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Abstract
The adsorption characteristics of virgin and potassium permanganate modified lignite semi-coke (SC) for gaseous Hg0 were investigated
in an attempt to produce more effective and lower price adsorbents for the control of elemental mercury emission. Brunauer-Emmett-
Teller (BET) measurements, X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used to analyze the
surface physical and chemical properties of SC, Mn-SC and Mn-H-SC before and after mercury adsorption. The results indicated that
potassium permanganate modification had significant influence on the properties of semi-coke, such as the specific surface area, pore
structure and surface chemical functional groups. The mercury adsorption efficiency of modified semi-coke was lower than that of SC
at low temperature, but much higher at high temperature. Amorphous Mn7+, Mn6+ and Mn4+ on the surface of Mn-SC and Mn-H-SC
were the active sites for oxidation and adsorption of gaseous Hg0, which oxidized the elemental mercury into Hg2+ and captured it.
Thermal treatment reduced the average oxidation degree of Mnx+ on the surface of Mn-SC from 3.80 to 3.46. However, due to the
formation of amorphous MnOx, the surface oxidation active sites for gaseous Hg0 increased, which gave Mn-H-SC higher mercury
adsorption efficiency than that of Mn-SC at high temperature.

Key words: lignite semi-coke; elemental mercury; potassium permanganate modification; removal efficiency
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Introduction

Mercury is one of the most dangerous heavy metals
for the environment and human beings. The techniques
for mercury removal have been researched all over the
world (Bolger and Szlag, 2002; Presto and Granite, 2006).
According to the global mercury mass balance model, the
total anthropogenic mercury emission was 1930 tons in
2010, of which coal burning accounts for 890 tons, about
46% of the total emissions (Sundseth et al., 2010; Pirrone
et al., 2010).

The mercury concentration in flue gas is about 1–20
µg/m3. Mercury in coal decomposes into its elemental
form (Hg0) through coal combustion. A portion of the
elemental mercury is converted to oxidized forms (Hg2+)
and particulate-bound atoms (Hgp), which can be captured
effectively in wet scrubbers and electrostatic precipitators.
However, it is difficult to remove gaseous Hg0 due to
its lack of solubility in water and stable thermodynamic
properties. Nowadays, one of the most effective ways
for gaseous Hg0 removal is injecting varieties of solid
adsorbents into flue gas, which can oxidize the elemental
mercury into Hg2+ and capture it. Many studies have
focused on the preparation of high efficiency, long-term

* Corresponding author. E-mail: sdkdzhw@163.com

effectiveness and low-price Hg0 adsorbents. Activated
carbon adsorbents modified by chlorine, bromine, iodine,
sulfur and metal oxides display high Hg0 removal efficien-
cy, but they are too expensive for most power plants (Lee et
al., 2004, 2009; Hutson et al., 2007; Hsi et al., 2001; Wang
et al., 2010; Mei et al., 2008). Non-carbon adsorbents,
such as zeolite, calcium-based sorbents and fly-ash are
cheaper, but their Hg0 removal efficiency is much lower
(Jurng et al., 2002; Gatica and Vidal, 2010; Hower et al.,
2010). Compared with common adsorbents, semi-coke has
the properties of a well-developed pore structure, abundant
surface functional groups and low price, and can be used
as an ideal adsorbent in the fields of water treatment, oil
product purification, desulfurization and denitrification of
flue gas (Shangguan et al., 2005; Gálvez et al., 2008; Yuan
et al., 2010).

In previous work, we reported the preparation of silver-
loaded semi-coke and its adsorption characteristics toward
gaseous Hg0 (Zhang et al., 2011). This research investi-
gated the Hg0 removal efficiency of virgin and potassium
permanganate-modified lignite semi-coke in a lab-scale
fixed-bed system. The adsorption mechanism of Hg0 on
the surface of the adsorbent was also discussed.

http://www.jesc.ac.cn
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1 Experimental

1.1 Sample preparation

Lignite semi-coke was sourced from Huolinhe City,
Neimeng Province, China. It was pyrolyzed in a muffle
furnace at 700°C for 1 hr, after which it was cooled down
to room temperature and crushed into powder (80 to100
mesh). This sample was named SC. SC (10 g) was impreg-
nated in a potassium permanganate solution (0.06 mol/L),
and stirred for 4 hr at 90°C in a water bath. The sample
was filtered and dried after treatment, and was named Mn-
SC. Considering that the decomposition point of potassium
permanganate is 240°C, Mn-H-SC was obtained after the
thermal treatment of Mn-SC at 260°C under N2 protection
for 1.5 hr. After the mercury adsorption experiments for
12 hr at 140°C, the samples of Mn-SC and Mn-H-SC were
named Hg-Mn-SC and Hg-Mn-H-SC, respectively.

