enhance H2S adsorption. This result might
be attributed to the removal of moisture, volatile compounds
and other impurities from the cavity and pore of the calcined
zeolite.27 With the increase of particle size, the adsorption
capacity of H2S on the natural zeolite decreased, likely due to
the decrease of the surface area.28 However, the adsorption
capacity of H2S on the calcined zeolite was similar, and all of
the adsorption capacities reached above 6000 mg kg−1 at the
examined particle sizes.

The adsorption capacity of H2S on the calcined zeolite
increased when the calcination temperature increased from
200 to 400 °C and then decreased between 400 and 600 °C.
The optimal calcination temperature for the zeolite was
approximately 400 °C. The effect of the zeolite calcination
temperature on the adsorption capacity of H2S might be
attributed to the high removal of residual water and impurities
with increasing calcination temperature, which increased the
surface pore size of the zeolite and facilitated the diffusion of
H2S into the zeolite.

29 When the calcination temperature was
200 and 600 °C, the adsorption capacity of H2S on the
calcined zeolite was 5757 and 5651 mg kg−1, respectively,
which were both lower than the adsorption capacity of H2S on
the calcined zeolite at 300, 400 and 500 °C. This decrease in

Figure 1. Effects of particle size (a), calcination temperature (b)
calcination time (c) on the adsorption capacity of H2S on the natural
zeolite and calcined zeolite. Different small letter(s) means significant
difference at p < 0.05.
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the adsorption capacity of H2S might be mainly attributed to
two reasons: (1) the uncompleted removal of impurities, such
as residual water and volatile compounds, in zeolites at the low
calcination temperature;28 and (2) the sinter, lattice collapse
and channel overlap of the zeolite at the high calcination
temperature.30

As the calcination time increased, the adsorption capacity of
H2S on the zeolite increased and reached a maximum of 6210
mg kg−1 at a calcination time of 1.5 h. There was no significant
difference in the adsorption capacity of H2S on the zeolite with
a calcination time between 1 and 3 h, suggesting that residual
impurities, such as water and volatile compounds, in the zeolite
could almost be removed after calcination at 400 °C for 1 h.
Based on the single factor test including particle size,

calcination temperature, and time, a Box−Behnken experiment
was conducted to optimize the calcination conditions of the
zeolite for H2S adsorption. According to the design principle of
the Box−Behnken experiment, a quadratic polynomial
response surface model was established. The 3D response
surface of the effect of particle size, calcination temperature,
and time and their interaction on the adsorption capacity of
H2S is shown in Figure 2. The response surface data were
statistically analyzed to obtain the quadratic multiple
regression equation of the adsorption capacity of H2S (Y)
for calcination temperature (X1), calcination time (X2), and
particle size (X3).

= +

+

+

Y 6110.93 378.85X 208.32X 152.66X

365.20X X 14.41X X 75.41X X

616.77X 583.46X 416.26X

1 2 3

1 2 1 3 2 3

1
2

2
2

3
2

Statistical analysis showed that the adsorption capacity of
H2S on the zeolite could fit well with the quadratic multiple
regression equation (R2 = 0.7803). Among the three factors,
the calcination temperature and calcination time had
significant influences on the adsorption capacity of H2S on
the zeolite. The optimal calcination conditions for the zeolite
were 332 °C, 1.8 h, and 10−20 mm, and the maximum
adsorption capacity of H2S was 6219 mg kg−1.
3.2. Characterization of the Calcined Zeolite. The

morphologies of the natural zeolite and calcined zeolite
(calcination was run at the optimal condition obtained by
the Box−Behnken experiment) were characterized by using
SEM imaging (Figure 3a-b). The surface of the natural zeolite
was uneven with particle distribution, and there was no
collapse or cracks in the overall structure with certain holes.
However, the overall channel was relatively flat and dense in
the natural zeolite. The granular structure of the calcined
zeolite was flat, and the surface was relatively scattered and
loose, indicating that calcination could broaden the channel of
zeolite and remove the adsorbed gases and impurities on the
surface of zeolite. Guo et al.31 found that calcination could
change a zeolite structure by means such as crystal structure
collapse, water removal, phase change, and bond rupture.
When the calcination temperature was high, the crystal and
surface structure of the zeolite changed significantly and even
melted at 800 °C, resulting in a decrease in the active surface
area.32

Compared with the standard diffraction pattern of natural
clinoptilolite, all of the characteristic diffraction peaks of zeolite
were available, and no displacement occurred at the peak point
after calcination (Figure 3c). Although the skeleton structure

of zeolite did not exhibit obvious damage during calcination, a
certain amorphous structure was formed. Similarly, Liu et al.33

reported that the intensity of the characteristic diffraction
peaks gradually decreased with the increasing calcination
temperature. Lee et al.32 showed that Na-A zeolite could
transform into nepheline at 800 °C.

