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Abstract−Activated char obtained by the co-pyrolysis of a mixture of lignite and biomass impregnated with ZnCl2
solution was found to be effective for the high-temperature capture of mercury from syngas. The prepared samples
were characterized by X-ray photoelectron spectroscopy, Hg-thermal programmed desorption as well as Brunauer-
Emmett-Teller analysis. The results show that activated char exhibits a large surface area as well as abundant micropo-
res and C-Cl, C=O, and COOH functional groups. During the chemisorption of mercury, gaseous Hg0 is first oxidized
by C-Cl to HgCl2; HgCl2 which acts as the intermediate product then reacts with the C=O and COOH functional
groups on the surface of activated char to generate Hg-OM. At high adsorption temperatures, Hg-OM on the adsor-
bent surface can further decompose and generate HgO. The C-Cl group is important for the first oxidation step of gas-
eous Hg0, and the formation of HgCl2 is the rate-determining step for the entire process of adsorption.
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INTRODUCTION

Mercury is a typical heavy metal contaminant that has deleteri-
ous effects on the environment and human health. With the grow-
ing awareness about the severity of the effects of mercury, there is
now global agreement on the need for reducing its emission into
the atmosphere. Coal processing and utilization industry is the main
contributor to mercury pollution in the atmosphere [1]. Upon com-
bustion and gasification of coal, the mercury in coal is converted
into a gaseous form and migrates into the atmosphere, thereby
seriously affecting environmental quality. There have been several
reports on the different forms of mercury in coal-fired flue gas as
well as technologies for controlling mercury emission. Studies on
the latter have predominantly focused on the preparation of effi-
cient and inexpensive solid adsorbents, the most popular of which
include activated carbon, zeolite molecular sieves, metal oxides,
and calcium-based sorbents [2-6].

With the rapid development of large-scale coal gasification tech-
nology, several researchers have highlighted the need for the re-
moval and capture of mercury from syngas [7,8]. The technology
for the removal of mercury from syngas is quite different from that
of mercury from coal-fired flue gas in terms of the adsorption tem-
perature window. The temperature of flue gas before the electro-
static precipitator is generally 100-120 oC, while the temperature of
syngas after chilling is 200-350 oC. The adsorbents currently used
for the removal of mercury are extremely sensitive to temperature,
and the mercury removal performance can be significantly decreased

at adsorption temperatures greater than 150 oC [9-12]. Thus, it is
imperative to develop new adsorbents that exhibit good thermal
stability and high mercury removal efficiency, which can perform
at the temperatures required for syngas purification.

The co-pyrolysis of lignite and biomass is a classification trans-
formation process based on the chemical composition and struc-
tural characteristics of coal and biomass, and has increasingly been
of concern in recent years [13,14]. The char obtained from pyroly-
sis is an inexpensive adsorption material with a large specific sur-
face area, developed pore structure, and abundant functional groups,
and can partly replace activated carbon in the fields of flue gas
purification and sewage treatment [15-18]. On the other hand, few
studies are available on the capture of gaseous Hg0 under gasifica-
tion conditions using the char obtained from the co-pyrolysis of
lignite and biomass.

Our previous study showed that lignite char is an ideal material
for the adsorption of Hg0 at low temperatures [19]. In this study, a
mixture of lignite and biomass was impregnated with a ZnCl2 solu-
tion and pyrolyzed at 600 oC in the N2 atmosphere to prepare acti-
vated char. The surface properties of activated char were characterized
in detail, the adsorption characteristics of Hg0 on the surface of
activated char were investigated under simulated temperature con-
ditions for syngas purification (100-360 oC), and the adsorption
mechanism was analyzed. In addition, a commercial sulfur loaded
activated carbon (ZS-08) was used as benchmark sorbent with
mercury removal capability.

MATERIALS AND METHODS

1. Sorbent Preparation
Lignite was sourced from Huolinhe City, Neimenggu Province,
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China. First, lignite was dried at 110 oC and crushed to a size below
0.3 mm. Second, 20 g of a coal sample was accurately weighed and
evenly mixed with 30 g of sawdust (0.4-1 mm). Third, the mixture
was impregnated with a 25% ZnCl2 solution and stirred for 12 h at
90 oC, with a solid-to-liquid volume ratio of 1 : 3. Next, the sample
was filtered and dried after treatment, followed by pyrolysis in a
muffle furnace at 600 oC in a N2 atmosphere for 1 h. Finally, it was
cooled to room temperature and crushed into a powder (80-100
mesh). This sample was named ZnSC. For comparison, the mix-
ture of dried coal and biomass was directly pyrolyzed in a muffle
furnace at 600 oC in an N2 atmosphere for 1 h, followed by cooling
and crushing. This sample was named SC. Sulfur loaded activated
carbon (ZS-08) was purchased by Zhengsen Chemical Industrial
Company, Nanjing, China.
2. Characterization of Samples

