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" AICC was developed for effective Hg0 removal from simulated flue gas.
" The AICC samples possessed a joint oxidation effect on Hg0 removal.
" The Hg species adsorbed on AICC samples were identified mainly as HgO and HgCl2.
" The roles of O2, NO, SO2 and H2O (g) in Hg0 oxidation by AICC were explored.
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a b s t r a c t

Gas-phase elemental mercury (Hg0) removal by activated coke impregnated with cerium chloride (AICC)
was studied under simulated flue gas conditions. Brunauer–Emmett–Teller (BET), X-ray diffractogram
(XRD), scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDX) and X-ray
photoelectron spectroscopy (XPS) analyses were used to characterize the samples. The effects of CeCl3

loading values, reaction temperatures and individual flue gas components including O2, NO, SO2 and
H2O (g) on Hg0 removal efficiency of AICC samples were investigated. Results showed that Hg0 removal
efficiency of AC was significantly enhanced by CeCl3. The optimal CeCl3 loading value and reaction tem-
perature was around 6% and 170 �C, respectively. Additionally, the experiment results of effects of flue
gas components on Hg0 removal efficiencies showed that when O2 was present in the flue gas, NO and
SO2 were observed to promote Hg0 oxidation. However, in the absence of O2, SO2 showed an insignificant
inhibition on Hg0 removal. Furthermore, when H2O was added into the flue gas, the Hg0 removal capacity
had a slight declination. The analyses of XRD and XPS showed that CexOy and C–Cl were generated on the
surface of AICC and those active elements had remarkably positive effects on the Hg0 removal. The reac-
tion mechanism indicated that Hg0 oxidation was achieved through two pathways: one was that Hg0

bond with CeO2 and was converted by the catalytic oxidation of valence variable cerium; the other
was that Hg0 reacted with C–Cl on the sample and was oxidized favored by chloride presence. And
according to Hg 4f XPS analysis, the mercury on the surface of AICC was mainly in the form of mercuric
oxide (HgO) and mercuric chloride (HgCl2).

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Mercury emitted from coal-fired utility boilers has become a sig-
nificant environmental issue because of its volatility, persistence,
bioaccumulation and high toxicity [1–3]. On April 19, 2012, the
US Environment Protection Agency (EPA) issued the national stan-
dard Final Mercury and Air Toxics Standards for the control of mer-
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cury, acid gases, and other toxic pollution from coal-fired power
plants [4]. In addition, the State Environmental Protection Adminis-
tration of China (SEPA) also initiated the Emission Standard of Air
Pollution for Thermal Power Plants (GB13223-2011), in which the
limit of mercury emission from coal-fired power plants is
0.03 mg/m3 [5]. Therefore, it is required to develop effective tech-
nologies to govern mercury emission from coal-fired utility [6].

Mercury removal in coal-fired utilities greatly depends on its
speciation in the post-combustion flue gases [7]. Mercury in coal-
fired flue gas is often present as elemental mercury (Hg0), oxidized
mercury (Hg2+), and particle-bound mercury (HgP). Thereinto, HgP
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and Hg2+ are relatively easy to be captured by the existing air pol-
lution control devices (APCDs). For example, along with fly ash par-
ticles, HgP can be captured by the particulate matter (PM) control
devices such as electrostatic precipitators (ESPs), and fabric filters
(FFs). Hg2+ is water-soluble and thus can be removed by the wet
flue gas desulfurization devices (WFGDs) with high efficiency.
However, Hg0 is much difficult to be captured by APCDs because
of its high volatility and nearly insolubility in water. Thus, compar-
ing with the capture of other forms of mercury, the capture of Hg0

is the most practical challenge [8–11].
Up to present, numerous technologies have been researched to

capture Hg0 from the flue gas [12]. Thereinto, activated carbon
injection (ACI) is widely applicable for Hg0 emission control, partic-
ularly using activated carbons treated by sulfur, chloride or iodine
[13–15]. In addition, metal oxides, such as CuO, Cr3O4, MnO2,
Fe2O3, TiO2 and V2O5, modified activated carbons have also been
extensively investigated and showed a promising performance in
heterogeneous oxidation of Hg0 [16–21]. However, the application
and development of ACI is limited due to its higher price and lower
utilization rate. Moreover, the mixing of the discharged activated
carbon with fly ash increases the carbon content and affects the
utilization of fly ash as a concrete extender, or even worse, it
may result in environmental problems due to Hg0 release from
concrete afterwards [22,23].