1.2 Characterization

Physical characterization of the samples was carried out
by the Brunauer-Emmett-Teller (BET) method; the surface
area and pore size distribution were obtained by adsorbing
and desorbing in N2 at 77 K using an automatic volumetric
multipoint apparatus (SSA-4300, Builder, China). Before
the measurement, all samples were outgassed at 100°C for
2 hr. The identification of crystalline phases was carried
out using an X-ray powder diffractometer (Rigaku, D/max-
2500/PC). The experimental conditions were as follows:
accelerating voltage 40 kV, current 25 mA, X-ray filtered
radiation Cu Kαλ =1.54056 Å, step size 0.020 (2θ), count-
ing time at every point, 2 sec. The diffraction pattern was
collected in the range of 2θ (0–100◦) at room temperature.
X-ray photoelectron spectroscopy (Thermo ESCALAB
250) with Al Kα (hν = 1486.6 eV) as the excitation source
was used to determine the binding energies of C1s, O1s,
Mn2p and Hg4f. The C1s line at 284.6 eV was taken as a
reference for the binding energy calibration.

1.3 Experimental methodology and instrumentation

As shown in Fig. 1, gaseous Hg0 adsorption experiments
were carried out in a fixed-bed reactor, which consisted of
flue gas simulation, gas adsorption and tail gas analyzing
equipment. A constant flow of high purity nitrogen passed
through the mercury permeation tube (VICI Metronics)
and yielded a stable concentration of gaseous Hg0. An
oil bath pot was employed to keep the quartz tube at the
desired temperatures during the adsorption. The mercury
concentration in the tail gas was measured online by a
QM201H mercury analyzer.

A simulated flue gas stream with the required temper-
ature and Hg0 concentration was produced by a mercury
permeation tube. The concentrations of mercury were
adjusted by altering the temperatures of permeation and
the fluxes of mercury-carrying gas. The diluted stream was
fed to the reactor (ID 1.0 cm, length 15 cm) containing
the adsorbent sample, which was kept in an oil bath
for temperature control. Adsorbent particles (0.5 g) were
mixed with 3.0–4.0 g inert glass beads with an adsorbent
bed height of 1.2 cm. The gas flow rate was 1 L/min.
The Hg0 concentration in the inlet stream (C0) was (35±2)
µg/m3 and the adsorption temperatures ranged from 30 to
140°C. The Hg0 concentrations in the inlet (C0) and outlet
(Ct) stream were measured by the mercury analyzer. The
waste tail gas was purified by passing through a solution of
10% H2SO4 and 4% KMnO4 before being discharged. The
result of mercury mass balance analysis (> 90%) indicated
that the experimental system was reliable.

Penetration rate, mercury removal efficiency and mer-
cury adsorption capacities are significant for adsorbent
evaluation. For a given adsorbent, the lower the value of
breakthrough, the better the mercury removal. Similarly,
higher mercury removal efficiency and capacity means a
good adsorbent for mercury capture (Jurng et al., 2002).
The mercury removal efficiency (η) of an adsorbent sample
toward gaseous Hg0 can be calculated by Eq. (1):

η = 1 −Ct/C0 (1)

Computer Mercury analyzer

4-Way value
3-Way value

Mercury permeation tube

Water bath pot Oil bath pot
10% H2SO4 4% KMnO4

N2

N2

To air
Adsorbent

Fig. 1 Experimental device for adsorption of mercury.
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Mercury adsorption capacity could be calculated by in-
tegrating the area under the removal curve within the
reaction time.

2 Results and discussion

2.1 Specific surface area and pore structure

The BET results of SC, Mn-SC and Mn-H-SC are shown
in Table 1 and Fig. 2. On the surface of sample SC, micro-
pores accounted for 72.4% of the total pores. Potassium
permanganate modification reduced the micropore content
to 59.6% by filling the pores, which led to lower specific
surface area and total pore volume capacity. After thermal
treatment, the specific surface area and total pore vol-
ume capacity increased, and average pore size decreased,
which indicated that the modification by thermal treatment
opened the closed pores in Mn-SC. The micropore content
of Mn-H-SC was less than those of SC and Mn-SC, which
was 50.2%, but the total micropore volume capacity of the
Mn-H-SC was higher than that of Mn-SC.

