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Activated carbon (AC) has been widely used in the removal of SO2 from flue gas owing to
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its well-developed pore structure and abundant functional groups. Herein, the effect of al-
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kali/alkaline earth metals on sulfur migration was investigated based on the dynamic ad-
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sorption and temperature programmed desorption experiment. The adsorption and des-
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orption properties of six types of AC (three commercial and three laboratory-made) were
carried out on a fixed-bed experimental device, and the physical and chemical properties
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of samples were determined by X-ray fluorescence, X-ray diffraction, scanning electron mi-
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croscopy/energy dispersive X-ray, and X-ray photoelectron spectroscopy analysis. The ex-
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perimental results showed that the adsorbed SO2 cannot be completely desorbed by in-

Sulfur migration

creasing the regeneration temperature (350 – 850°C), while the SO2 fixed in the AC combines

Adsorption-desorption cycle

with the Ca-based minerals in the ash to form a stable sulfate. For different samples, higher

So2 fixation

ash content, higher CaO content in the ash and a more developed pore structure lead to a
higher SO2 fixation rate. Moreover, the multiple adsorption-desorption cycles experiment
showed that the effect of SO2 fixation is mainly reflected in the first cycle, after which the
adsorption and desorption amount are approximately the same. This study elucidates the
effect of alkali/alkaline earth metals on the adsorption-desorption cycle of AC, which provides a deeper understanding of sulfur migration in the AC flue gas desulfurization process.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Large-scale power plants and heating boilers fueled by fossil fuels such as coal are the main sources of sulfur dioxide
(SO2 ) emissions, which lead to many environmental problems,
such as acid rain and haze formation, and seriously threaten

∗

the living environment of human beings. Therefore, the government and environmental protection organizations strictly
restrict smoke emission standards to control SO2 emissions.
Coal is not only a fuel but also an absorbent raw material. In recent years, porous activated carbon (AC) has been widely used
in flue gas purification because of its large specific surface
area and microporous structure (Bagreev et al., 2002; Sun et al.,
2015), which have a good adsorption effect on SO2 and other
pollutants, such as nitrogen oxide (Zhu et al., 2019), hydrogen
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Table 1 – Ultimate and proximate analyses of six types of AC.
Proximate analysis (%)
Adsorbent
YKa-AC
YKb-AC
JJ-AC
ZD-AC
XH-AC
MD-AC

Ultimate analysis (%)

Mad

Vad

Aad

FCad

Cad

Had

Oad

Nad

Sad

1.4
7.84
0.98
1.34
0.71
2.12

2.28
14.91
5.7
5.79
1.97
5.33

3.73
2.99
12.27
5.71
12.03
27.25

92.59
74.26
81.05
87.16
85.29
65.3

92.59
74.05
77.91
85.07
83.76
65.52

1.22
2.44
2.08
2.1
1.32
1.87

0.65
12.29
5.51
5.03
0.89
2.21

0.18
0.27
0.97
0.39
0.76
0.7

0.23
0.12
0.28
0.36
0.53
0.33

Mad : moisture content; Aad : ash content; Vad : volatile; FCad : fixed carbon; ad: air-dried basis; YKa-AC and YKb-AC: two kinds of coconut shell
activated carbon, obtained from Hainan Xingguang Active Carbon Company, China; XH-AC: coal based activated carbon, obtained from Xinhua
Chemical Company, China; JJ-AC: the prepared precursor is Jinjie bituminous coal; ZD-AC: the prepared precursor is Zhundong lignite; MD-AC:
the prepared precursor is Mengdong lignite.

sulfide (Adib et al., 1999), dioxins (Lin et al., 2008), and mercury
(Geng et al., 2019).
At present, SO2 removal from flue gas by AC is mainly believed to place in the following manner: first, SO2 is adsorbed
on the active sites of AC; then, sulfuric acid is formed by the
oxidation and hydration of O2 and H2 O under the catalysis of
carbon (Gaur et al., 2006; Lu and Do, 1993). Thus far, many previous studies have demonstrated that SO2 adsorption capacity is related to pore structure and surface functional groups
(Pi et al., 2019; Qu et al., 2019; Pliego et al., 2005; Yang and
Yang, 2003). However, as SO2 adsorption proceeds, the active
sites in the micropore are gradually occupied; thus, the SO2
adsorption rate decreases gradually. In order to recycle the
adsorbent to improve the economy of the system and reduce
the operation cost, thermal regeneration can be used for the
adsorption-saturated adsorbents through the following reactions (Mochida et al., 2013), such that adsorbent can be recycled:
[C] − H2 SO4 · nH2 O → [C] − SO3 + (n + 1 )H2 O