It has been reported that activated coke (AC) is effective for
simultaneous removal of SO2, NOx and Hg0 from flue gas at temper-
atures of 100–200 �C [24,25]. With high mechanical strength, AC
could resist abrasion and crushing during the circulation and han-
dling process [24,25]. Compared to the conventional activated car-
bon, the price of AC was lower and the used AC could be
regenerated [24,26,27]. In addition, the catalytic properties of both
fresh and used AC (after SO2 treatment) are superior to those of
conventional activated carbons [24,25,27]. In our previous works,
CeO2 was found to have superior activity and stability on Hg0 cap-
ture because of its large oxygen storage capacity and unique redox
couple Ce3+/Ce4+ [28–30]. CeO2 can act as an oxygen reservoir by
storing or releasing O via the Ce4+/Ce3+ redox couple, and thence
it has become a very important catalyst in Hg0 removal reaction
[31]. Furthermore, it has been found that HCl is a most important
species affecting mercury oxidation [3] since the major oxidized
mercury in coal-derived flue gas is HgCl2. However, the concentra-
tion of HCl in the flue gas derived from subbituminous or lignite
coal-burning units is low [32]. According to the previous studies
[15,33,34], the impregnated Cl element was strongly supportive
for activated carbon to adsorb Hg0. Therefore, the use of chloride
as an active element may be an effective option to enhance mer-
cury removal efficiency. In this study, cerium chloride (CeCl3), as
the precursor of CeO2 and supporter of Cl, was loaded on activated
coke and the Hg0 retention and oxidation ability of the CeCl3-
impregnated samples were investigated and evaluated in fixed-
bed system to produce effective mercury adsorbent for coal-fired
utilities.
2. Experimental section

2.1. Samples preparation

The AC was obtained from Inner Mongolia KeXing Carbon
Industry Limited Liability Company. The CeCl3-impregnated sam-
ples were prepared by the equivalent-volume impregnation of AC
with CeCl3 aqueous solution as follows: At first, the AC was ground
and sieved into 100–120 mesh size. Then, the powdered virgin AC
was washed with de-ionized (DI) water and dried in an electric
blast oven at 105 �C for 12 h. After that, different amount of
CeCl3�7H2O, according to CeCl3 loading value (q) varied from 2%
to 10%, was dissolved in de-ionized water and the AC was impreg-
nated in the solution for 24 h. After impregnation, the samples
were dried in an electric blast drying oven at 120 �C for 24 h. Final-
ly, the samples were cooled down to ambient temperature and
stored in a desiccator. The CeCl3-impregnated samples were de-
noted as AICCx, where A represents Activated coke, I represents
Impregnation, CC represents CeCl3 and x represents the weight per-
centage of the CeCl3, respectively.

2.2. Samples characterization

Brunauer–Emmett–Teller (BET) specific surface area of the sam-
ples was determined by nitrogen adsorption at �196 �C on a
Micromeritics ASAP 2010 analyzer. The average pore diameter
and pore volume were obtained from nitrogen adsorption iso-
therm. All of the samples were degassed at 120 �C prior to BET
measurements.

X-ray diffractogram (XRD) measurements were carried out on
Siemens D5000 powder diffractometer to examine the crystallinity
and dispersivity of cerium species on the support. The XRD pat-
terns were obtained in the 2h range from 10 to 80 with 2�min�1

scanning rate and 0.02� data interval, using nickel-filtered CuKa
(k = 1.54 Å) radiation as an X-ray source. The accelerating voltage
and the applied current were 35 kV and 30 mA, respectively.

To further analyze the morphology and surface structure of the
samples, scanning electron microscopy (SEM) photographs were
obtained by means of FEI-Sirion200 after vacuum plating Au film.
With the attachment of energy dispersive X-ray spectrometry
(EDX), the semi-quantitative elemental analysis of samples can
be supported with high resolution. Three separated areas for each
sample were magnified to 5000X, and an image was obtained (only
one area was analyzed for the selected samples).

X-ray photoelectron spectroscopy (XPS) analysis was performed
at room temperature on a VGMultilab 2000 spectrometer (Thermo
Electron Corporation, USA) with an Mg Ka X-ray source. The bind-
ing energies were calibrated by the C 1s peak at 284.6 eV.