The physical properties of the samples were characterized by
the Brunauer-Emmett-Teller (BET) method; the surface area and
pore size distribution were obtained by adsorption-desorption under
N2 at 77 K using an automatic volumetric multipoint apparatus
(SSA-4300). Before measurements, all samples were outgassed at
100 oC for 2 h. X-ray photoelectron spectroscopy (XPS; Thermo
ESCALAB 250) was employed with Al Kα radiation (hν=1486.6
eV) as the excitation source to determine the binding energies of
C1s, O1s, and Cl 2p. The C1s line at 284.6 eV was used as refer-
ence for the calibration of binding energy.
3. Experimental Methodology and Instrumentation

As shown in Fig. 1, gaseous Hg0 adsorption experiments were
conducted in a fixed-bed reactor equipped with syngas simulation,
gas adsorption, and tail gas analysis equipment. An Hg0 perme-
ation tube (VICI Metronic, Inc. U.S.A.) was used to generate a con-
stant amount of Hg0 vapor (~50µg/m3), which was introduced at
the inlet of the gas mixer along with 150 mL/min N2. The remain-
ing N2 (850 mL/min) was supplied using a gas cylinder and pre-
cisely controlled using mass flow controllers. All the gas components
were mixed and preheated to the desired temperature and then
passed through a quartz reactor (ID 1.0 cm, length 100 cm). A pipe
furnace was employed to keep the quartz tube at the desired tem-

perature during adsorption. The concentration of mercury in the
tail gas was measured online with a QM201H mercury analyzer.
The limit of detection of QM201H mercury analyzer was 0-100
µg/m3. The experimental device was used to conduct basic mer-
cury mass balance tests, and the error was less than 5%.

First, adsorbent particles (1.0 g) were mixed with 3.0-4.0 g of
inert glass beads at an adsorbent bed height of 1.5 cm. At the
beginning of the experiment for the determination of mercury
removal activity, the gas stream bypassed the reactor, and the inlet
gas was sampled to ensure a stable Hg0 feed concentration. After
stable and consistent mercury feeding was established in the sys-
tem, Hg0-containing syngas was added to the reactor and a mer-
cury monitor was used to measure the concentration of mercury
in the outlet flue gas.

The mercury removal efficiency (η) of an adsorbent from gas-
eous Hg0 can be calculated by formula (1):

η=(1−Ct/C0)×100% (1)

Here, η is the adsorption efficiency, C0 is the Hg0 concentration
in the inlet stream, and Ct is the Hg0 concentration in the outlet
stream.
4. Mercury Temperature-programmed Desorption Experiments

Mercury temperature-programmed desorption (Hg-TPD) was
employed for studying the state of mercury on the surface of sor-
bents. In this experiment, 1.0 g of the ZnSC sorbent was treated
for 5 h to investigate the adsorption of mercury at temperatures of
100, 260, and 360 oC. The mercury-loaded sorbents were heated
from 50 oC to 600 oC at a rate of 10 oC/min under 1 L/min Ar flow.
The concentration of the mercury released in the carrier gas was
continuously measured by using the QM201H mercury analyzer.
Each sample was reduced using a SnCl2 solution before measure-
ment in order to convert to Hg0 completely.

RESULTS AND DISCUSSION

1. BET
Table 1 lists the specific surface areas and volumes of SC, ZnSC

Fig. 1. Experimental device for the adsorption of gas-phase Hg0.
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and ZS-08. The SC sample exhibited smaller surface area and larger
average pore size, and its surface was predominantly composed of
micropores and mesopores. Modification by ZnCl2 led to signifi-
cant increase in the surface area and total pore volume of char.
While the specific surface area and total pore volume of SC were
95.896 m2/g and 0.0373 m3/g, respectively, the corresponding val-
ues for ZnSC were higher at 1063.948 m2/g and 0.6644 m3/g, respec-
tively. In addition, the average pore size was reduced from 6.07 nm
to 2.23 nm, and the volume of micropores and mesopores increased
significantly compared to SC, indicating that ZnSC had a large sur-
face area and a developed porous structure that were superior to
those of sulfur loaded activated carbon (ZS-08). This was because
the modification by ZnCl2 led to the attachment of the active com-
ponent ZnCl2 to the surface of biomass and lignite. During pyroly-
sis, ZnCl2 promoted the dehydration of organic substances and
inhibited the production of tar. Additionally, some of the carbon