(1)

[C] − SO3 → SO2 + [CO]

(2)

[CO] + SO3 → SO2 + CO2

(3)

where [C] and [CO] refer to active sites and oxygen functional
groups combined with carbon surface, respectively.
In the regeneration process of adsorbent, highconcentration SO2 mixed gas can be obtained, which can
be used as a chemical raw material to prepare sulfuric acid
and sulfur to realize the utilization of sulfur as a resource
(Feng et al., 2016; Feng, 2017). Desulfurization is a continuous
process. AC functions in the adsorption-desorption cycle
process, to facilitate the constant change in the form of
elemental sulfur: SO2 (g) → [C] - H2 SO4 (ads) → SO2 (g). However, due to the well-developed pore structure and various
active sites in the AC, as well as the influence of complex
ash content, other substances may participate in the reaction
during the elemental sulfur transformation process. The
elemental sulfur cannot be fully converted according to the
established route, affecting its conversion efficiency and
resource utilization. Until recently, few studies demonstrated
that pure sulfur was produced on the surface in the new
desorption paths under microwave regeneration (Pi et al.,
2017; Fisher et al., 2000; Wang et al., 2007), and some byproducts of sulfur (H2 S, carbonyl sulfide, and FeS) may be
produced in the presence of iron oxide (Fe2 O3 ) in ash under
thermal regeneration (Liu et al., 2019). As an important choice
to improve the SO2 removal performance, the method of
changing the physical and chemical properties of AC surface
by alkali/alkaline earth metal impregnation was widely used
(Shan et al., 2018; Shukor et al., 2018; Bashkova et al., 2001;

Qi et al., 2017). However, alkali/alkaline earth metals and their
oxides are more or less present in the ash, but the influence
of ash on sulfur migration was ignored in the process of
adsorption and desorption for a long time. Therefore, clarify
the transformation route of elemental sulfur migration in SO2
removal technology of AC requires more detailed efforts of
investigating SO2 removal mechanism in the present of ash
content, especially alkali/alkaline earth metals.
Hence, in this study, the effect of the content of alkali/alkaline earth metals in ash on sulfur migration in the AC
adsorption-desorption cycle was experimentally investigated.
Six types of AC (three commercial and three laboratory-made
ACs) were used, and the physical and chemical properties
were determined by X-ray fluorescence (XRF), X-ray diffraction
(XRD), scanning electron microscopy/energy dispersive X-ray
(SEM-EDX), and X-ray photoelectron spectroscopy (XPS). The
SO2 -temperature programmed desorption (SO2 -TPD) profiles,
regeneration rate, and evolution of sulfur morphology during
regeneration were investigated. Furthermore, the relationship
between SO2 fixation and alkali / alkaline earth metal content
in ash and the effect of alkali/alkaline earth metals on multiple adsorption-desorption cycles were also analyzed.

1.

Materials and methods

1.1.

Preparation of the AC

It is well known that the properties of AC vary greatly with
production process and raw materials. In order to make our
experiment results more reliable, six types of samples were
used as a precursor in this study, including three types of commercial AC and three types of laboratory-made AC. Two of the
three types of commercial AC were coconut shell AC (YKa-AC
and YKb-AC, obtained from Hainan Xingguang Active Carbon
Company, China) and the other was coal-based AC (XH-AC, obtained from Xinhua Chemical Company, China). Three types
of laboratory-made AC were prepared by a drop-tube reactor
system AC with Jinjie bituminous coal (JJ-AC), AC with Mengdong lignite (MD-AC), and AC with Zhundong lignite (ZD-AC)
in oxygen and steam atmospheres (Zhang et al., 2016). All test
materials were crushed and screened to approximately 60 –
90 μm, then dried at 120°C for 12 hr to remove external moisture before the absorption experiment. The proximate and ultimate analysis of the six types of AC are listed in Table 1.

1.2.

