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h i g h l i g h t s
 The heterogeneous oxidation process is confirmed to be Eley–Rideal mechanism.
 The unburned carbon (UBC) is important for mercury oxidation and adsorption.
 Mercury can be adsorbed by Al2O3, Fe2O3 and TiO2, not CaO and MgO.
 No metallic oxides catalyzed the mercury oxidation in simulated flue gas.
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a b s t r a c t
Coal combustion is a predominant anthropogenic source of atmospheric mercury emissions. The
oxidation and adsorption on the surface of fly ashes are crucial to mercury control. In this study, we
discussed the mercury adsorption/oxidation mechanisms on the surface of fly ashes and different roles
of organic and inorganic compositions based on the experimental results of a fixed-bed reactor and temperature programmed decomposition technique (TPDT). The results indicated that the fly ashes played
significant roles in mercury oxidation and adsorption. The residual Cl element on the surface of fly ashes
after pretreatment at 650 °C contributed to the oxidation and adsorption of mercury. The heterogeneous
oxidation process in this study has been confirmed to follow an Eley–Rideal mechanism. Unburned
carbon (UBC) is important for mercury oxidation and adsorption on fly ashes. O2 promoted mercury
adsorption, but not oxidation. The adsorption capacity was greatly increased in a simulated flue gas,
and the oxidation rate was 60%. Al2O3, Fe2O3 and TiO2 were capable of adsorbing mercury. Among these
compounds, Al2O3 displayed the largest adsorption capacity. Mercury adsorption did not occur on the
surface of CaO and MgO. The flue gas compositions exhibited no influences on the adsorption capacity
for the above five metallic oxides. No metallic oxides catalyzed the mercury oxidation regardless of
the flue gas composition.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Mercury is of great concern as a global pollutant. Extensive
efforts have been made to control mercury emissions worldwide.
The Minamata Convention on Mercury signed in October 2013 is
the latest milestone in this progress. According to the global atmospheric mercury emission inventories, coal combustion is one of
the largest anthropogenic sources of atmospheric mercury
emissions [1–4]. The convention requires the reduction of future
⇑ Corresponding author at: School of Environment, and State Key Joint Laboratory
of Environment Simulation and Pollution Control, Tsinghua University, Beijing
100084, China.
E-mail address: shxwang@tsinghua.edu.cn (S. Wang).
http://dx.doi.org/10.1016/j.fuel.2015.09.065
0016-2361/Ó 2015 Elsevier Ltd. All rights reserved.