2.3. Experimental setup and procedure

Fig. 1 shows the experimental setup for evaluating Hg0 removal
on the AICC samples. The test rig was composed of a simulated flue
gas feed system, an Hg0 vapor-generating device, a fix-bed furnace
device and an online mercury analyzer. The standard composition
of the basic flue gas including 25.73 lg/m3 Hg0, 4% O2, 8% H2O, 12%
CO2, 300 ppm NO, 400 ppm SO2 and balanced N2. The total flow
rate was controlled at 1 L/min in each experiment using a mass
flow controller and the space velocity (SV) was around
2.4 � 104 h�1. The peristaltic pump transferred water into the
stainless steel tube wrapped with a heating line and then H2O (g)
was generated. The Hg0 vapor-generating device consisted of an
elemental mercury permeation tube (VICI Metronics) and a water
bath. The Hg0 permeation tube was placed in a U-shaped glass
tube, which was immersed in a water bath with a tunable temper-
ature, and the tube was set to release steady Hg0 vapor. The N2 flow
was divided into two branches: one branch converged with the O2,
CO2, NO and SO2 to form the main gas flow, while the other
(300 mL/min) passed through the Hg0 permeation tube and intro-
duced the saturated Hg0 vapor into the system.

The fixed-bed reactor was comprised of a digital temperature
controller and a quartz tube with an inner diameter of 20 mm
and a length of 60 cm. The digital temperature controller was em-
ployed to keep the fixed-bed reactor at the desired temperature. In
each test, about 0.2 g sample was premixed with 1 g of silica (Fine
granules, 40–100 mesh) and packed in the quartz tube. The
exhaust gas from the mercury analyzer was introduced into the
activated carbon trap before being expelled into the atmosphere.



Fig. 1. Schematic diagram of the experimental setup.

Table 1
Experimental conditions.

Sample Carrier gas (1 L/min) Temperature (�C)

Set 1 AC, AICC2, AICC4, AICC6, AICC8, AICC10 Simulated flue gas (SFG: 4% O2, 8% H2O, 12% CO2, 300 ppm NO, 400 ppm SO2) 140
Set 2 The optimal sample Simulated flue gas (SFG: 4% O2, 8% H2O, 12% CO2, 300 ppm NO, 400 ppm SO2) 110–230
Set 3 The optimal sample N2/(N2 + O2) + individual flue gas components (NO, SO2); SFG (dry); SFG (8% H2O) The optimal reaction

temperature
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A blank test was carried out in order to examine the adsorption of
Hg0 on the tubing, reactor, and the blank silica prior to the main
experimental study on mercury uptake by samples. Results
showed that the Hg0 adsorption efficiency of the blank was below
1% over the range of temperatures from 110 to 230 �C.

Three sets of experiments were conducted and the conditions
are listed in Table 1. Set 1 experiments aimed at determining the
optimal CeCl3 loading value on AC. The Hg0 removal activities over
virgin AC and AICC samples were evaluated under simulated flue
gas (SFG: 4% O2, 8% H2O, 12% CO2, 300 ppm NO, 400 ppm SO2,
and 25.73 lg/m3 Hg0) for 3 h. In Set 2, the optimal sample was
tested in SFG at each selected reaction temperatures from 110 to
230 �C for investigating the optimal reaction temperature. The
roles of individual flue gas components in Hg0 removal and the
reaction pathways were explored in Set 3 experiments, which were
conducted on the optimal sample in the presence of individual flue
gases (balanced with N2 or O2 plus N2) at optimal operating tem-
perature. Please note that HCl gas was not added to the simulated
flue gas for all the Sets of experiments listed in order to eliminate
the well-known heterogeneous mercury oxidation [35].