SO2 adsorption and desorption

All the adsorption and desorption experiments of ACs in this
study were performed in a lab-scale fixed-bed reactor, with the
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Fig. 1 – Experimental apparatus for SO2 adsorption and desorption. MFC: mass flow controller.

experimental apparatus shown in Fig. 1. The experimental settings for the adsorption and desorption of AC are described as
follows: (i) Dynamic adsorption of SO2 on ACs were carried out
at 75°C. The experimental system mainly consists of a fixedbed glass reactor (diameter is 17 mm, length is 500 mm), a tube
furnace, gas mixer, temperature controller, water bath, mass
flow controller, and gas analysis system. In each typical operation, 1 g of AC was put into the glass reactor. First, a flow
of 500 mL/min simulated flue gas containing 1700 ppmV SO2 ,
8% (V/V) H2 O, 6% (V/V) O2 , and N2 (purity is 99.99%) as balance was passed through the bypass, monitored, and recorded
continuously every 5 sec by Fourier transform infrared (FTIR)
(Dx4000, Gasmet Company, Finland). Water vapor was introduced by passing N2 though an isothermal water bath and
mixed with a certain concentration of SO2 and O2 . Along the
system line of water vapor, the temperature was maintained
by a heat band located at the outer wall of the system to prevent condensation. Subsequently, when the simulated flue gas
content reached the desired value and stabilized, the gas path
was switched to the glass reactor to start the SO2 adsorption
experiments. Because the adsorption saturation time of AC
may be more than 10 hr, in order to shorten the duration of
the experiment, the SO2 adsorption capacity of AC at 2 hr was
used as the evaluation criterion in this study. Specifically, it
was calculated in terms of mg of SO2 per g of carbon by integrating the area above the breakthrough curves and from the
SO2 concentration of the inlet, flow rate, and reaction time, as
shown in Eq. (4):
Qad =

 t
0


(Cin − Cout ) × 10−6 × Vad × MSO2 /Vm dt

(4)

where Qad (mg/g) is the SO2 adsorption capacity of AC; Cin
(ppmV) and Cout (ppmV) are the concentrations of SO2 at the
inlet and outlet, respectively; Vad (mL/min) is the total flow
rate of the simulated flue gas; Vm (22.4 L/mol) is the molar
volume at 0°C; and MSO2 (64 g/mol) is the molar mass of SO2 .
(ii) After adsorption, at a 250 mL/min N2 flow rate, the reactor
was first purged by N2 for 10 min to remove air. Then, the TPD
experiment was carried out at 10°C/min up to target temperature and maintained for 1 hr. The SO2 -loaded AC used in each
test was 1 g. In the desorption process, the release of SO2 was
analyzed by FTIR. Similarly, the desorption amount of SO2 can
be obtained by integrating the outlet concentration and gas
volume with time, as shown in Eq. (5):

Qde =

0

t

Vde × Cde × 10−6 × MSO2 /Vm dt

(5)

where Qde (mg/g) is the amount of SO2 desorbed from AC by
TPD; Vde (mL/min) is the total flow rate of purge N2 ; and Cde
(ppmV) is the concentration of SO2 at the outlet. The acid gas
produced in the adsorption and desorption process are absorbed and purified by alkaline absorbents at the end of the
system and then discharged into the atmosphere.

1.3.

Characterization of AC

The proximate (SDTGA5000, Sundy, China) and ultimate analyzers (Vario EL cube analyzer, Elementar, Germany) were
used for the proximate and ultimate analysis of each sample,
respectively. N2 adsorption/desorption isotherms obtained
at 77 K were employed to analyze the properties of pore
structures using an automatic surface analyzer (Autosorb1C, Quantachrome, USA). The specific surface areas were calculated based on the Brunauer-Emmett-Teller (BET) method.
The total pore volumes and micropore volume were calculated
by the single-point adsorption method and t-plot method, respectively. XRF (ARL QUANT’X EDXRF Analyzer, Thermo Scientific, USA) spectrometry was used to determine the chemical composition of the AC ash. The phase compositions of AC
and AC ash were identified by XRD with a X-ray diffractometer
(Rigaku Dmax-2500 PC, Rigaku, Japan), using a Cu-Kα radiation
source, and data were identified by the MDI Jade6 software.
The testing took place at 50 kV and 150 mA over 25 min in a
range of 10°– 80° at a scanning rate of 0.04°/sec. XPS (ESCALAB
250XL, Thermo Scientific, USA) analysis was used to examine
the chemical structure with an Al-Kα X-ray source (photo energy = 1486.6 eV), and peak position fitting with XPSPEAK41
software. The morphology and elemental sulfur distribution
of typical samples were studied by SEM (SUPARA TM 55, Carl
Zeiss, Germany) and EDX.

2.