Table 1. The specific surface areas and volumes of SC, ZnSC and ZS-08

Sample
Specific
surface

area (m2/g)

Average
pore size

(nm)

Total volume
capacity
(cm3/g)

Micropore (≤2 nm) Mesopore (20-50 nm) Macropore (>2 nm)
Volume
capacity
(cm3/g)

Proportion
(%)

Volume
capacity
(cm3/g)

Proportion
(%)

Volume
capacity
(cm3/g)

Proportion
(%)

SC 0095.896 6.07 0.0373 0.0232 62.2 0.0125 33.4 0.0016 4.4
ZnSC 1063.948 2.23 0.6644 0.4093 61.6 0.2511 37.8 0.0040 0.6
ZS-08 0896.185 4.83 0.4296 0.1667 58.4 0.2509 38.8 0.0120 2.8

Fig. 2. The XPS spectra of ZSC, ZnSC and Hg-ZnSC.

Fig. 3. XPS spectra of C1s for sorbents.
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compounds in the biomass and lignite were converted to non-vol-
atile poly-condensation forms, which were deposited on the ZnCl2
molecular framework. Both the dehydration and condensation
effects led to the generation of new micropores on the char surface.
2. XPS

Fig. 2 shows the full XPS spectra of SC, ZnSC, and the mer-
cury-loaded sorbent after adsorption at 260 oC (Hg-ZnSC). The
main elemental constituents of SC were C and O. After modifica-
tion by ZnCl2, the Zn 2p peak was centered at 1,023 eV, and the
Cl 2p peak was centered at 199 eV, suggesting that either the com-
pound or Zn- and Cl-containing functional groups were formed
on the char surface during modification. Since the binding ener-
gies of Hg 4f and Si 2p are similar, the Hg 4f energy peak was
masked by the Si 2p energy peak from the char, and it was diffi-
cult to identify the morphology of Hg0 adsorbed on the samples
by XPS analysis.

For comparing the surface functional groups on the samples
before and after ZnCl2 modification as well as mercury adsorption,
XPS peak processing software was employed for the simulation of
multi-peaks in the binding energy range of C1s and calculation of
the elemental ratios among different surface carbon functional groups
[20,21]. The results are shown in Fig. 3 and Table 2. The C-C car-
bon species are the main carbon components on the surface of SC
(62.66%), followed by the carbon species C-OR (32.07%), C=O
(2.25%), and O=C-OH (3.17%). The amounts of C-O, C=O, and
COOH functional groups on the ZnSC surface were higher than
those on SC. After the adsorption of mercury, the content of the
C-O functional group content on the surface of Hg-ZnSC increased,
while the content of C=O and COOH group content clearly de-
creased. This result suggests that C=O and COOH significantly con-
tribute to the adsorption of gaseous Hg0, and they can react with

Table 2. Functional groups of sorbents from XPS C1s spectra

Functional
groups

Electron binding
energy (eV)

Relative intensity (%)
SC ZnSC Hg-ZnSC

C-C 284.5-284.6 62.66 50.32 50.55
C-OR 285.8-286.0 32.07 35.26 43.30
C=O 288.1-288.3 02.25 06.75 03.26
COOH 290.0-290.8 03.17 07.67 02.89

Fig. 4. The XPS spectra of Cl 2p for sorbents.

mercury to form a mercury complex, Hg-OM [22]. Modification
by ZnCl2 led to increase in the C=O and COOH group contents
on the char surface, and the modified surface exhibited enhanced
adsorption of gaseous Hg0.

Fig. 4 shows the results obtained from the Cl 2p peak fitting of
ZnSC and Hg-ZnSC [23,24]. The Cl element mainly existed in two
forms on the activated char surface: covalent C-Cl groups and Cl
ions. The main component of ZnSC was covalent C-Cl groups,
which accounted for 75.61%. On the other hand, the Cl ion con-
tent was only 24.39%. After the adsorption of mercury, the C-Cl
group content on the surface of Hg-ZnSC decreased to 24.14%,
whereas the Cl ion content increased to 75.86%. This indicates that
the C-Cl groups are the active sites for the oxidation of Hg0. During
the adsorption of mercury, gaseous Hg0 was oxidized to Hg2+ by
the C-Cl groups which were adsorbed on the micropores of the
activated char surface, and most of the C-Cl on the activated char
surface was converted to Cl ions.
3. Hg-TPD