During the experiments, Hg0 concentration was online moni-
tored by a RA-915 M Mercury Analyzer (LUMEX Ltd., Russia) which
can measure solely the concentration of Hg0. In order to measure
the concentration of the total mercury (HgT) including both ele-
mental and oxidized mercury in reactant gases, a mercury specifi-
cation conversion system was coupled to the RA-915 M Mercury
Analyzer. According to the procedure reported by Li et al. [36], in
the mercury specification conversion system, the sampling gas
was divided into two streams. On the one stream, an impinger with
10 wt% potassium chloride (KCl) solution, which captured Hg2+ and
allowed only Hg0 to pass through, was used for Hg0 measurement.
On the other stream, an impinger containing 10 wt% stannous



Fig. 2. XRD spectra of virgin AC and the AICC samples.
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chloride (SnCl2) solution, whose pH was about 0.5, was located to
measure HgT. After passing the solution, all oxidized mercury spe-
cies were reduced to Hg0 via the acidic SnCl2 solution and the con-
centration of the total mercury could be measured. In order to
remove SO2, which could interfere with the reduction of Hg2+ by
SnCl2, a 10 wt% sodium hydroxide (NaOH) solution was used be-
fore the sampling gas entered the SnCl2 solution. The concentration
of Hg2+ could then be calculated by the difference between HgT and
Hg0. Interferences on the Hg0 measurement by the empty reactor
and flue gas components were verified to be negligible. Even so,
at the end of the conversion system, the sample flow sequentially
entered a 10 wt% NaOH solution in which acid gases were captured
and a condenser by which H2O could be removed to avoid corro-
sion of the detection cell in the mercury analyzer.

Our hypothesis was that the surface deposit of mercury was
thoroughly in the oxidized state. Therefore, the Hg0 oxidation effi-
ciency (Eoxi) is calculated by the following formula:

Eoxið%Þ ¼
D½Hg0�
½Hg0�in

¼ ½Hg0�in � ½Hg0�out

½Hg0�in
� 100% ð1Þ

where [Hg0]in and [Hg0]out represent Hg0 concentration at the inlet
and outlet of the reactor, respectively. All or part of the DHg0 is cap-
tured on the samples as solid phase and the rest escapes to the gas
phase. Thus, the Hg0 capture efficiency (Ecap) is always less than or
equal to Eoxi, with Ecap defined as

Ecapð%Þ ¼
D½HgT�
½HgT�in

¼ ½HgT�in � ½HgT�out

½HgT�in
� 100%

or Ecapð%Þ ¼
½Hg0�in � ½HgT�out

½Hg0�in
� 100% ð2Þ

where [HgT]in and [HgT]out represent HgT concentration at inlet and
outlet of the reactor, respectively. Note that in this study [HgT]in =
[Hg0]in and [HgT]out P [Hg0]out.

The experimental error is inevitable. Hence, Eoxi and Ecap are the
average of three or more replicates and the error bars in the figures
represent the standard deviation from the mean of the series of
experiments at each condition.

3. Results and discussion

3.1. Samples characteristics

The physical properties of virgin AC and AICC including BET sur-
face area, total pore volume and average pore size are summarized
in Table 2. It could be seen that the virgin AC showed the highest
BET surface area (SBET) of 395.79 m2/g and the biggest total pore
volume of 0.154 cm3/g. However, the doping of CeCl3 (2–10%) re-
duced the SBET and pore volume of AC to some extent. Especially,
when the virgin AC was doped with 10 wt% CeCl3, the SBET and
the total pore volume value was reduced to 261.39 m2/g and
0.102 cm3/g, respectively. The result could be explained as follows:
with the increase of the CeCl3 loading, CeCl3 or other cerium com-
pounds, which existed over the external surface of the samples,
Table 2
BET surface and pore parameters of the samples.

Sample Surface area
(m2/g)

Pore volume
(cm3/g)

Average pore size
(nm)

AC 395.79 0.154 19.884
AICC2 377.78 0.147 19.764
AICC4 351.15 0.136 19.895
AICC6 334.19 0.129 19.827
AICC8 296.73 0.114 20.128
AICC10 261.39 0.102 19.748
would deteriorate the thin pore walls and block internal pores
[30]. But there was no apparent trend between the average pore
size and the CeCl3 loading.

To identify the structure of cerium species on the samples, XRD
measurements of virgin AC and AICC were conducted and the XRD
patterns are shown in Fig. 2. For virgin AC, two strong diffraction
peaks were detected at 2h = 26.66� and 44.58�. However, the inten-
sity of the two peaks decreased with the increase of CeCl3 loadings
and the peak at 2h = 44.58� was even disappeared when the load-
ing above 4%. This could indicate that CeCl3 and AC had strong
interaction in these samples. The peaks at the ranges of
2h = 27.88�, 32.96�, 46.98� and 56.14� in the XRD patterns were
corresponding to the specific peaks of CeO2, which could be de-
tected over AICC6 and AICC10. But no apparent peak due to CeCl3