2.2 X-ray diffraction

When the concentration of potassium permanganate was
2 wt.%, only SiO2 was detected by X-ray diffraction in
the sample (Fig. 3). This indicated that MnOx was highly
dispersed on the surface of the semi-coke in the amorphous
state (i.e., no crystalline MnOx was detected). As the
concentration of potassium permanganate increased to 10
wt.%, KMnO4 could be detected easily. This meant that
more than a monolayer amount had been loaded on the
surface of the semi-coke, and some of it existed in the
crystalline state. After the 10 wt.% Mn-SC was thermally
treated at 260°C, no crystalline KMnO4 could be detected.
This result indicated that the crystalline KMnO4 on the

Table 1 BET surface area and pore parameters of SC, Mn-SC and
Mn-H-SC

Sample Particle Specific Total volume Average
size surface capacity pore
(mm) area (m2/g) (cm3/g) size (nm)

SC 0.12–0.15 84.203 0.107 2.55
Mn-SC 0.12–0.15 32.207 0.071 4.43
Mn-H-SC 0.12–0.15 65.494 0.120 3.67
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Fig. 2 BJH pore volume range of SC, Mn-SC and Mn-H-SC.
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Fig. 3 XRD spectra of Mn-SC and Mn-H-SC.

surface of the semi-coke decomposed into amorphous
MnOx.

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative
spectroscopic technique that measures the elemental com-
position, empirical formula, chemical state and electronic
state of the elements that exist within a material. XPS anal-
yses were completed on the raw adsorbents (SC, Mn-SC
and Mn-H-SC) and the adsorbents with captured elemental
mercury (Hg-Mn-SC and Hg-Mn-H-SC) (Fig. 4). The
main elemental constituents of the virgin semi-coke were
C, O and N. After modification by KMnO4, the Mn2p
peaks centered at 642 and 654 eV, as well as the Mn3p
peak centered at 51 eV, proved that manganese compounds
had been loaded on the surface of the treated semi-coke.
Because of the similarity of binding energies between

Hg4f and Si2p, the Hg4f energy peak could be masked
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Fig. 4 XPS overall-scan spectra of SC, Mn-SC, Mn-H-SC, Hg-Mn-SC
and Hg-Mn-H-SC.

Table 2 Distribution of surface carbon functional groups

Sample C–C (%) C–OR (%) C=O (%) O=C–OH (%)

SC 51.37 34.32 9.48 4.83
Mn-SC 74.97 12.78 5.22 7.03
Mn-H-SC 75.17 13.40 4.56 6.87
Hg-Mn-SC 77.49 15.58 2.32 4.61
Hg-Mn-H-SC 77.83 14.68 3.21 4.28
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by the Si2p energy peak from the semi-coke. Meanwhile,
the mercury adsorption capacity of the samples Hg-Mn-SC
and Hg-Mn-H-SC was quite low. Therefore, the Hg4f peak
at 103.4 eV only could be detected weakly on the surface of
the samples Hg-Mn-SC and Hg-Mn-H-SC. Though it was
hard to identify the morphology of the adsorbed Hg0 in the
samples, part of the gaseous Hg0 was definitely adsorbed
on the surface of the samples.

Most of the previous studies focused on the relationship
between the binding energy of C1s from carbonaceous
materials and the structure of chemical functional groups
from surface carbon. Zielke et al. (1996) concluded that
the relationships between binding energies and carbon
functional groups were as follows: C–C–C (284.0–285.1
eV), C–OR (285.3–287.0 eV), C=O (286.8–288.1 eV)and
O=C–OH (288.1–290.0 eV). In order to compare the
surface functional groups on the samples before and after
KMnO4 modification as well as mercury adsorption, XPS
Peak Processing software was applied to simulate multi-
peaks in the range of C1s and calculate the elemental
ratios among different surface carbon functional groups
(Table 2).