Results and discussion

2.1.
TPD profiles of SO2 and regeneration rate of
SO2 -loaded MD-AC
Through dynamic adsorption and the TPD experiment, the
desulfurization activity and SO2 desorption characteristics of
the laboratory-made MD-AC were first investigated. The adsorption and desorption of SO2 by MD-AC were calculated according to Eqs. (4) and (5), respectively. Meanwhile, the regeneration rate of AC (εSO2 , %) was derived by following formula:
εSO2 = Qde /(Qad × m1 /m2 ) × 100%

(6)
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Fig. 2 – (a) Dynamic adsorption accumulation and breakthrough curve of MD-AC; (b) temperature programmed desorption
(TPD) profiles of SO2 from SO2 -loaded MD-AC at different regeneration temperatures; (c) cumulative desorption SO2 curve;
(d) regeneration rate curve.

where m1 (g) and m2 (g) are the masses of AC before and after
adsorption, respectively. Fig. 2 shows the outlet SO2 concentration and cumulative curve during the adsorption-desorption
process and regeneration rate curve at different regeneration
temperatures (350 – 850°C). Fig. 2a shows that the SO2 adsorption capacity Qad of MD-AC can reach 82.31 mg/g, demonstrating a good SO2 removal effect. All the SO2 in the simulated flue
gas was adsorbed by MD-AC in the first few minutes, which indicated a high removal efficiency (100%) in this stage. However,
as the reaction proceeded, the concentration of SO2 at the outlet of the reaction increased, whereas the removal efficiency of
MD-AC decreases gradually. This is mainly because SO2 occupies the active sites during adsorption and binds with O2 /H2 O
to form H2 SO4 on the surface of AC (Raymundo-Piñero et al.,
2001; Lizzio and Debarr, 1996). With the decrease in the number of active sites, the AC shows lower SO2 removal performance. By means of thermal regeneration, the occupied adsorption active sites can be released and re-used. Fig. 2b shows
the SO2 -TPD profiles from SO2 -loaded MD-AC at different final regeneration temperatures with the same heating rate
(10°C/min). The figure shows that the SO2 release curves at
different regeneration temperatures are similar. The SO2 begins to precipitate at approximately 250°C and peaks at approximately 350°C, which is similar to the conclusions of previous studies (Ding et al., 2015). Using Eq. (5) to integrate the
outlet SO2 concentration with time, the cumulative desorption curve of SO2 can be obtained, as shown in Fig. 2c. The result shows that the final SO2 accumulation of regeneration at
350°C was less than that under other experimental conditions.
This is mainly because the SO2 -loaded MD-AC desorbs more
SO2 at 450°C (Fig. 2b and c). Fig. 2d shows the regeneration rate
curve at different regeneration temperatures, demonstrating

that with an increase in the regeneration temperature, the regeneration rate εSO2 shows a trend of first increasing and then
stabilizing (approximately 73%). Furthermore, it should not be
neglected that SO2 absorbed by MD-AC during adsorption process cannot be released completely by increasing the regeneration temperature.
The SEM and corresponding elemental sulfur mapping images of fresh MD-AC, SO2 -loaded MD-AC, and regenerated MDAC at 450°C are shown in Fig. 3, which clearly shows that
the average sulfur content on the surface of fresh MD-AC is
only 0.47%, while the SO2 -loaded MD-AC and regenerated MDAC is 8.04% and 3.05%, respectively. By comparison and combined with the conclusion of Fig. 2d, partial adsorption of SO2
could not be desorbed by thermal regeneration (Pi et al., 2017).
Through previous research, we suggest that alkali/alkaline
earth metals in ash may have a fixed effect on SO2 adsorption, which has a great influence on sulfur migration in the
AC adsorption-desorption cycle.

2.2.
Evolution of sulfur morphology during regeneration
of SO2 -loaded MD-AC
To further understand the evolution of sulfur migration and
transformation during desulfurization, the different states of
MD-AC and its ash in the process of adsorption and desorption
(450°C for 1 hr) were characterized. The ash chemical compositions are summarized in Table 2. The mineral composition
of MD-AC and its ash in the adsorption and desorption processes, identified by XRD, are shown in Fig. 4.
Many studies (Zhu, 2018; Zhao et al., 2018; Yang et al.,
2018; Song et al., 2015, 2017) have confirmed that the heating rate and ashing temperature have great influence on
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Fig. 3 – Scanning electron microscopy (SEM) and corresponding elemental sulfur mapping images of (a b) fresh MD-AC, (c d)
SO2 -loaded MD-AC, and (e f) regenerated MD-AC.