mercury emissions resulting from coal combustion. The coremoval of mercury in air pollution control devices (APCDs) is significantly important for the control of mercury emissions from
coal-fired power plants. However, the removal efficiencies of different APCDs depend on the mercury speciation in the flue gas.
The mercury species in coal combustion flue gas include gaseous
elemental mercury (Hg0), gaseous oxidized mercury (Hg2+) and
particle-bound mercury (Hgp). Different mercury species can be
removed in APCDs with different efficiencies [5,6]. Hgp can be efficiently captured by dust collectors, whereas Hg2+ is mainly
removed in wet flue gas desulfurization (WFGD) because of its high
water-solubility. Hg0 remains in the flue gas and is difficult to
remove. Therefore, a comprehensive understanding of the mercury
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oxidation and adsorption mechanisms in coal combustion flue gas
must be obtained.
Mercury releases from coal in its elemental form under a combustion temperature of over 1000 °C in the boiler. With the cooling
of the flue gas, mercury reacts homogeneously and heterogeneously with the compositions of the flue gas and transforms into
oxidized forms. Simultaneously, a certain proportion of Hg2+ is
adsorbed onto the surface of fly ash, forming Hgp. Although the
compositions of coal combustion flue gases are complicated, HCl
has been considered to be the main oxidant [7–11]. Recently, several studies have indicated that the heterogeneous oxidation
occurring on the surface of the fly ashes is an important mechanism [12–16]. The heterogeneous reaction mechanisms include
the Langmuir–Hinshelwood mechanism, Eley–Rideal mechanism
and Mars–Maessen mechanism [15]. However, the exact mechanism remains unclear. Identification of the mercury chemical species on the fly ashes will significantly promote the understanding
of the oxidation mechanism. The temperature programmed
decomposition technique (TPDT) has been tested currently to identify the mercury chemical species in coal-fired fly ashes and gypsum produced in power plants [17,18]. Therefore this technique
may help identify the product of mercury oxidation. Additionally,
unburned carbon (UBC) and iron in fly ashes have been confirmed
to be important for mercury oxidation and adsorption [19–21].
However, a systematical study on the roles of the fly ash compositions is still needed.
In this study, the fixed-bed reactor and temperature programmed decomposition technique (TPDT) were combined to
identify heterogeneous mercury oxidation mechanisms on fly
ashes. Pure materials were also selected to explore their roles in
the mercury oxidation process by substituting the compositions
of the fly ashes. Based on the experiment results, we discussed
the mercury oxidation mechanisms and the roles of the organic
and inorganic components of the fly ashes.
2. Experimental section
2.1. Sample pretreatment and preparation
The fly ashes used in this study were collected from an electrostatic precipitator (ESP) in a 600 MW pulverized-coal power plant.
The air pollution control devices in this power plant included an
ESP and WFGD. The anthracite coal burned in this plant was transported from Guizhou Province. The mercury, chlorine and sulfur
contents in this coal were 0.17 ppm, 117 ppm and 1.13%, respectively. The fly ashes used in this study were pretreated before
the experiments. The pretreatment was performed by heating the
fly ashes to 650 °C in a muffle furnace and maintaining this temperature for 4 h. Almost all of the mercury in the fly ashes should
be removed at this temperature regardless of the form of the mercury chemical [17,22,23]. However, other elements might remain
on the surface of the fly ashes, such as Cl.
Reference samples with a mercury concentration of 1 ppm used
in TPDT for the reference profile were prepared through successive
dry dilution. In total, 0.1 g of a pure Hg compound (HgCl2, HgS,
HgSO4, HgO, HgBr2, and Hg2SO4) was mixed with 10 g of pretreated
fly ashes to obtain a sample with a mercury concentration of
10,000 ppm. The mixture was then diluted to 1 ppm through similar procedures with the pretreated fly ashes.
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reaction temperature. Mass flowmeters are used to control the
flow rate of different standard gases to provide a mixed simulated
flue gas. N2 is used as the balance gas. The total flow amount of the
simulated flue gas in this study is maintained at 1 L/min in all of
the experiments to obtain a constant residence time, which is
important for catalysis reactions. The space velocity of the experiment is 1:2  106 h1, which is comparable with the typical catalysis experiments [25,26]. A mercury permeation tube is immersed
in a water bath maintained at a steady temperature to supply the
simulated flue gas with a constant mercury concentration. The
mercury concentration is maintained at approximately 20 lg/m3.
To determine the mercury species at the outlet of the fixed-bed
reactor, a Mercury FreedomTM system (Thermo Fisher Scientific
Inc.) is employed to monitor the concentrations of different gaseous mercury forms, including gaseous elemental mercury (Hg0),
gaseous oxidized mercury (Hg2+) and gaseous total mercury
(Hgt). This system is designed based on the United States Environment Protection Agency (US EPA) Method 30A and displays a
detection limit of 0.01 lg/m3.
The TPDT system is identical to that presented in previous work
[18]. This system includes a temperature-programming furnace
and a high-temperature furnace. The first furnace is heated from
room temperature (approximately 20 °C) to 650 °C at a constant
rate of 10 °C/min. The temperature of the second furnace is maintained at 800 °C to transform all of the mercury compounds into
vaporized elemental mercury. The mercury concentration is
detected with a real-time Lumex Zeeman mercury analyzer
(Lumex RA915+, Russia). In the TPDT experiments, a 0.5 g sample
is heated under a N2 carrier gas flow rate of 400 ml/min. The mercury compounds with different decomposition temperatures
vaporize at specific temperatures in the first furnace, transform
to elemental mercury in the second furnace and are detected by
the analyzer at the end of the process. The mercury concentration
detected exhibits distinct or partially overlapped peaks that can be
used to identify the mercury compounds according to the reference profiles.
The chlorine content of fly ashes pretreated in the muffle furnace is determined referenced to ASTM D7359-08 method and
the standard testing method of chlorine content in coal in China
(GB/T 3558-2014) [27,28]. The fly ash is heated from room temperature (about 25 °C) to 1100 °C in the mixture atmosphere of oxygen and moisture. The chlorine in the mixture gas is absorbed by
the high purity water. Then ion chromatography (IC, ICS-2000,
DIONEX, Inc., USA) is used to determine the concentration of chlorine content in the solution. Therefore the chlorine content in fly
ashes can be calculated based on the concentration of chlorine content in the solution, the volume of the solution and the amount of
fly ashes.
A series of instruments are also used in this study to conduct a
composition analysis of the fly ashes. To obtain the content of
unburned carbon (UBC) in the fly ashes, a thermogravimetric analyzer (TGA/DSC 1, METTLER-TOLEDO, Inc., Switzerland) is
employed in this study. The valence of the main elements on the
surface of the fly ashes is determined by X-ray photoelectron spectroscopy (PHI Quantera SXMTM, ULVAC-PHI Inc., Japan). The contents of the inorganic compositions are analyzed with X-ray
fluorescence spectroscopy (XRF-1800, Shimadzu Corporation,
Japan).