was observed over all of the AICC samples. This could indicate that
CeCl3, as a precursor, was extensively converted to CeO2 in the
preparation of AICC. Moreover, there were no apparent character-
istic peaks ascribable to CeO2 over AICC2 and AICC4. According to
the monolayer dispersion theory [37], when the oxide content was
in the range of the threshold value, the oxide was in a monolayer
dispersion state and, when the content of oxide was more than
the threshold value, the oxide was in a crystalline phase. Hence,
it was concluded that CeO2 was highly dispersed on the surface
of AC when the loading value was less than 6%. Furthermore, a
weak crystal phase of CeO2 was detected for AICC6 and the inten-
sity of the peaks increased with the growth of cerium loading,
powerfully indicating that the surface of AC was occupied by
CeO2 as the CeCl3 loading increased to somewhere between 4%
and 6%.

Fig. 3 shows the SEM micrographs of virgin AC and the selected
AICC samples. The characteristics of the AC surface have changed
according to chemical loading. The dark zones indicated carbon en-
riched areas, while light zones demonstrated the presence of metal
oxides. As shown in Fig. 3, cerium oxide was highly dispersed on
the AC surface and only a few cerium oxide agglomerates existed
in AICC6. Especially, for AICC10, the white agglomerates were more
apparent. The results were in accordance with the XRD results. Fur-
thermore, there were more small holes in the surface of the AICC
samples, which indicated that cerium chloride extensively modi-
fied the structure of AC. The results of the SEM-EDX analysis, pre-
sented in Table 3, shows that the content of Cl plus Ce was a little
higher than the calculated content, which may be because that the
SEM-EDX just determined the surface layer morphology and com-
position of the samples. Moreover, it could be found that the molar



Fig. 3. SEM micrographs of (A) virgin AC, (B) AICC2, (C) AICC4, (D) AICC6 and (E) AICC10.

Table 3
Surface atomic content of virgin AC and the AICC samples.

Sample Surface atomic content (wt%)

C O Al Si Cl Ce

AC 86.36 7.49 2.57 3.58 0.00 0.00
AICC2 85.20 7.60 1.96 2.62 0.79 1.83
AICC4 84.43 6.35 1.61 2.23 1.89 3.49
AICC6 83.22 6.34 1.25 1.77 1.84 5.58
AICC10 81.10 4.61 0.89 1.43 3.43 8.54
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ratio of Cl and Ce (nCl:nCe) was lower than 3:1. The loss of Cl atoms
would be due to the following two reasons: one was that Cl, in the
form of HCl, was released during the preparation of the samples
and the other was that Cl atoms were bond to inside layer of the
support and therefore, could not be detected.
Fig. 4 shows the XPS spectra of Hg 4f, Cl 2p, Ce 3d and O 1s on
the samples with and without adsorbed mercury. The spectrum of
Hg captured on AICC6 under the condition of set 2 at the temper-
ature of 170 �C showed two peaks at around 104.4 and 101.4 eV. A
strong peak at 102.9 eV was ascribed to the Si 2p electron. The
mercury and silicon profiles were obtained by separating the over-
lapped Hg 4f and Si 2p (SiO2) signals using peak fitting (Fig. 4a).
The Hg 4f7/2 binding energy identified as 101.4 ± 0.2 eV was signif-
icantly higher than the 99.9 eV reference point for Hg0 [38]. This
inferred that there must be no Hg0 on the CeCl3-impregnated AC
samples and the result was generated from the heterogeneous oxi-
dation of Hg0, changing from the Hg0 in the gas phase to Hg2+ in the
adsorbed phase. The higher binding energies for Hg 4f5/2 and Hg
4f7/2 on the samples can be attributed to HgO (with the peak at
104.4 eV) and HgCl2 (101.4 eV) [38,39]. Thus, it was concluded that
the Hg0 oxidation of AICC could be mainly influenced by the O and
Cl species on the samples surface.