Table 2 – Ash chemical compositions of six ACs (wt.%).
Samples

CaO

SiO2

Al2 O3

Fe2 O3

SO3

MgO

Na2 O

K2 O

Others

YKa-AC
YKb-AC
JJ-AC
ZD-AC
XH-AC
MD-AC
SO2 -loaded MD-AC
Regenerated MD-AC

32.73
28.65
21.3
35.26
10.26
7.11
6.07
6.41

22.6
20.91
40.72
18.02
39.55
47.67
44.04
43.48

17.51
20.28
22.84
12.2
31.78
27.18
25.24
24.61

7.11
4.91
5.25
4.57
5.33
3.1
1.93
3.24

2.03
5.49
4.02
14.9
8.02
4.28
11.57
11.44

2.05
3.2
2.12
10.69
1.63
4.71
4.46
3.99

4.41
3.08
–
1.5
1.3
4.09
5.14
4.19

2.8
1.73
1.44
0.342
0.469
1.3
1.13
1.21

8.76
11.75
2.31
2.52
1.66
0.56
0.42
1.43

Others refers to unburned carbon, CuO, MnO, TiO2 , etc.

the volatilization of alkali/alkaline earth metals, especially
sodium and potassium. Therefore, a low-temperature ashing
method (Song et al., 2015; Zhang et al., 2015) was used to treat
AC in this study to reduce the loss of alkali/alkaline earth metals during ashing. The ashing temperature of AC was set to
600°C. The ashing process of AC in muffle furnace started from
room temperature to 300°C at the heating rate of 10°C/min
and was held for 30 min. Then, the temperature was raised

to 600°C at the same rate and held for 2 hr. Table 2 shows
that the SO3 content of MD-AC ash after adsorption and regeneration is significantly higher than that of fresh MD-AC
ash, as the SO3 content of fresh MD-AC ash is 4.28%, while
that of SO2 -loaded and regenerated MD-AC ash are 11.57%
and 11.44% respectively. The combination of Fig. 2d, Fig. 3,
and Table 2 demonstrate that this change in sulfur morphology cannot be released during the desorption and ash for-
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Fig. 4 – X-ray diffraction (XRD) patterns of (a) MD-AC and (b) MD-AC ash.

mation process at 450–850 and 600°C, respectively. Thus, SO2
fixation is an irreversible process in terms of the adsorptiondesorption cycle. According to the XRD patterns of raw material shown in Fig. 4, silica and calcium sulfate are the main
mineral phases in MD-AC and ash. In particular, the calcium
sulfate peak of MD-AC ash after adsorption and desorption
were significantly higher than that of fresh MD-AC ash (at
2θ = 25.4, 31.3, and 38.4°). Therefore, SO2 fixed by AC may react with Ca-based substances to form calcium sulfate in ash
during the adsorption-desorption process. Calcite (CaCO3 ) and
gypsum (CaSO4 ) are the main forms of Ca-based minerals in
coal (Yang et al., 2016); thus, CaCO3 is clearly the main sulfurfixing agent. The XRD detection of MD-AC in Fig. 4a shows
no clear change, perhaps because the sulfur fixation reaction
mainly occurs in the developed internal pore of AC, along with
the influence of the amorphous structure of carbon.
The sulfur chemical structure of MD-AC and ash in different states were also characterized by XPS, as shown in Fig. 5.
Specifically, Fig. 5a shows that natural organic sulfur is the
main form of elemental sulfur on the surface of fresh MDAC, from which the fitted peaks at 164.1 and 165.3 eV are assigned to thiophenic sulfur and sulfoxide sulfur, respectively
(Dai et al., 2002; Zhu et al., 2010; Hao et al., 2013). After adsorption, two strong peaks representing inorganic sulfur on
the surface of MD-AC were observed in Fig. 5c, at 169.15 and
169.9 eV (Chen, 1997) owing to the formation of H2 SO4 and sulfate during adsorption. In the regeneration reaction, sulfuric
acid reacts with carbon at a higher temperature to form SO2
desorption. Meanwhile, sulfate and organic sulfur (thiophenic
and sulfoxide sulfur) has a higher thermal stability (Li et al.,
2014) that could exist on the surface of regenerated AC, as
shown in Fig. 5e. Meanwhile, owing to the combustion reaction of the AC, the sulfur either escapes to the atmosphere in
the form of a gas or remains in the ash in the form of sulfate. Therefore, only the inorganic sulfate peak can be seen in
Fig. 5b, d, and e.
According to the above analysis, the sulfur fixation in the
adsorption-desorption cycle is primarily the reaction of SO2
with Ca-based minerals to form CaSO4 , for which the decomposition temperature is above 1200°C (Xiao et al., 2004;
Yan et al., 2015a, 2015b). It is difficult to reach such a high temperature during the regeneration process, because a relatively
high regeneration rate can be achieved at 450°C, as shown in
Fig. 2d; thus, the fixed sulfur will not desorb. In order to further
elucidate the fixed reaction mechanism of SO2 , the concentration of CO2 at the outlet of the reactor was monitored during the adsorption process, as shown in Fig. 6. In the process
of adsorption, a blank control test was carried out by purging
the reactor with nitrogen only, while the other experimental
conditions remained unchanged. Fig. 6 clearly shows that the
concentration of CO2 at the outlet of the blank experiment de-