As shown in Table 2, C–C carbon species were the
main carbon components on the surface of SC (51.37%),
followed by the carbon species C–OR (34.32%), C=O
(9.48%), and O=C–OH (4.83%). KMnO4 modification in-
creased the carbon species of C–C and O=C–OH by 23.6%
and 2.2%, and reduced the carbon species of C–OR and
C=O by 21.54% and 4.26%, respectively. After the thermal
treatment of the sample Mn-SC, no significant change
was observed for the carbon species, which indicated that
thermal treatment had no influence on the carbon-based
functional groups and species. Compared with samples
Mn-SC and Mn-H-SC, the mercury adsorption increased
the carbon species of C–C and C–OR on the surface of
samples Hg-Mn-SC and Hg-Mn-H-SC, and decreased the
carbon species of O=C–OH and C=O. One reason was that
O=C–OH and C=O functional groups were reduced by the
Hg0 during the gaseous Hg0 adsorption (Li et al., 2003).

To study the characteristics of manganese compounds
on the surface of semi-coke, narrow zone spectrum anal-
ysis was carried out for the Mn element. However, the
electron binding energies of Mn2+, Mn3+, and Mn4+ are
so close that the average oxidation state of manganese
could not be determined from the Mn2p binding energy.
Instead, the Mn2p3/2 spectrum of Mn-SC, Mn-H-SC, Hg-
Mn-SC and Hg-Mn-H-SC was fitted with multi-peaks with
the parameters of Mn7+ (645.6 eV), Mn6+ (644.2 eV),
Mn4+ (643.0 eV), Mn3+ (642.1 eV), and Mn2+ (641.0 eV)
(Fig. 5) (Oku, 1995; Nesbitt and Banerjee, 1998; Wang et
al., 2010).

The results of Mn2p3/2 multi-peak fitting of different
samples are shown in Table 3. The average oxidation
degree of manganese on the surface of Mn-SC was 3.80,
and the percentage of Mn7+ was 4.68%. These results
indicated that the potassium permanganate decomposed
during the modification, and a portion was reduced by
the surface organic functional groups or carbons (Dash et
al., 2009) also found that potassium permanganate could
be reduced into MnO2 and formed complexes with the
organic groups during the process of oxidation of organic
compounds by potassium permanganate. After the ther-
mal treatment of Mn-SC at 260°C, the average oxidation
degree of manganese was reduced to 3.46. Meanwhile,
the energy peak of Mn7+ disappeared, the percentage
of Mn6+decreased, and the percentages of Mn4+, Mn3+

and Mn2+ increased. The temperature of this process
was higher than that of potassium permanganate self-
decomposition, so the potassium permanganate on the
surface of Mn-SC was totally decomposed and part of
Mn6+was reduced. Compared with Mn-SC, the average
oxidation degree of manganese on the surface of Hg-Mn-
SC was reduced by 0.73, the energy peaks of Mn7+ and
Mn6+ disappeared, the percentage of Mn4+ was almost the
same, and the percentages of Mn3+ and Mn2+ increased
dramatically. Clearly, Mn7+ and Mn6+ were reduced by
gaseous Hg0 during the process of adsorption. Likewise,
the temperature of this process was higher than that of the
modification process, so self-decomposition presumably
occurred for Mn7+ and Mn6+. Hg0 reduction and self-
decomposition both led to the reduction of the average
oxidation degree of manganese. Compared with Mn-H-SC,
the average oxidation degree of manganese on the surface
of Hg-Mn-H-SC was reduced by 0.38, the energy peaks
of Mn6+ disappeared, the percentage of Mn4+ decreased
slightly, and the percentages of Mn3+ and Mn2+ increased
dramatically. Because the temperature of adsorption was
lower than that of the thermal treatment of Mn-H-SC, self-
decomposition would not take place for the manganese
compounds. Thus the reduction of the average oxidation
degree of manganese was the result of the reduction of
Mn6+ and Mn4+by the gaseous Hg0.

The Hg4f spectrum of Hg-Mn-SC and Hg-Mn-H-SC
over the range of 95–110 eV was used to study the
adsorption morphology of Hg0 on the surface of modified
semi-coke (Fig. 6). Nevertheless, owing to the interference
of the Si2p energy peak, the multi-peak fitting analysis
could not be carried out in the range of the narrow zone
spectrum of Hg4f to determine its morphology. However,
according to the Hg4f spectrum, the mercury binding
energies of Hg-Mn-SC and Hg-Mn-H-SC were 103.26 and
103.30 eV respectively, which were nearly the same as that

Table 3 Distribution of surface Mn ions of Mn-SC, Mn-H-SC, Hg-Mn-SC and Hg-Mn-H-SC