Figure 2. Surface and contour plots of H2S adsorption capacity versus
the interactive effect of particle size, calcination temperature and time.
(a), surface and contour of calcination temperature and time versus
predicted H2S adsorption capacity; (b) surface and contour of
calcination temperature and particle size versus predicted H2S
adsorption capacity; (c), surface and contour of particle size and
calcination time versus predicted H2S adsorption capacity.
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Compared to the natural zeolite, the specific surface area was
lower in the calcined zeolite (Figure 3d). This might be
because the crystal structure of the zeolite surface varied with
the increasing temperature, thus leading to the collapse of part
of the silica−alumina support framework and to the decrease
of the specific surface area during calcination.34 The average
pore size increased slightly in the calcined zeolite, but no
significant difference was observed in the total pore volume
between the natural zeolite and the calcined zeolite, indicating
that the pore structure of the zeolite changed after calcination.
The collapse of the silica−alumina support framework
increased the pore size of the calcined zeolite, which was
conducive to the diffusion of H2S to the interior of the zeolite,
and thus increased the adsorption capacity of H2S. Similarly,
Liu et al.33 reported that the specific surface area of zeolite
gradually decreased, and the average pore size gradually
increased with the increase of the calcination temperature. This
phenomenon was likely due to the dehydration of zeolite at
high temperatures, resulting in collapse of the hole wall.
Yasyerli et al.30 found that zeolite became a slight sinter after
calcination with an increase of the specific surface area and a
decrease of the solid structure. However, Burris and Juenger35

found that calcination could reduce the specific surface area
and total pore volume of the zeolites with increased
temperature from 300 to 965 °C, due to the reduction of
the porosity of the material. Compared with the natural zeolite,
a slightly higher in the average pore diameter and no obvious
difference in the total pore volume was observed in the

calcined zeolite, which might be attributed to a relatively low
calcination temperature of 332 °C used in this study.
The adsorption properties of zeolite are closely related to its

surface electrical properties, such as the point of zero charge
(pHPZC) and pHPZNC.

36,37 The pHPZNC value refers to the pH
value at which the intrinsic surface charge is equal to zero.36,37

With the increase of the zeolite content, the pH value of the
solution moves to the pHPZC value, at which point the surface
charge is equal to zero. When the zeolite content reaches a
certain value, the pH value of the solution is equal to the
pHPZC value, and then, the pH value of the solution is
independent of the zeolite content. There is a platform in the
mass titration curve, and the corresponding pH value is the
pHPZC value of the experimental zeolite. The pHPZC value of
the natural zeolite was 7.52−7.76 in this study. This was within
the reported pHPZC of natural zeolite in the range of 5.0 to
around 7.5.38 Compared with that of the natural zeolite, the
pHPZC value of the calcined zeolite was slightly higher (7.90−
8.11) (Figure 3e−f). The higher pHPZC value might be due to
Si−OH and Al−OH on the surface and the inner surface of
zeolite, which was partly dissociated into Si−O−, Al−O−, and
H+ in water and thus decrease the adsorption capacity of acidic
H2S. When the initial pH value was 2, the equilibrium pH
value of both the natural zeolite and calcined zeolite gradually
increased with the increasing zeolite content, indicating that
the H+ adsorption capacity of the calcined zeolite was higher
than that of the natural zeolite. This might be due to that the
decrease of crystallinity and the increase of lattice defects
increased the contents of the large radius cations, such as Na+

Figure 3. Characteristics of scanning electron micrograph (a,b), XRD pattern (c), surface area and porosity (d), and mass titration curves point of
zero net charge (e,f) of the natural zeolite (a,e) and the calcined zeolite (b,f). * means the significant difference at p < 0.05.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00987
ACS Omega 2024, 9, 19493−19503

19497

https://pubs.acs.org/doi/10.1021/acsomega.4c00987?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00987?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00987?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00987?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00987?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and Mg2+, in the calcined zeolite, which could be replaced by
H+.31