creases rapidly, as a small amount of CO2 in the air entered the
AC and was detected at the outlet. Excess CO2 was observed in
the process of SO2 adsorption, owing to the reaction between
SO2 and CaCO3 . Sulfur fixation may proceed through the formation of H2 SO4 (ads) through SO2 at the active site on the
porous surface of AC, followed by the reaction with CaCO3 exposed near the active site to form CaSO4 . Another possibility
is that CaCO3 reacts directly with SO2 , O2 , and H2 O to form
CaSO4 H2 O, H2 O, and CO2 . It should be ascribed to the following reactions (Raymundo-Piñero et al., 2001; Hrastel et al.,
2007):
SO2 (ads ) + H2 O(ads ) +

1
O2 (g ) = H2 SO4 (ads )
2

CaCO3 (s ) + H2 SO4 (ads ) = CaSO4 (s ) + CO2 (g ) + H2 O(l )

(7)

(8)

or
2CaCO3 (s ) + 2SO2 (g ) + O2 (g ) + 2H2 O(g )
= 2CaSO4 · H2 O(s ) + 2CO2 (g )

(9)

where ads refers to adsorbed, g refers to gas, s refers to solid,
and l refers to liquid.

2.3.
Relationship between sulfur fixation and Ca-based
minerals in ash
As described in Section 2.2, we have demonstrated that the
sulfur fixation effect in the process of adsorption is mainly related to Ca-based minerals. In order to further understand the
relationship between the sulfur fixation effect and Ca-based
minerals, six different ACs, as described in Section 2.1, were
used. Two advantages can be obtained: one is to present a
natural reaction process and avoid changing the physical and
chemical properties of the surface of ACs by chemical impregnation loading; the other is to verify the universal applicability
of the sulfur fixation reaction by different ash and Ca-based
mineral content in different ACs. Fig. 7 shows the SO2 adsorption capability and N2 absorption isotherms of the six ACs.
Fig. 7a shows that the ACs differ in their performance as SO2
adsorbents; the desulfurization effect of the three laboratorymade samples used in this study was better than that of the
commercial samples. Laboratory-made ZD-AC has the greatest adsorption capacity of 95.65 mg/g, while commercial XHAC has the smallest adsorption capacity of 26.11 mg/g. As
shown by the N2 absorption isotherms of the six ACs in Fig. 7b,
all the samples show combination I and IV isotherms with
small hysteresis loops in the relative pressure P/P0 range of
0.4 – 1, which means that micropore, mesopore, and macropore structures coexist in those samples. Table 3 shows the
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Fig. 5 – Sulfur chemical structure characterization of MD-AC and ash: S2p X-ray photoelectron spectroscopy (XPS) spectra of
(a) fresh MD-AC, (b) fresh MD-AC ash, (c) SO2 -loaded MD-AC, (d) SO2 -loaded MD-AC ash, (e) regenerated MD-AC and (f)
regenerated MD-AC ash.

Fig. 6 – Curve of CO2 concentration at the reactor outlet
during AC adsorption.

specific surface area, micropore area, micropore volume, and
pore diameter of the six ACs. The specific surface areas ranged
from 141.2 – 1168.44 m2 /g. As can be seen in Fig. 7b and Table 3,
the two types of coconut shell AC exhibit larger N2 adsorption
capacities and BET values, while the laboratory-made JJ-AC
and commercial XH-AC are smaller. The results also indicate
that the desulfurization performance of AC is related to other
characteristics besides the physical characteristics (Lizzio and
Debarr, 1996).
The amount of sulfur fixation in the process of adsorption was calculated through the difference between SO3 in the
fresh AC and that in the regenerated AC ash. The SO3 content in the ash was measured by the barium sulfate precipitation method based on the Chinese standard GB/T176-2008
(Wu et al., 2019). The formula for calculating the mass fraction of SO3 in ash (ωSO3 ) and the change in SO3 (ωSO3 ) are as
follows:
MSO3
mBaSO4
ωSO3 =
×
× 100%
(10)
MBaSO4
mash
ωSO3 = ωSO3−Re − ωSO3−fresh

(11)
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Fig. 7 – (a) SO2 adsorption capability curves of the six ACs and (b) N2 absorption isotherms of the six ACs. Qad- N : adsorption
capacity on adsorbent N.