Sample Mn7+ (%) Mn6+ (%) Mn4+ (%) Mn3+ (%) Mn2+ (%) Mn AOS

Mn-SC 4.68 15.29 33.61 28.45 17.97 3.80
Mn-H-SC 0.00 10.62 35.59 32.57 21.22 3.46
Hg-Mn-SC 0.00 0.00 33.94 39.49 26.57 3.07
Hg-Mn-H-SC 0.00 0.00 32.02 44.10 23.88 3.08

AOS: average oxidation state.
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Fig. 6 Hg4f spectrum of Hg-Mn-SC and Hg-Mn-H-SC.

of Hg2+ (Behra et al., 2001; Li et al., 2005). No Hg0 (99.7
eV) (Feng et al., 2006) energy peak was observed. In this
sense, mercury existed on the surface of modified semi-
coke not in the form of Hg0, but as Hg2+. More specifically,
during the adsorption, the gaseous Hg0 was first oxidized
into Hg2+ by MnOx, and bound with the active adsorption
sites which existed on the surface of the modified semi-
coke.

2.4 Gaseous Hg0 removal

Both physical and chemical adsorption contribute to the
adsorption of gaseous materials on solid surfaces. The
adsorption heat in the process of physical adsorption is

low. Therefore, the lower the temperature of adsorption is,
the larger the physical adsorption capacity is. By contrast,
a large amount of energy is needed during chemical
adsorption processes accompanied by electronic transfer or
transitions. Thus, the higher the temperature of adsorption,
the larger the chemical adsorption capacity. Figure 7
describes the mercury removal efficiencies of SC, Mn-
SC and Mn-H-SC at 30, 60, 100 and 140°C, respectively.
The mercury removal efficiency of SC decreased as the
adsorption temperature was raised (Fig. 7a). When the
adsorption temperature increased from 30 to 140°C, the
initial mercury removal efficiency and that for 1 hr later
decreased from 92.9% and 78.0% to 39.9% and 10.6%,
respectively. This suggested that physical adsorption was
the main mechanism for mercury adsorption in SC. As the
adsorption temperature was raised, the physical adsorption
capacity decreased, which resulted in a lower mercury
removal efficiency. The mercury removal efficiencies of
SC at different adsorption temperatures all decreased as the
reaction went on. However, the mercury removal efficiency
decreased slowly at lower adsorption temperature, but
decreased dramatically at higher adsorption temperature.
For instance, after 10 min adsorption of gaseous Hg0 by
SC, the mercury removal efficiencies of the samples at
100°C and 140°C decreased from 89.3% and 39.9% to
51.1% and 16.4%, respectively. SC needs to be modi-
fied to increase the mercury removal efficiency at high
temperature, since the flue gas from coal-fired utilities is
commonly around 120–150°C, under which conditions the
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Fig. 7 Mercury removal efficiencies of SC (a), Mn-SC (b) and Mn-H-SC (c) at different temperatures.

mercury removal efficiency of SC is low.
The manganese compounds have good oxidation and

catalytic activity, which can oxidize the Hg0 into
Hg2+efficiently. Some researchers loaded MnOx onto the
surface of activated carbon, α-Al2O3 and Ca(OH)2, and
proved that MnOx can oxidize Hg0 and increase the
mercury removal efficiencies of the modified samples
significantly (Mei et al., 2008; Herranz et al., 2006; Li et
al., 2010; Wang and Duan, 2011). The mercury removal
efficiency of Mn-SC increased as the adsorption tempera-
ture was raised (Fig. 7b). When the adsorption temperature
increased from 30°C to 140°C, the initial mercury removal
efficiencies and that of 1 hr later increased from 49.7%
and 23.6% to 58.8% and 53.3%, respectively. These results
suggested that both physical and chemical adsorption
contributed to the mercury adsorption in Mn-SC. As the
adsorption temperature was raised, the physical adsorption
capacity decreased but the chemical adsorption capacity
increased, both of which led to higher mercury removal
efficiency. Because physical adsorption was the main
mechanism for Hg0 adsorption on the surface of semi-coke
at low temperature, the mercury removal efficiency of Mn-
SC was much lower than that of SC at low temperature.
As presented by the BET data, the surface area and total
volume capacity of Mn-SC were lower than those of SC,
but the average pore size was a little larger. These prop-
erties should be negative for physical adsorption of Hg0,
resulting in low mercury removal efficiencies. Compared
with SC, the mercury removal efficiency of Mn-SC was
higher at 140°C. In addition, as the adsorption process
continued, the mercury removal efficiency decreased much
more slowly. The reason for these phenomena was that
chemical adsorption mainly contributed to the mercury
adsorption at high temperature. The active MnOx on the
surface of Mn-SC oxidized Hg0 into Hg2+ and captured it.
The mechanism of this reaction is as follows:

Hg(g) −→ Hg(ad) (2)
Hg(ad) +MnOx −→ HgO +MnOx−1 (3)

It was the oxidation activity of MnOx, not the surface
area and pore structure, that mainly contributed to the
mercury removal efficiency of Mn-SC. The results of XPS
showed that the average oxidation degree of manganese
on the surface of Mn-SC was high, and the total content
of Mn7+, Mn6+ and Mn4+ reached 53.58%. MnOx was
reduced by the Hg0 during the adsorption, which led to the

decrease of the average manganese oxidation degree and
the disappearance of Mn7+ and Mn6+.

The mercury removal efficiency of Mn-H-SC also in-
creased as the adsorption temperature was raised, which
meant that physical adsorption mainly contributed to the
mercury adsorption at low temperature, and chemical
adsorption mainly contributed to the mercury adsorption at
high temperature (Fig. 7c). Although the surface area and
total pore volume of Mn-H-SC were larger than that of Mn-
SC, the surface micropore proportion of Mn-H-SC was
smaller than that of Mn-SC. As reported, if the diameter
of the adsorbent pores is close to the equivalent diameter
of adsorbate molecules, the molecular sieve effect would
occur to significantly enhance the adsorption capacity
of the solid adsorbent when physical adsorption is the
dominant mechanism for gas adsorption on the surface
(Dubinin, 1989). With an equivalent diameter of 0.157 nm,
Hg0 is mainly adsorbed by the micropores on the surface
of semi-coke. Therefore, both the micropore number and
the pore structure determine the gaseous Hg0 adsorption
efficiency of semi-coke. The micropore volume (pore size
0.15–0.16 nm) of Mn-H-SC was close to that of Mn-SC,
so the mercury removal efficiencies of Mn-H-SC and Mn-
SC were almost the same at 30 or 60°C. As the adsorption
temperature increased to 100 and 140°C, the mercury
removal efficiencies of Mn-H-SC were higher than those
of Mn-SC by 20% and 28%, respectively. Compared
with Mn-SC, the thermal treatment decreased the average
oxidation degree of manganese, Mn7+ disappeared, and
Mn6+ decreased. It appeared that potassium permanganate
and partial potassium manganate on the surface of Mn-
H-SC decomposed during the thermal treatment, which
resulted in the formation of smaller but higher activity
amorphous MnOx micro particles. Though the average
oxidation degree of manganese decreased, the micro MnOx

particles highly enhanced the oxidation activity as a whole,
which contributed to the higher mercury removal efficiency
of Mn-H-SC compared to Mn-SC at high temperature.

3 Conclusions

Chemical modification has great influence on the prop-
erties of semi-coke. Compared with the raw sample SC,
Mn-SC and Mn-H-SC had much smaller specific surface
area, total pore volume and micropore proportion.

The MnOx was distributed on the surface of Mn-SC
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and Mn-H-SC in an amorphous form in low concentration
potassium permanganate solution. As the solution con-
centration increased, crystalline potassium permanganate
might precipitate on the surface of Mn-SC. However,
because of the decomposition of potassium permanganate
during the thermal treatment, MnOx existed on the surface
of Mn-H-SC in an amorphous form.

Chemical modification not only increased the graphiti-
zation degree of the semi-coke and the O=C–OH carbon
species, but also decreased the carbon species C–OR and
C=O. The average oxidation degrees of manganese on the
surface of Mn–SC and Mn-H-SC decreased during the ad-
sorption of Hg0, after which Mn7+ and Mn6+ disappeared
accompanied by the oxidation of Hg0 to Hg2+.

Physical adsorption was the main mechanism for Hg0

adsorption on the surface of Mn-SC and Mn-H-SC at
low temperature, while chemical adsorption was the main
mechanism at high temperature. Generally, thermal treat-
ment can notably improve the mercury removal efficiency
of Mn-SC at high temperature. The amorphous MnOx

particles were the active surface oxidation sites for gaseous
Hg0, which contributed to the higher mercury removal
efficiency of Mn-H-SC compared to that of Mn-SC at high
temperature.
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