2.3. Experimental design
2.2. Experimental apparatus and analysis equipment
The fixed-bed apparatus was described in previous studies [24].
This apparatus consists of a quartz fixed-bed reactor, a thermocouple and a heating furnace outside the reactor to control the

To investigate the mercury oxidation mechanisms on the surface of the fly ashes and the roles of different fly ash compositions,
this study is conducted in two portions. The mercury oxidation
mechanisms are first explored. The mercury breakthrough curve
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Table 1
Compositions of the flue gas atmosphere.

NO
HCl
SO2
O2
CO2
N2

Original concentration

Flow (ml/min)

Actual concentration

1%
1000 ppm
2%
99.99%
99.99%
99.99%

30
40
50
60
120
700

300 ppm
40 ppm
1000 ppm
6%
12%
Balance

of the pretreated fly ashes in N2 atmosphere is determined in a
fixed-bed reactor, and the formed mercury compounds on the fly
ashes are subsequently identified using TPDT. To further confirm
the mercury oxidation mechanisms, mercury and HCl are alternately introduced into the fixed reactor in the following sequence:
HCl (4 h) + N2 (2 h) + Hg (4 h) + N2 (2 h) + HCl (4 h). Monitoring the
mercury concentration and speciation at the outlet of the reactor
can elucidate the mercury oxidation pathways. Mercury oxidation
by fly ashes is then confirmed in the simulated flue gas atmosphere. Table 1 gives the compositions of the flue gas atmosphere.
The roles of different fly ash compositions are then studied. The
composition analyses are first conducted to obtain the contents of
the organic and inorganic compositions. Substitutes are then
selected to simulate the UBC and five metallic oxides in the fly
ashes according to the composition analyses. The mercury oxidation and adsorption are evaluated in three different atmospheres:
N2, N2 + O2 and the simulated flue gas for each composition
substitute.
3. Results and discussion
3.1. Breakthrough curves of mercury
The Hg0 and Hgt concentrations at the outlet of the fixed-bed
reactor are presented in Fig. 1 when nitrogen and the simulated
flue gas atmosphere were used. To clearly present the mercury
concentrations, a normalized mercury concentration (the proportion of the real concentration to 20 lg/m3) is used in this study.
The normalized Hgt concentration gradually rose from 0.4 to 1 during a period of more than 4 h. As discussed in a previous study, fly
ashes can be regarded as a type of sorbent, and the adsorption can
be described by a Langmuir adsorption isotherm formula. The statistical data for the field measurements confirmed this point [5].
Theoretically, when the Langmuir adsorption occurs on the surface
of sorbents in a fixed-bed reactor, the mercury concentration at the
outlet of the reactor follows a logarithmic curve with time. In this
study, the adsorption curve of total mercury in Fig. 1(a) was similar
to a typical logarithmic curve. In another study, Xu et al. obtained
removal efficiency curves that varied with time for three different
fly ashes using a fixed-bed reactor. In this study, the removal efficiency was defined as one minus the normalized mercury concentration. The shape of the adsorption curves for the two types of fly
ashes after converting the removal efficiency curves were similar
to that in Fig. 1 of this study [24]. However, the adsorption capacity
was apparently different. The differences of the UBC content and
the surface area were considered to be the main reasons for this
difference. Generally speaking, the mercury adsorption capacity
is also affected by the compositions of carrier gas besides the characteristics of adsorbents itself. The adsorption capacity may change
significantly when other gas is added.
As exhibited in Fig. 1(a), the mercury oxidation rate declines
rapidly from more than 40% to almost zero in a period of approximately 1 h when N2 is used. Generally speaking, N2 is an inactive
gas. Thereby, the mercury oxidation in a N2 atmosphere should be
attributed to the fly ashes. This will be further discussed in the next

Fig. 1. Mercury oxidation and retention by the fly ashes: (a) N2 atmosphere; (b)
simulated flue gas.

section. It can also be seen that the mercury adsorption occurred
simultaneously with the mercury oxidation in the N2 atmosphere.
Since both of the mercury oxidation and adsorption occur on the
active sites of the fly ashes, there may be two kinds of active sites
on the surface of the fly ashes. Some active sites can be took off
after reacting with the mercury and other active sites cannot under
the experiment conditions in this study. The mercury oxidation in
the simulated flue gas is shown in Fig. 1(b). The fly ash reached its
adsorption capacity before initiating the study of mercury oxidation. The oxidation rate was stable at 60% throughout the experimental period. Previous studies have demonstrated that the
mercury in coal flue gas is oxidized homogeneously and heterogeneously. The homogeneous mechanism displays a lower oxidation
rate when considering the 40 ppm HCl concentration in this study
[29–31]. The mercury oxidation rate only reached 13% when similar simulated flue gas were used in a study, especially considering
that NO (the confirmed main oxidant in flue gas) in this study was
much lower [31]. Recent studies have confirmed that mercury oxidation predominantly occurs through a heterogeneous reaction on
the surface of fly ashes [15,32]. To understand the adsorption and
heterogeneous oxidation mechanisms on the fly ashes, the role of
different fly ash compositions should be investigated.
3.2. Mercury oxidation and adsorption mechanism
To investigate the mercury species on the fly ashes after adsorption in a N2 atmosphere and to further understand the mechanisms
of mercury oxidation, TPDT was employed in this study. Different
pure model mercury compounds, which were the most likely to
appear on the fly ashes in the coal combustion process, were mixed
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Table 2
Comparison of the peak temperatures of the thermo decomposition for different
mercury compounds.
Mercury
compound