Table 3 – Pore parameters of the six ACs.
Adsorbent

SBET (m2 /g)

Smic (m2 /g)

Vtotal (cm2 /g)

Vmic (cm2 /g)

Vmeso-macro (cm2 /g)

D (nm)

YKa-AC
YKb-AC
JJ-AC
ZD-AC
XH-AC
MD-AC

1168.44
919.7
141.2
490.74
192.26
401.01

628.82
734.89
117.26
378.9
134.8
278.3

0.823
0.3914
0.0624
0.22
0.109
0.264

0.262
0.287
0.045
0.151
0.054
0.117

0.561
0.103
0.017
0.069
0.055
0.147

2.817
1.7
1.77
1.79
2.28
2.63

SBET : specific surface area; Smic : micropores specific surface area; Vtotal : total pore volume; Vmic : micropores volume; Vmeso-macro : mesopores and
macropores volume; D: average pore size.

where MSO3 (80 g/mol) is the molar mass of SO3 ; MBaSO4
(233 g/mol) is the molar mass of BaSO4 ; mBaSO4 (g) is the
amount of BaSO4 after calcination at 850°C for 1 hr; mash (g)
is the amount of ash; ωSO3−Re (%) is the SO3 content in regenerated AC ash; and ωSO3−fresh (%) is the SO3 content in fresh
AC ash. Fig. 8a shows the SO3 content in ash for the six types
of AC during the adsorption-desorption process. The SO3 content in SO2 -loaded and regenerated AC ash is greater than that
in fresh AC ash in varying degrees, which is consistent with
the conclusion in Table 2. Fig. 8a also shows that the SO3 content in the SO2 -loaded AC ash is similar to that in the regenerated AC ash, which indirectly proved that the process of sulfur
fixation mainly occurs in the adsorption process, rather than
in the desorption process and ash formation. Fig. 8b shows a
good linearity between the change in SO3 in ash and the CaO
content, as the change in SO3 in ash increases with CaO content in the regenerated AC ash. By measuring the change in
SO3 and the ash content shown in Table 1, the proportion of
SO2 fixed amount to total SO2 adsorbed can be obtained, as
shown in Fig. 8c. The results show that the amount of SO2
fixed by ZD-AC and MD-AC in the adsorption process is larger,
mainly because ZD-AC ash contains more CaO with the mass
fraction of CaO (ωCaO ) equals to 35.26 wt.%, while MD-AC has
less CaO in ash ωCaO = 7.11 wt.%. Meanwhile, the high ash content (Aad ) 27.25 wt.% is the main power of sulfur fixation. XHAC and JJ-AC have more CaO in ash than MD-AC but less SO2
fixation. The main reason is that the pore structures of XH-AC
and JJ-AC are poorly developed (see Table 3 and Fig. 7b), SO2
cannot fully enter the internal structure of AC in the adsorption process; therefore, the sulfur fixation reaction cannot be
fully carried out. The SEM image shown in Fig. 8d also indicates that there is no clear pore structure on the surface of
XH-AC, which can also demonstrate our conclusion.

2.4.

Multiple adsorption-desorption cycles

The effect of Ca-based minerals on multiple adsorptiondesorption cycles were also analyzed, through the characterization and analysis of the regenerated MD-AC and ash. Fig. 9a
and b show the mass fraction of SO3 and the XRD patterns
in MD-AC ash versus cycling number, which show that the
mass fraction of SO3 and diffraction intensity of CaSO4 in the
XRD diagram of multiple regenerated MD-AC ash are much
higher than those in fresh MD-AC ash. Meanwhile, the growth
is mainly concentrated between the fresh MD-AC ash and 1strecycled MD-AC ash, which indicates that the fixation effect
of SO2 occurs mainly in the first adsorption-desorption process. As Fig. 5b, d, and f show that elemental sulfur in ash
mainly exists in the form of sulfate, here, we only show the S2p
XPS spectra of the 2nd to 5th regenerated MD-AC (as shown
in Fig. 9c, d, e and f). By examining Fig. 5a, c and e, it can be
observed that the types of surface elemental sulfur remained
unchanged, primarily include the original organic sulfur peaks
(thiophenic sulfur and sulfoxide sulfur) in raw materials and
inorganic sulfur peaks produced by the adsorption process.
In conclusion, the changes in SO3 content in ash and peak
strength of CaSO4 in the XRD diagram confirmed that SO2 fixation mainly occurs in the first adsorption-desorption process
during multiple desulfurization.
In addition, the five adsorption-desorption cycles experiments were carried out for six ACs to study the change in the
adsorption performance and regeneration rate with cycling
number. SO2 -loaded ACs were regenerated at 450°C and held
for 1 hr. Fig. 10a shows the adsorption capacity of the six types
of AC for SO2 versus cycling number, which shows that with
an increase in the number of cycles, the overall adsorption capacity of ACs shows a downward trend, with a different degree
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Fig. 8 – (a) Mass fraction of SO3 in ash of six ACs during adsorption-desorption process; (b) the relationship between SO3
increment and the CaO content in ash; (c) the ratio of sulfur fixation and adsorption in dynamic adsorption process; (d) SEM
image of XH-AC.