The ZnSC samples (1.0 g) containing adsorbed mercury were
treated for 5 h at 100, 260, and 360 oC and were subsequently used
for TPD experiments. The mass balance of mercury between ad-
sorption and the TPD experiments varied from 95% to 103%. Fig. 5
shows the Hg-TPD results for the Hg-Zn-SC samples. The desorp-
tion temperatures of mercury form the surface of three activated
chars ranged from 150 oC to 550 oC. For the products of mercury
adsorption at different temperatures, the positions of mercury de-
sorption peaks were significantly different, which indicates that the
speciation during the adsorption of mercury on the surface of ZnSC
is related to the adsorption temperature. The peak fit software was
used to fit the overlapping peaks of the TPD curves, and the tem-
perature ranges at which the desorption of mercury compounds
occurred were as follows: HgCl2 (210-240 oC), Hg2+ combined with
oxygen functional groups on the char surface, which corresponds
to Hg-OM (270-320 oC), and HgO (350-430 oC) [25-27]. For the
mercury-loaded product at 100 oC, the mercury was mainly in the
form of Hg-OM, which accounts for 96.03%, with only 3.97% of
HgCl2. On the other hand, at the adsorption temperature of 260 oC,
the mercury compounds adsorbed on the surface of Hg-ZnSC con-
sisted of 6.37% of HgCl2, 82.43% of Hg-OM, and 11.19% of HgO.
At 360 oC, the mercury-loaded product mainly consisted of HgO,
which accounts for 79.90%, with only 20.10% of Hg-OM.
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4. Mercury Removal Performance of Sorbents
4-1. Enhanced Effect for the Mercury Removal Efficiency by ZnCl2-
modified Activated Char

Fig. 6 shows the mercury removal efficiency of SC, ZnSC and
ZS-08 at a mercury inlet concentration of 50µg/m3, gas flow rate
of 1 L/min, adsorbent dosage of 1.0 g, and adsorption temperature
of 260 oC. The mercury removal efficiency of SC was below 20%.
Modification by ZnCl2 led to a significant improvement in the mer-
cury removal efficiency, which remained greater than 90% after
adsorption for 270 min. The ZS-08 exhibited good removal effi-
ciency during the initial 90 min and decreased sharply thereafter.
At higher adsorption temperatures, chemisorption of gaseous Hg0

mainly occurred on the adsorbent surface, and the mercury removal
efficiency was determined by the catalytically active mercury sites,
where the oxidation of mercury occurred on the adsorbent sur-
face [28]. Li et al. [23,29-31] reported that C-Cl groups on the sur-
face of carbon-based adsorption materials oxidize gaseous Hg0 to
HgCl2 or other Hg-Cl compounds. Several studies have shown that
carbonyl, carboxyl, phenolic hydroxyl, and other oxygen-contain-
ing functional groups can effectively promote the oxidation and
adsorption of gaseous Hg0 [32-35]. As observed from the XPS analy-
sis, several C-Cl groups were generated and the amounts of C=O
and COOH groups were significantly increased on the surface of
ZnSC during modification by ZnCl2. In addition, according to the
BET data, the surface area and total pore volume of ZnSC were as
high as 1,063.948 m2/g and 0.6644 m3/g, respectively, which can
effectively adsorb oxidized mercury. Therefore, ZnSC exhibits high
mercury removal efficiency.
4-2. Effect of Adsorption Temperature on the Mercury Removal
Efficiency of ZnSC

The adsorption temperature significantly affects the mercury
removal performance of adsorbents. Fig. 7 shows the mercury re-
moval efficiency of ZnSC at a mercury inlet concentration of 50
µg/m3, gas flow rate of 1 L/min, adsorbent dosage of 1.0 g, and ad-
sorption temperatures of 100, 260, 300, and 360 oC. When the ad-
sorption temperature increased from 100 oC to 260 oC, the mercury
removal efficiency of ZnSC decreased slightly. Further increase in
the adsorption temperature beyond 260 oC resulted in a rapid de-
crease in the mercury removal efficiency, and it decreased to ap-
proximately 60% at an adsorption temperature of 360 oC. For the
chemisorption of gaseous Hg0, C-Cl groups on the surface of ZnSC

Fig. 5. Hg-TPD spectra of Hg-ZnSC adsorbed at different temperatures.