Peak temperature in this
study (°C)

Peak temperature in other
studies (°C)

HgBr2
Hg2Cl2
HgCl2
HgS (Black)
HgO
HgS (Red)
HgSO4

220
–
240
259
312
350
540

110 [47]
170 [17]
85 [17]
265 [17]
430 [17], 340 [48]
290 [17], 310–330 [47]
570 [17], 450–500 [49]

Note: ‘‘–” indicates not available.

4 h. This was consistent with the experiment results of TPDT
experiments.
The TPDT results also indicated that elemental mercury was not
physically adsorbed on the surface of the fly ashes at 140 °C and
that the chemisorption occurred only at the Cl-sites. Therefore,
the heterogeneous reaction between mercury and HCl may follow
the Eley–Rideal (E–R) mechanism. To further confirm this mechanism, a series of experiments was designed and conducted. First,
HCl was introduced into the fixed-bed for 4 h. In this step, HCl
was adsorbed onto the surface of the fly ashes. The mercury species
were then determined at the outlet of the fixed-bed when the N2
carrying mercury passed through the bed, as exhibited in
Fig. 3(a). Finally HCl was introduced into the system for the second
time. The mercury concentration displayed a high peak and then
declined to zero, as presented in Fig. 3(b). The mercury was almost
entirely present in oxidized forms, indicating that mercury oxida-

Fig. 2. Mercury species identification after adsorption in a N2 atmosphere: (a)
thermo decomposition profile of model mercury compounds in a matrix fly ash; (b)
thermo decomposition profile of fly ashes after adsorption in a N2 atmosphere.

with pretreated mercury-removed fly ashes. The mixtures were
then heated to obtain the standard thermo decomposition curves.
The thermo decomposition profiles of the model mercury compounds are shown in Fig. 2(a). The temperature appearance of
the model mercury compounds is arranged in an increasing order
of HgBr2 < HgCl2 < HgS (Black) < HgO < HgS (Red) < HgSO4. The
peak temperatures for the thermo decomposition for the different
mercury compounds in this study are compared with those in
other studies in Table 2. The majority of peak temperatures are
close between the different studies. The noted differences are
considered to be mainly caused by the variations between the
experimental conditions in these studies, such as the basic materials. The mercury species on the fly ashes after mercury adsorption
in a N2 atmosphere was determined and presented in Fig. 2(b). The
peak temperature was 237 °C, which is closest to the standard profile of HgCl2. Therefore, the pretreatment process of fly ashes, as
mentioned before, could not remove the Cl element from the surface of the fly ashes; however, other mercury compounds were
vaporized and decomposed. The residual Cl element contributed
to the mercury oxidation in a N2 atmosphere. The oxidation process finished after approximately 1 h because no Cl was supplied.
The Cl residue might also contribute to the mercury adsorption
on fly ashes, as discussed in previous studies; these previous studies were mainly conducted on activated carbon [33,34]. In order to
confirm this point, the chlorine content of the fly ashes pretreated
in muffle furnace was determined to be 2.03 ± 0.77 lg/g. It can be
seen that there was still chlorine remaining on the fly ashes though
the fly ashes was pretreated under the temperature of 650 °C for

Fig. 3. E–R mercury oxidation mechanism (a) Hg and (b) HCl.
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tion occurred. According to the E–R mechanism, the above results
can be interpreted by the flowing equations:

ClðgÞ ! Base  ClðsÞ
Base  ClðsÞ þ HgðgÞ ! Base  HgClðsÞ
Base  HgClðsÞ þ ClðgÞ ! Base  ClðsÞ þ HgClðgÞ
3.3. Composition analyses of the fly ashes
The fly ashes consist of UBC and inorganic components; the
inorganic components are mainly metallic oxides. The contents
of the UBC and inorganic components are exhibited in Table 3.
The UBC was determined by heating the fly ashes to a consistent
weight at more than 850 °C. The fly ashes in this study have a
high UBC content (5.82%) compared to other studies [20,24,35].
The inorganic components of the fly ash appeared in the
decreasing proportion order of SiO2 > Al2O3 > Fe2O3 > CaO > TiO2 >
K2O >MgO > MnO > SO3. The inorganic components of this fly ash
are consistent with previous studies [24]. SiO2 accounts for more
than half of the fly ash. Fe2O3 was demonstrated to be a catalyst
for mercury oxidation [12,21], and the proportion of Fe2O3 is
9.21%. CaO is often regarded as a potential sorbent for mercury
adsorption [36,37], and the proportion of CaO is 4.13%. Al2O3
accounts for a high proportion of 21.77%. Although TiO2 and
MnO display relatively low proportions (3.15% and 0.88%, respectively), previous studies focused on their mercury catalysis efficiencies [38,39]. In this study, the adsorption and catalytic
oxidation of the UBC and five potential metallic oxides are investigated by using their pure substance as substitutes to understand
the mechanisms of mercury adsorption and oxidation.
3.4. The role of UBC in fly ashes
Activated carbon injection (ACI) has been shown to be an efficient technology for mercury removal from coal combustion flue
gases [40–42]. In this study, activated carbon was used as a substitute for UBC in the fly ashes. The adsorption and oxidation experiments were conducted in three stages according to the
atmosphere differences presented in Fig. 4. Elemental mercury in
a N2 atmosphere was introduced into the fixed-bed in the first
stage. The mercury concentration curve in the first stage is similar
to the curve in Fig. 1(a). The normalized mercury concentration
rose to nearly 1 in approximately 20 min, indicating that the activated carbon reached its adsorption capacity. The activated carbon
in this study displayed a relatively low adsorption capacity when
considering the identical experimental conditions conducted for
the fly ashes. The oxidation rate also declined from approximately
20% to zero in 10 min. This can also be explained by the residual
elements on the surface of the activated carbon, similar to the fly
ashes experiment. The mercury adsorption and oxidation curves
on the fly ashes and activated carbon are consistent in our study.

Table 3
Composition analyses of the fly ashes.

UBC
SiO2
Al2O3
Fe2O3
CaO
TiO2
K2O
MgO
SO3
MnO

Fig. 4. Mercury oxidation and adsorption by the activated carbon.

The UBC may play a significant role in the mercury adsorption
and oxidation on fly ashes. This result is confirmed by a previous
study [20].
In the second stage, the normalized total mercury concentration
rapidly dropped from 1 to approximately 0.85 after O2 was added
into the experimental gas. O2 promoted the mercury adsorption on
the activated carbon. The chemisorption of mercury on the adsorption sites formed by O2 was considered to be the main reason for
the higher adsorption. However, the oxidation rate remained zero
during the entire stage, indicating that under these experimental
conditions, minimal mercury oxidation, including heterogeneous
oxidation, was noted. In the third stage, the mercury adsorption
and oxidation in the simulated flue gas, which simulated the realistic flue gas in coal-fired power plants, were tested. The normalized Hgt concentration declined from approximately 0.85 to 0.2.
The mercury adsorption on the activated carbon increased after
the addition of an acid flue gas, such as HCl, NO, SO2 and CO2.
HCl and SO2 were illustrated to promote the adsorption on activated carbon, whereas the role of NO was shown to be complex.
NO inhibited Hg0 adsorption in the presence of 50 ppm of HCl
[43]. In the third stage, the oxidation rate increased to 60%, showing that the activated carbon significantly promoted the mercury
oxidation. Generally, the oxidation is directly related to mercury
chemisorption. Thus the efficient catalytic oxidation also contributed to mercury adsorption. Overall, the surface of the UBC in
the fly ashes, substituted by activated carbon in this study, may
be an important location for mercury heterogeneous reactions
and mercury adsorption. Considering the possible memory effects
and overlapping of mercury adsorption and oxidation in different
atmospheres, these experiments were also conducted individually
in this study. The results are presented in Supporting Information,
and found to be similar with the experiment results when conducting consecutively.

3.5. The role of inorganic compositions in fly ashes

Valence

Percentage

–
+4
+3
+3
+2
+4
+1
+2
+6
+2

5.82
52.31
21.77
9.21
4.13
3.15
1.30
0.88
0.40
0.08

According to the composition analysis of the fly ashes, the mercury oxidation and adsorption of five metallic oxides representing
the main fly ash components, Al2O3, Fe2O3, TiO2, CaO and MgO,
were studied in three different atmospheres. The results are shown
in Fig. 5. The three different atmospheres were N2, N2 + O2 and the
simulated flue gas. Among the five metallic oxides, only three oxides, Al2O3, Fe2O3 and TiO2, displayed the ability to absorb mercury,
whereas the other two metallic oxides, CaO and MgO, displayed little adsorption capacity. Al2O3 displayed the highest adsorption
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Fig. 5. Mercury oxidation and adsorption of the simulated fly ash compositions: (a) Al2O3; (b) CaO; (c) Fe2O3; (d) MgO; and (e) TiO2.