3.3. Adsorption Isotherm of H2S. The adsorption
isotherms of H2S on the natural zeolite and the calcined
zeolite were investigated under H2S concentrations of 0.1−
17% (v/v) as shown in Figure 4. In the first 2 h, the adsorption
capacity of H2S on the zeolite increased rapidly. With the
extension of the reaction time, the adsorption capacity of H2S
on the zeolite increased slowly. As the H2S concentration
increased, the adsorption equilibrium time of the zeolite was
increased. At 12 h, the adsorption capacity of H2S on the
zeolite reached saturation at the experimental H2S concen-
trations. When the H2S concentration was higher than 5%, the
adsorption capacity of H2S on the zeolite was close to
saturation. The saturation adsorption capacity of H2S on the
natural zeolite and the calcined zeolite was approximately 2653
and 11802 mg kg−1, respectively, indicating that calcination
could enhance the saturation adsorption capacity of H2S on
the zeolite. Although the adsorption capacity of H2S on the
calcined zeolite was lower than that on the metal−organic
frameworks and modified zeolites reported in the literature
(Table 2), it was higher than that on the Al2O3/GO
composites with graphene oxide addition, zeolite, sepiolite,
and molecular sieves (5A and 13X). Moreover, the calcined
zeolite is easily obtained and the cost is relatively low.
The gas adsorption of a solid sorbent mainly depends on the

interaction between the adsorbent and adsorbate. Many
adsorption theories and models have been reported in the
literature on the adsorption isotherms of H2S on zeolites.

54,55

Among them, the Langmuir mode better described the
adsorption of H2S on the experimental zeolites with the high
correlation coefficients of 0.999, indicating that the adsorption
of H2S on the zeolite was the formation of a monolayer
adsorbate on the outer surface of the adsorbent.

3.4. Desorption and Regeneration of the H2S-
Saturated Zeolite. To estimate whether the H2S-saturated
zeolite can be easily reused, we investigated the regeneration
ability of the zeolite. Compared with the calcination temper-
atures at 200 and 250 °C, the adsorption capacity of H2S was
higher on the regenerated zeolite at 300 and 350 °C (Figure
5). The adsorption capacity of H2S on the regenerated zeolites
was stable and did not vary with the regeneration frequency.
When the regeneration temperature was 200−350 °C and the
regeneration time was 0.5 h, the adsorbed H2S could be
completely desorbed from the calcined zeolite, and the H2S
adsorption capacity of the regenerated zeolite remained stable.
After 9 desorption and regeneration treatments, the adsorption
capacity of H2S could still reach approximately 90% of the
initial calcined zeolite, indicating that the calcined regeneration
treatment can desorb the adsorbed H2S without significant
damage to the crystal structure of the zeolite. This result might
be attributed to the oxidation of H2S and the lower adsorption
capacity of H2S at high temperatures. Yasy̧erli et al.

30 reported
that when the adsorption temperature increased from 100 to
600 °C, the adsorption capacity of H2S on clinoptilolite
decreased from 0.087 to 0.03 g g−1. Sigot et al.49 found that the
adsorbed H2S was poorly desorbed from a 13X zeolite (1.6−
2.5 mm beads Siliporite G5 from CECA) in air or helium flow
at 350 °C, indicating that H2S is not physically adsorbed. The
amount of desorbed SO2 was four times higher in the air flow
than in the helium flow, which might be due to sulfur oxidation
during the desorption process.
3.5. Adsorption Removal of Gas Pollutants by

Zeolite. In addition to H2S, gas pollutants such as CH3SH,
dimethyl disulfide, DMS, toluene, CS2, CO2, and CH4 were
also present in the waste gas from the waste treatment plants.56

The existence of these gas pollutants in the biogas can affect
the biogas quality and limit its applications. Here, we

Figure 4. Effect of contact time and concentration in the gaseous phase on the adsorbed amount of H2S on the natural zeolite (a) and the calcined
zeolite (b), and the adsorption of H2S at T = 303 K on the natural zeolite (c) and the calcined zeolite (d).
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investigated the adsorption performances of CH3SH, dimethyl
disulfide (DMDS), DMS, toluene, CS2, CO2, and CH4 on the
zeolites. Compared with the natural zeolite, the adsorption
capacities of CH3SH, DMDS, DMS, toluene, CS2, and CO2

were significantly higher on the calcined zeolite (Figure 6).
The removal efficiencies of CH3SH, dimethyl disulfide, DMS,
toluene and CS2, reached above 94.7% at the concentration of

2000 ppmv. This result might be because calcination could
remove moisture and volatile compounds that exist in the
pores and cavities of natural zeolites, and increase the active
sites on the surfaces of zeolites.27

Compared with H2S, the adsorption capacity of CO2 was
lower on the zeolite, likely due to the fact that zeolite is a polar
material and has a higher adsorption capacity for higher polar

Figure 5. Percent of adsorption capacity of H2S on the regenerated zeolite to the initial calcined zeolite. * and ** mean the significant difference at
p < 0.05 and p < 0.01, respectively.