Fig. 4. Hg 4f, Cl 2p, Ce 3d and O 1s XPS spectra of fresh AICC6 and used AICC6 (The sample was subjected to Hg0 removal under the condition of Set 2 with the temperature of
170 �C).
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Fig. 5. Effect of CeCl3 loading value on Hg0 removal efficiency.
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As showed in Fig. 4b, two main peaks centered at about 199.9
and 198.4 eV were assigned to C–Cl moieties and ionic Cl� moie-
ties, respectively [40–42]. The appearance of C–Cl moieties illus-
trated that a portion of Cl in the CeCl3 was reduced by the
carbon content in AC and presented as C–Cl moieties. The ratio of
the spectra area with respect to C–Cl and Cl� was about 0.65 for
the blank sample without mercury, but the ratio decreased to
0.57 for the used sample. This indicated that some of the C–Cl
was converted to Cl� by reacting with Hg0 during the adsorption
process and possibly existed as HgCl2 which presents in the Hg
XPS spectra.

The XPS spectra of Ce 3d for AICC6 with and without adsorbed
mercury were presented in Fig. 4e and d. XPS peaks denoted as u
are due to 3d3/2 spin-orbit states and those denoted as v are the
corresponding 3d5/2 states. The u/v, u2/v2, and u3/v3 doublets are
attributed to 3d104f0 state of Ce4+, while the doublet labeled u1/
v1 represents the 3d104f1 initial electronic state corresponding to
Ce3+ [36]. In the fresh sample, peaks attributed to Ce3+ and Ce4+

were observed, which was well consistent with the XRD results.
The appearance of CeO2 and Ce2O3 made the unique redox couple
Ce3+/Ce4+ composed and within the redox shift between Ce3+ and
Ce4+, labile oxygen vacancies and bulk oxygen species with rela-
tively high mobility could be easily generated [43], which were ac-
tive for oxidation process. The ratio of the spectra area of Ce3+–Ce4+

was 0.32, indicating that the Ce4+ oxide was the main form in the
fresh sample. In comparison with the fresh sample, the ratio of
Ce3+–Ce4+ decreased to 0.24 for the sample with adsorbed mercury,
implying that the conversion from Ce3+ to Ce4+ was predominant
within the redox shift between Ce3+ and Ce4+.

The XPS spectra of O 1s on the samples are showed in Fig. 4f and
g. There are three overlapping peaks observed. The weak peak of O
1s A, with a binding energy of about 530.0 eV, ascribes to the lat-
tice oxygen (O2�) in the metal oxide. The strong peak at around
531.7 eV represents the chemisorbed oxygen or/and weakly
bonded oxygen species (O 1s B), which are the most active oxygen
and play an important role in oxidation reaction [36]. Field inves-
tigations have shown that Ce3+ could create a charge imbalance,
vacancies and unsaturated chemical bonds on the sample surface,
for which more chemisorbed oxygen or/and weakly bonded oxy-
gen species would be brought [31,36]. The peak with a binding en-
ergy of about 532.6 eV belongs to surface oxygen in hydroxyl
species and/or adsorbed water species presser as contaminants at
the surface (O 1s C) [44]. According to previous works, many hy-
droxyl groups were present in the surface of AC [25]. It can be ob-
served that OB/OT (OT denoted the atomic concentration of total
oxygen) increased from 0.46 to 0.51 after the adsorption and oxi-
dation reaction. Considering the peak of HgO at 104.4 eV, it was
proposed that the weakly adsorbed mercury might be bonded with
these weakly adsorbed O-oxygen species.

3.2. Performance of the catalyst-loaded sorbent

3.2.1. Effect of loading value
Fig. 5 presents the effects of CeCl3 loading value on Hg0 removal

efficiencies of AICC. It was clear that CeCl3 significantly enhanced
the Hg0 removal ability of AC and the averaged Eoxi and Ecap im-
proved with the increase of CeCl3. Table 2 shows that the SBET

and pore volume reduced with the increase of CeCl3 loading and
the optimal samples (AICC6) showed a relatively low SBET and pore
volume. It indicated that the Hg0 removal of AICC was mainly influ-
enced by the oxidation of AICC and less affected by the SBET of AICC,
which could affect the physisorption of AICC for mercury. And this
was in line with the results of Fig. 4. Moreover, in the preparation
of AICC, CeCl3 could bring a large amount of CeO2 and C–Cl func-
tional groups. So it was concluded that the oxidation capacity of
AICC was mainly dependent upon the CeO2 and C–Cl on the surface
of the sample. This was similar to other investigations [15,29,45],
which showed that CeO2 and C–Cl were more important for the
oxidation of Hg0. Additionally, when the CeCl3 loading value ex-
ceeds 6%, the averaged Eoxi and Ecap decreased. It could be found
from Fig. 2 that when the CeCl3 loading was above 6%, there were
more aggregation of excessive cerium compounds which made the
SBET and pore volume dropped roughly, thus leading to the de-
crease of Eoxi and Ecap. This indicated that the physisorption of AICC
played some roles in Hg0 removal. From the above, it was con-
cluded that the Hg0 removal was attributed to the combined action
of physisorption and oxidation of AICC. Specially, the reaction
mechanism of Hg0 removal by AICC could be explicated as follows:
During the impregnation of AC with CeCl3 aqueous solution, Cl�

was chemisorbed with carbon content in the activated coke and
a few C–Cl functional groups were formed. Meanwhile, CeO2 was
generated by hydrolysis of CeCl3, in which CeO2 and HCl were gen-
erated as CeCl3 reacted with water and oxygen in the air while
being heated up. The reactions could be expressed as follows:

Cl� þ C! C—Cl ð3Þ
4CeCl3 þ 6H2Oþ O2 ! 4CeO2 þ 12HCl ð4Þ

During the reaction, the gaseous Hg0 was firstly adsorbed on the
samples by the physisorption of AICC to form Hg0(ad); then Hg0(ad)
would be further converted through two pathways: one was that
Hg0(ad) reacted with C–Cl on the sample to form HgCl, which was
further oxidized to HgCl2 by another active species [15,45]; and
the other was that Hg0(ad) would bind with the CeO2 to form
HgO [29]. The consumption of the CeO2 by Hg0 over the samples
could be compensated by activating the gaseous oxygen from the
flue gas. The series reaction for chemisorption of Hg0 could be spec-
ulated as follows:

Hg0 þ AC� surface! Hg0ðadÞ ð5Þ
Hg0ðadÞ þ C—Cl! HgClþ C ð6Þ
HgClþ C—Cl! HgCl2 þ C ð7Þ
Hg0ðadÞ þ 2CeO2 ! HgOþ Ce2O3 ð8Þ
Ce2O3 þ 1=2O2 ! CeO2 ð9Þ

The reactions indicated that activated coke loaded with cerium
chloride possessed a joint effect on Hg0 oxidation. One was the cat-
alytic oxidation of valence variable cerium and the other was Hg0

oxidation favored by chloride presence. From the Hg XPS analysis,
the ratio of the spectra area with respect to HgO and HgCl2 was



Fig. 6. Effect of reaction time on Hg0 removal efficiencies of virgin AC and AICC6.
Legend: j, [HgT]in; h, [Hg0]in; d, [HgT]out – virgin AC; s, [Hg0]out – virgin AC;
N, [HgT]out – AICC6; 4, [Hg0]out – AICC6.

Fig. 7. Effect of reaction temperature on Hg0 removal of AICC6.

Fig. 8. Effects of individual flue gas components on Hg0 oxidation and capture
efficiency of AICC6 (all gases balanced with N2).
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about 1:1.55. It could be concluded that the adsorbed mercury was
mainly in the form of HgCl2 on the sample surface, which accord-
ingly implied that C–Cl may play a main role in the first period of
the Hg0 removal process. But as the reaction progress, C–Cl could
be gradually consumed by Hg0 oxidation. Hence, the main role
would probably shift from C–Cl to CeO2 after a period.

It should be noted that Ecap was lower than Eoxi for these sam-
ples, which may be resulted from that a fraction of certain volatile
Hg compounds (such as mercuric nitrate, Hg(NO3)2) were pro-
duced [46,47].

The profiles of normalized Hg0 concentration as a function of
time for virgin AC and the optimal AICC6 are shown in Fig. 6. At
the beginning of each test, it could be found that [HgT]in and [Hg0]-
in were very close to each other. After a 3 h period, [HgT]in and
[Hg0]in were checked again. For virgin AC, [HgT]out initially dropped
to a low level (Ecap = 75%), and then it increased to around 68% of
[HgT]in (Ecap = 32%) after 3 h. [Hg0]out was found to slightly lower
than [HgT]out, indicating that a small portion of the captured Hg2+