capacity. For more than 4 h, the mercury breakthrough concentration remained approximately zero. The flue gas changes had little
effects on the adsorption process. Fe2O3 and TiO2 presented similar
breakthrough curves to the fly ashes. The normalized mercury concentration increased from 0.2 to 0.3 to more than 0.9 in the N2
atmosphere for approximately 1 h. The adsorption capacity
displayed minimal increases in the N2 + O2 and simulated flue
gas. Iron-base sorbents have been developed to remove elemental
mercury from coal combustion flue gas [44–46]. But according to
this study, Al-based sorbents may be more efficient than that of
iron-based sorbents. More studies should be conducted to investigate the mercury adsorption of Al-based sorbent. The normalized
mercury concentration in the flue gas through CaO and MgO was
approximately 1 in all three atmospheres, indicating that no

adsorption process occurred. Changes in the flue gas also did not
influence the adsorption process. The oxidation rates for all of
the five metallic oxides remained approximately zero in the three
atmospheres, indicating that no oxidation process occurred on the
surface of the five metallic oxides. Therefore, select metallic oxides,
including Al2O3, Fe2O3 and TiO2, played important roles in the mercury adsorption onto the fly ashes; however, no metallic oxides
were found to be able to catalyze mercury oxidation.
4. Conclusions
In this study, we discussed the mercury adsorption/oxidation
mechanisms on the surface of fly ashes and the different roles of
organic and inorganic components. A fixed-bed reactor and TPDD
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were employed in this study. The results are summarized as follows. (1) The fly ashes in this study presented an adsorption ability
in a N2 atmosphere and an oxidation rate of 60% in the simulated
flue gas. (2) The mercury oxidation that lasted for a short time in
the N2 atmosphere was attributed to the fly ashes. Further, the
TPDD results indicated that the residual Cl element on the surface
of the fly ashes contributed to the oxidation and adsorption of mercury. (3) The heterogeneous oxidation process in this study was
confirmed to be an Eley–Rideal mechanism. HCl is first adsorbed
onto the surface of the fly ashes, and mercury in the gaseous phase
reacts with the adsorbed Cl to produce chlorides. (4) The UBC, substituted by activated carbon, played a significant role in the oxidation and adsorption of mercury. O2 promoted mercury adsorption,
and the fly ashes displayed a larger adsorption capacity in the simulated flue gas. The oxidation rate in the simulated flue gas was
60%. (5) Al2O3, Fe2O3 and TiO2 were able to adsorb mercury. Among
these components, Al2O3 displayed the largest adsorption capacity.
Mercury adsorption did not occur on the surfaces of CaO or MgO.
The flue gas compositions exhibited no influence on the adsorption
capacity for the five metallic oxides. No metallic oxides catalyzed
mercury oxidation regardless of the flue gas composition.
Future studies should focus on a quantitative model for mercury oxidation based on the E–R mechanisms confirmed in this
study. Additional studies should investigate the oxidation and
adsorption mechanisms for mercury in varying flue gas
compositions.
Acknowledgements
This study was supported by the Natural Science Foundation of
China (No. 20937002 and 21077065), Major State Basic Research
Development Program of China (973 Program) (No.
2013CB430001) and the Program for New Century Excellent
Talents in University (NCET-10-0532).
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fuel.2015.09.065.
References
[1] Pacyna E, Pacyna J. Global emission of mercury from anthropogenic sources in,
1995. Water Air Soil Pollut 1995;137(2002):149–65.
[2] Pacyna EG, Pacyna JM, Steenhuisen F, Wilson S. Global anthropogenic mercury
emission inventory for 2000. Atmos Environ 2006;40:4048–63.
[3] Pacyna EG, Pacyna JM, Sundseth K, Munthe J, Kindbom K, Wilson S, et al. Global
emission of mercury to the atmosphere from anthropogenic sources in 2005
and projections to 2020. Atmos Environ 2010;44:2487–99.
[4] Pirrone N, Cinnirella S, Feng X, Finkelman RB, Friedli HR, Leaner J, et al. Global
mercury emissions to the atmosphere from anthropogenic and natural
sources. Atmos Chem Phys 2010;10:5951–64.
[5] Wang S, Zhang L, Li G, Wu Y, Hao J, Pirrone N, et al. Mercury emission and
speciation of coal-fired power plants in China. Atmos Chem Phys
2010;10:1183–92.
[6] Wang S, Zhang L, Wu Y, Ancora MP, Zhao Y, Hao J. Synergistic mercury removal
by conventional pollutant control strategies for coal-fired power plants in
China. J Air Waste Manage Assoc 2010;60:722–30.
[7] Senior CL, Sarofim AF, Zeng TF, Helble JJ, Mamani-Paco R. Gas-phase
transformations of mercury in coal-fired power plants. Fuel Process Technol
2000;63:197–213.
[8] Lee TG, Hedrick E, Biswas P. Hg reactions in the presence of chlorine species:
homogeneous gas phase and heterogeneous gas–solid phase. J Air Waste
Manage Assoc 2002;52:1316–23.
[9] Wilcox J, Robles J, Marsden DCJ, Blowers P. Theoretically predicted rate
constants for mercury oxidation by hydrogen chloride in coal combustion flue
gases. Environ Sci Technol 2003;37:4199–204.
[10] Krishnakumar B, Helble JJ. Understanding mercury transformations in coalfired power plants: evaluation of homogeneous Hg oxidation mechanisms.
Environ Sci Technol 2007;41:7870–5.
[11] Zhang L, Wang S, Meng Y, Hao J. Influence of mercury and chlorine content of
coal on mercury emissions from coal-fired power plants in China. Environ Sci
Technol 2012;46:6385–92.