of decline for each type of AC. At present, the main point of
view is that carbon burnout during the regeneration process
is the main reason for the decrease in the adsorption capacity, which will reduce the number of micropores serving as the
main reaction site for the adsorption (Raymundo-Piñero et al.,
2000; Sun et al., 2013). Fig. 10b shows the regeneration rate
versus cycling number for the six types of AC. As Fig. 10b
shows, the regeneration rate of ACs increases with the number
of cycles, gradually reaching a stable stage (εSO2 =100%). This
shows that the fixed effect of CaCO3 on SO2 is mainly concentrated on the first or first two cycle adsorption-desorption
processes. After-wards, in the stable stage, SO2 adsorbed by AC
can be completely desorbed. The fixed effect of SO2 can only
be achieved by the reaction of SO2 with CaCO3 exposed to the
AC surface, and the reaction can be fully carried out in the first
or second cycles. If a small amount of unreacted or new active
sites of CaCO3 are exposed during the several regenerations
with carbon burnout, SO2 fixation can continue. Fig. 10b also
shows that the amount of SO2 regenerated by MD-AC and ZDAC during the first desorption process is less than the available desorbed SO2 shown in Fig. 8c. This may be due to the
production of small amounts of H2 S or COS under the action
of excessive H2 SO4 and Fe2 (SO4 )3 in ash, which is not detected
by FTIR (Liu et al., 2019).

3.

Conclusions

In this study, conventional dynamic SO2 adsorption and SO2 TPD desorption, combined with XRF, XRD, SEM-EDX and XPS
analyses were used to study the effect of alkali/alkaline earth

metals on sulfur migration during the adsorption-desorption
of AC. The main conclusions are summarized as follows:
1. The TPD profiles shows that the SO2 desorption begins
at 250°C, the peak temperature of SO2 release is approximately 350°C, and the SO2 release curves of different regeneration temperatures are similar. The regeneration rate
can only reach approximately 73% with the increase in the
regeneration temperature, and EDX clearly demonstrates
the presence of residual sulfur on the surface of regenerated MD-AC.
2. The calcium sulfate in the ash after the adsorption and regeneration of the AC increased significantly. The fixed SO2
in the adsorption process was closely related to the Cabased minerals in the AC and was stored in the internal
porosity in the form of calcium sulfate, which cannot be
decomposed by the regeneration process. The detection of
excess CO2 during adsorption indicates that calcium carbonate is mainly involved in sulfur fixation.
3. SO2 fixation mainly occurs in the adsorption process rather
than in desorption. The change of SO3 in ash increases
with an increase in CaO in ash. Higher CaO content in ash
and higher ash content in AC lead to higher SO2 fixation.
The AC with smaller BET value is not conducive to the diffusion of SO2 into the particles, as it inhibits the fixed reaction of SO2 .
4. The adsorption capacity of SO2 shows a decreasing trend
in the multiple adsorption-desorption cycles experiment;
however, the regeneration rate gradually approaches 100%.
The SO3 content in ash and the diffraction intensity of calcium sulfate in ash demonstrate that the fixation of SO2
mainly occurs in the first adsorption-desorption process,
after which the adsorption and desorption are equal.
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Fig. 9 – Characterization of the regenerated MD-AC and ash in multiple adsorption-desorption cycles: (a) Mass fraction of
SO3 in ash versus cycling number; (b) XRD patterns of ash versus cycling number; (c-f) S2p XPS spectra of 2nd to 5th
regenerated MD-AC. Inset in (b): enlarged diagram of CaSO4 peak intensity at 2θ = 25.4°

Fig. 10 – (a) SO2 adsorption capacities and (b) regeneration rate versus cycling number for six ACs. εN : regeneration rates on
adsorbent N.

journal of environmental sciences 99 (2021) 119–129

This study mainly demonstrates that Ca-based minerals
in ash have a fixed effect on absorbed SO2 and exist in the
pore structure in the form of sulfate. Further studies should
be made regarding the reaction of SO2 (g) or H2 SO4 (l) with
some components of ash in the regeneration process of AC to
produce other sulfurous gasses.
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