Figure 6. Adsorption capacity (a) and removal efficiency (b) of CH3SH, DMDS, toluene, DMS, and CS2 at the concentration of 2000 ppmv, and
CO2 and CH4 at the concentration of 10% (v/v) on the natural zeolite and the calcined zeolite. * and ** mean the significant difference at p < 0.05
and p < 0.01, respectively.

Figure 7. A proposed gas treatment system by a temperature swing adsorption-regeneration process on honeycomb rotors with the calcined
zeolites.
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molecules of H2S than CO2. A similar result was obtained by
Sung et al.57 who found that the adsorption capacity of H2S
was higher than that of CO2 on Cu/Ag−Y zeolite. Since the
adsorption of zeolite was the formation of a monolayer
adsorbate on the outer surface of the adsorbent, the existence
of other gases could affect the adsorption capacity of H2S.
Quan et al.58 reported that the total adsorption amount of
zeolite for gas did not change, but the adsorption amount of
H2S was greatly reduced in an adsorption test of mixed gases
consisting of CO2, H2S and N2 on the SBA-15 artificial zeolite.
Different gases had different effects on the adsorption of H2S
on the zeolite. Weinlaender et al.59 found that CH4 had little
influence on the adsorption capacity of H2S on the zeolite,
while CO2 had a greater effect in an adsorption test of mixed
gases consisting of CH4, CO2, H2, and O2 on a Cu-loaded
zeolite. This result suggested that high polarity molecular gases
had stronger competitive adsorption with H2S on the zeolite.
The adsorption capacity of CH4 on the calcined zeolite was
lower than that of the natural zeolite, which indicated that the
calcined zeolite was more conducive to the purification of
methane in biogas, natural gas, and landfill gas. Since the
calcined zeolite could adsorb various gas pollutants in the
waste gas from the waste treatment plants such as CH3SH,
dimethyl disulfide, DMS, toluene, CS2, CO2, and CH4, the
coadsorption/competitive effects of multiple pollutants can
reduce the adsorption capacity of the calcined zeolite. A cycle
between adsorption and regeneration should be optimally
operated to remove gas pollutants by the calcined zeolite.
On the basis of the above results, a gas treatment system by

a temperature swing adsorption-regeneration process on
honeycomb rotors with the calcined zeolites was proposed,
as shown in Figure 7. Gas pollutants such as volatile sulfur
compounds and volatile organic compounds can pass through
the adsorption zone of the zeolite honeycomb rotor with the
calcined zeolite as the adsorbent. Gas pollutant molecules can
be captured by the calcined zeolite, followed by a desorption
process at a temperature of 200−350 °C. The desorbed gases
also can be concentrated at the desorption zone by circling gas
to high concentrations for further utilization or storage.

4. CONCLUSIONS
The removal performance of H2S on the calcined zeolite
depended on particle size, calcination temperature, and time.
Of these parameters, calcination temperature and time had
significant influences on the adsorption capacity of H2S on the
zeolite. The optimal calcination conditions for the zeolite were
332 °C, 1.8 h, and 10−20 mm. Calcination could broaden the
channels of zeolite, remove the adsorbed gases and impurities,
and increase the average pore size and pHPZNC value. The
adsorption of H2S on the zeolite was fitted well with the
Langmuir model. The H2S-saturated zeolite could be easily
regenerated at temperatures of 200−350 °C for 0.5 h. In
addition to H2S, the adsorption capacities of CH3SH, DMDS,
DMS, toluene, CS2, and CO2 were significantly higher on the
calcined zeolite than on the natural zeolite, while the
adsorption capacity of CH4 was lower on the calcined zeolite
than on the natural zeolite. Gas pollutants such as volatile
sulfur compounds and volatile organic compounds can pass
through the adsorption zone of the zeolite honeycomb rotor
with the calcined zeolite as the adsorbent. Gas pollutant
molecules can be captured by the calcined zeolite, followed by
a desorption process at a temperature of 200−350 °C. The
desorbed gases also can be concentrated at the desorption zone

by circling gas to high concentrations for further utilization or
storage. These findings indicated that the calcined zeolite was a
cheaper and effective method for removing gas pollutants such
as volatile sulfur compounds and volatile organic compounds
to purify biogas and to limit toxic concentrations in the
working environment.
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