[12] Dunham GE, DeWall RA, Senior CL. Fixed-bed studies of the interactions
between mercury and coal combustion fly ash. Fuel Process Technol
2003;82:197–213.
[13] Norton GA, Yang HQ, Brown RC, Laudal DL, Dunham GE, Erjavec J.
Heterogeneous oxidation of mercury in simulated post combustion
conditions. Fuel 2003;82:107–16.
[14] Schofield K. Fuel–mercury combustion emissions: an important
heterogeneous mechanism and an overall review of its implications. Environ
Sci Technol 2008;42:9014–30.
[15] Zhao Y, Zhang J, Liu J, Diaz-Somoano M, Martinez-Tarazona MR, Zheng C. Study
on mechanism of mercury oxidation by fly ash from coal combustion. Chin Sci
Bull 2010;55:163–7.
[16] Reddy BM, Durgasri N, Kumar TV, Bhargava SK. Abatement of gas-phase
mercury—recent developments. Catal Rev 2012;54:344–98.
[17] Lopez-Anton MA, Perry R, Abad-Valle P, Díaz-Somoano M, Martínez-Tarazona
MR, Maroto-Valer MM. Speciation of mercury in fly ashes by temperature
programmed decomposition. Fuel Process Technol 2011;92:707–11.
[18] Liu X, Wang S, Zhang L, Wu Y, Duan L, Hao J. Speciation of mercury in FGD
gypsum and mercury emission during the wallboard production in China. Fuel
2013;111:621–7.
[19] Bhardwaj R, Chen X, Vidic RD. Impact of fly ash composition on mercury
speciation in simulated flue gas. J Air Waste Manage Assoc 2009;59:1331–8.
[20] Abad-Valle P, Lopez-Anton MA, Diaz-Somoano M, Martinez-Tarazona MR. The
role of unburned carbon concentrates from fly ashes in the oxidation and
retention of mercury. Chem Eng J 2011;174:86–92.
[21] Galbreath KC, Zygarlicke CJ, Tibbetts JE, Schulz RL, Dunham GE. Effects of NOx,
a-Fe2O3, c-Fe2O3, and HCl on mercury transformations in a 7-kW coal
combustion system. Fuel Process Technol 2005;86:429–48.
[22] Murakami A, Uddin MA, Ochiai R, Sasaoka E, Wu S. Study of the mercury
sorption mechanism on activated carbon in coal combustion flue gas by the
temperature-programmed decomposition desorption technique. Energy Fuels
2010;24:4241–9.
[23] Rallo M, Lopez-Anton MA, Perry R, Maroto-Valer MM. Mercury speciation in
gypsums produced from flue gas desulfurization by temperature programmed
decomposition. Fuel 2010;89:2157–9.
[24] Xu W, Wang H, Zhu T, Kuang J, Jing P. Mercury removal from coal combustion
flue gas by modified fly ash. J Environ Sci 2013;25:393–8.
[25] Li H, Wu CY, Li Y, Li L, Zhao Y, Zhang J. Role of flue gas components in mercury
oxidation over TiO2 supported MnOx–CeO2 mixed-oxide at low temperature. J
Hazard Mater 2012;243:117–23.
[26] Li H, Wu C-Y, Li Y, Li L, Zhao Y, Zhang J. Impact of SO2 on elemental mercury
oxidation over CeO2–TiO2 catalyst. Chem Eng J 2013;219:319–26.
[27] ASTM. Standard test method for total fluorine, chlorine and sulfur in aromatic
hydrocarbons and their mixtures by oxidative pyrohydrolytic combustion
followed by ion chromatography detection (Combustion Ion ChromatographyCIC), ASTM D7359-08; 2008.
[28] General administration of quality supervision. Inspection and Quarantine of
the People’s Republic of China (AQSIQ), Standardization Administration of the
People’s Republic of China (SAC), Determination of chlorine in coal: GB/T
3558-2014; 2014
[29] Niksa S, Helble JJ, Fujiwara N. Kinetic modeling of homogeneous mercury
oxidation: the importance of NO and H2O in predicting oxidation in coalderived systems. Environ Sci Technol 2001;35:3701–6.
[30] Sliger RN, Kramlich JC, Marinov NM. Towards the development of a chemical
kinetic model for the homogeneous oxidation of mercury by chlorine species.
Fuel Process Technol 2000;65:423–38.
[31] Zhuang Y, Thompson JS, Zygarlicke CJ, Pavlish JH. Development of a mercury
transformation model in coal combustion flue gas. Environ Sci Technol
2004;38:5803–8.
[32] Ghorishi SB, Keeney RM, Serre SD, Gullett BK, Jozewicz WS. Development of a
Cl-impregnated activated carbon for entrained-flow capture of elemental
mercury. Environ Sci Technol 2002;36:4454–9.
[33] Fernandez-Miranda N, Lopez-Anton MA, Diaz-Somoano M, Martinez-Tarazona
MR. Effect of oxy-combustion flue gas on mercury oxidation. Environ Sci
Technol 2014;48:7164–70.
[34] Zeng H, Jin F, Guo J. Removal of elemental mercury from coal combustion flue
gas by chloride-impregnated activated carbon. Fuel 2004;83:143–6.
[35] Kostova IJ, Hower JC, Mastalerz M, Vassilev SV. Mercury capture by selected
Bulgarian fly ashes: influence of coal rank and fly ash carbon pore structure on
capture efficiency. Appl Geochem 2011;26:18–27.
[36] Kim BG, Li X, Blowers P. Adsorption energies of mercury-containing species on
CaO and temperature effects on equilibrium constants predicted by density
functional theory calculations. Langmuir 2009;25:2781–9.
[37] Xin G, Zhao P, Zheng C. Theoretical study of different speciation of mercury
adsorption on CaO (0 0 1) surface. Proc Combust Inst 2009;32:2693–9.
[38] Kamata H, Ueno S-I, Sato N, Naito T. Mercury oxidation by hydrochloric acid
over TiO2 supported metal oxide catalysts in coal combustion flue gas. Fuel
Process Technol 2009;90:947–51.
[39] Yang S, Guo Y, Yan N, Qu Z, Xie J, Yang C, et al. Capture of gaseous elemental
mercury from flue gas using a magnetic and sulfur poisoning resistant sorbent
Mn/gamma-Fe2O3 at lower temperatures. J Hazard Mater 2011;186:508–15.
[40] Ochiai R, Uddin MA, Sasaoka E, Wu S. Effects of HCl and SO2 concentration on
mercury removal by activated carbon sorbents in coal-derived flue gas. Energy
Fuels 2009;23:4734–9.
[41] Pavlish JH, Hamre LL, Zhuang Y. Mercury control technologies for coal
combustion and gasification systems. Fuel 2010;89:838–47.