Fig. 6. Mercury removal performance of SC, ZnSC and ZS-08 at
260 oC.
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oxidized Hg0 to HgCl2. The formation of HgCl2 was exothermic
[36], and the increase in the temperature inhibited the forward
reaction, thereby decreasing the mercury removal efficiency of
ZnSC. Generally, ZnSC exhibited excellent mercury removal per-
formance under high-temperature conditions, and the mercury
removal efficiency was maintained at greater than 85% in the tem-
perature range of 100 oC to 260 oC.
5. Mechanism of Mercury Adsorption

The Cl and O-containing functional groups on the surface of
ZnSC are the oxidation and adsorption active sites for gaseous Hg0.
The data in Table 1 indicate that ZnSC has a large specific surface
area and well-developed pore structure. During adsorption, after
the gaseous Hg0 was spread on the surface, it was physically ad-
sorbed on the micropores on the surface of ZnSC. The physically
adsorbed Hg0 then came into contact with the C-Cl groups and
was oxidized to HgCl2. The reaction equations can be described as
follows:

Hg0+ZnSC−surface→Hg0 (ad) (2)

Hg0 (ad)+C−Cl→C−Hg−Cl (3)

C−Cl+C−Hg−Cl→2C+HgCl2 (4)

From the Cl 2p spectra in Fig. 4, the C-Cl functional group
content on the surface of ZnSC was as high as 75.61%, which de-
creased to 24.14% after the adsorption of mercury. This indicates
that a fraction of the C-Cl functional groups on the activated char
surface can oxidize gaseous Hg0 resulting in the generation of HgCl2
during adsorption.

Fig. 5 shows the results obtained from Hg-TPD. The Hg-ZnSC
samples with mercury loaded at 100 oC and 260 oC mainly con-
sisted of Hg-OM and a small amount of HgCl2, suggesting that
HgCl2 is the intermediate product obtained from adsorption. This
product continues to react with the oxygen-containing functional
groups on the surface of activated char and generates Hg-OM. At
an adsorption temperature of 360 oC, HgCl2 was not detected on
the surface of Hg-ZnSC. In addition, the Hg-OM content was low,
and the main adsorbed form of mercury was HgO. This shows
that most of the Hg-OM on the activated char surface can be de-
composed to generate HgO at higher adsorption temperatures. The

chemical equation for this reaction can be described as follows:

(5)

(6)

Fig. 8 shows the oxidation and adsorption mechanisms of gas-
eous Hg0 on the surface of ZnSC. During the chemisorption of gas-
eous Hg0, the C-Cl groups were the important active sites for the
first step of Hg0 oxidation. HgCl2 was the intermediate product,
and the reaction resulting in the generation of HgCl2 was the con-
trolling step for the entire process. This step can significantly affect
the mercury removal efficiency of the adsorbent. Increase in the
adsorption temperature can inhibit the positive reaction, thereby
decreasing the mercury removal performance of ZnSC.

CONCLUSIONS

Activated char obtained by the co-pyrolysis of the mixture of
lignite and biomass impregnated with a ZnCl2 solution has been
prepared as an adsorbent for high-temperature mercury removal.
The mercury removal capability of ZnSC is superior to that of SC
and commercial sulfur loaded activated carbon (ZS-08). The ZnSC
sample exhibits a large surface area and developed pore structure,
and its average pore size is in the micropore size range. New C-Cl
groups are generated in ZnSC, as compared to SC, and the con-
tent of C=O and COOH groups significantly increases. ZnSC exhib-
its excellent mercury removal efficiency performance at high tem-
peratures, and the efficiency decreases with the increase in the ad-
sorption temperature. During adsorption, gaseous Hg0 first dif-
fuses and is physically adsorbed on the micropores of ZnSC. It
then contacts with the C-Cl groups and is oxidized to HgCl2, and
HgCl2 as the intermediate product reacts with the carbonyl and

Fig. 7. Effect of adsorption temperature on the mercury removal
efficiency of ZnSC.

Fig. 8. Mechanism of mercury adsorption.
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carboxyl groups on the surface of activated char to generate Hg-
OM. At high adsorption temperatures, Hg-OM on the activated
char surface can further decompose to generate HgO. The differ-
ent forms of mercury on the surface of Hg-ZnSC are related to the
adsorption temperature. The C-Cl groups are the important active
sites for the first step of Hg0 oxidation, and the reaction resulting
in the generation of HgCl2 is the controlling step for the entire
adsorption process. This step influences the mercury removal per-
formance of ZnSC.
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