F. Wang et al. / Fuel 163 (2016) 232–239
[42] Yang H, Xu Z, Fan M, Bland AE, Judkins RR. Adsorbents for capturing mercury
in coal-fired boiler flue gas. J Hazard Mater 2007;146:1–11.
[43] Carey TR, H. Jr OW, Richardson CF, Chang R, Meserole FB. Factors affecting
mercury control in utility flue gas using activated carbon. J Air Waste Manage
Assoc 1998;48:1166–74.
[44] Wu S, Azharuddin M, Sasaoka E. Characteristics of the removal of mercury
vapor in coal derived fuel gas over iron oxide sorbents. Fuel 2006;85:213–8.
[45] Wu S, Oya N, Ozaki M, Kawakami J, Uddin MA, Sasaoka E. Development of iron
oxide sorbents for Hg0 removal from coal derived fuel gas: sulfidation
characteristics of iron oxide sorbents and activity for COS formation during
Hg0 removal. Fuel 2007;86:2857–63.

239

[46] Wu S, Ozaki M, Uddin M, Sasaoka E. Development of iron-based sorbents for
Hg0 removal from coal derived fuel gas: effect of hydrogen chloride. Fuel
2008;87:467–74.
[47] Lopez-Anton MA, Yuan Y, Perry R, Maroto-Valer MM. Analysis of mercury
species present during coal combustion by thermal desorption. Fuel
2010;89:629–34.
[48] Biester H, Scholz C. Determination of mercury binding forms in contaminated
soils: mercury pyrolysis versus sequential extractions. Environ Sci Technol
1997;31:233–9.
[49] Hassett DJ, Pflughoeft-Hassett DF, Laudal DL, Pavlish JH. Mercury release from
coal combustion by-products to the environment. In: Mercury in the
Environment Specialty Conference. Minneapolis (MN); 1999.