penetrated the reactor. At the end of the 3 h test, Hg0 oxidation
efficiency was around 34%. For AICC6, [Hg0]out remained almost
constantly below 6% of [Hg0]in (Eoxi > 94%). [HgT]out initially
dropped to 10% of [HgT]in, but gradually increased and stabilized
around 13% (Ecap = 87%). As noted above, the removal of Hg0 was
due to physisorption and oxidation. For AC, physisorption played
a leading role in Hg0 removal. With the reaction progressing, the
physisorption gradually reduced and approached equilibrium.
The reaction process of AICC6 illustrated that impregnated CeCl3

could largely improve activated coke’s Hg0 removal ability and
the activity performed good stability in 3 h. Moreover, comparing
the Hg0 removal efficiency of AICC6 with that of CeO2/Activated
Carbon and CeO2/Activated Carbon Fiber, which had been studied
in our previous experiments [28,29], it could be found that at the
same period the Hg0 removal efficiency of AICC6 was higher and
more stable.

3.2.2. Effect of reaction temperature
The effect of reaction temperature on Hg0 removal of AICC6 was

examined over a range of temperatures from 110 to 230 �C and the
results are given in Fig. 7. It could be seen that when the temper-
ature rose from 110 �C to 170 �C, the averaged Eoxi and Ecap in-
creased from about 86% and 84% to 97% and 92%, respectively.
This manifested again that the Hg0 removal of AICC was mainly
influenced by its oxidation because the oxidation could boost
and become the crucial factor with the increase of reaction temper-
ature due to the formation of more chemical bonds. However,
when the temperature continuously increased to 230 �C, the aver-
aged Eoxi and Ecap decreased to 92% and 85%, respectively. This
could be due to the inhibition of physisorption for Hg0, which could
be weakened by higher temperature. And it proved again that the
Hg0 removal was attributed to the combined action of physisorp-
tion and oxidation of AICC. It could be found that the optimal oper-
ating temperature was around 170 �C and Eoxi and Ecap were
constantly above 80% in this temperature range during the 3 h test.
These results manifested that a wide range of low temperatures
was beneficial to the reaction between Hg0 and chlorine/oxygen
functional groups. As previous literatures clarified that mercury
reacting with chloride showed exothermic behavior [15,48], thus
the Hg0 removal capability of chlorine functional groups would de-
crease with the increase of temperature. Nevertheless, the cerium
dioxide possessed an optimal catalysis temperature for Hg0 oxida-
tion [29]. Therefore, it presented above trend when the effects of
chloride and cerium dioxide on Hg0 removal combined.
3.3. Effect of individual flue gas components

To explore the roles of individual flue gas components in Hg0 re-
moval and the reaction pathways, experiments (Set 3) were
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conducted at the optimal temperature, 170 �C, by mixing Hg0 with
individual flue gas components and/or in combination with O2, bal-
anced with N2. About 0.1 g of fresh AICC6 was used in each test.
The results are summarized in Fig. 8.

3.3.1. Effect of O2

Eoxi and Ecap over AICC6 under high purity N2 (>99.999%) gas
flow were observed to be around 78% and 74%, respectively, which
were much higher than the Eoxi and Ecap observed over virgin AC in
simulated flue gas. The loss of Hg0 on the AICC6 in pure N2 atmo-
sphere was due to the reaction between Hg0 and stored lattice Cl
and O [49], which could act as oxidants to sustain oxidized mer-
cury formation on the sample’s surface even in the absence of O2.
When 4% O2 was introduced to the gas flow, Eoxi increased to
85%. But when O2 concentration further increased to 8%, no obvi-
ous increase of Eoxi was detected. This indicated that AICC6 sample
could use the O2 efficiently. Thus, low O2 concentration would
achieve the supplement of the lost lattice O and increasing the
O2 concentration made little difference.

3.3.2. Effect of NO
As illustrated in Fig. 8, 100 ppm NO resulted in 88% of Hg0 oxi-

dized and 83% captured. It has been revealed that Ce3+ on the sam-
ple surface could promote the oxidation of NO–NO2, and NO2 was
demonstrated to significantly improve heterogeneous oxidation of
Hg0 on fly ash and on activated carbon based sorbents [17,50].
However, increasing NO concentration to 300 ppm did not change
Eoxi and Ecap substantially. It could be due to that oxygen stored on
the AICC sample was limited for NO and Hg0 oxidation. In addition,
when 4% O2 was added into the flue gas, the Eoxi increased to 95%.
Moreover, it should be noted that Ecap was much lower than Eoxi.
This indicated that besides Hg0, a great amount of oxidized mer-
cury could exist in the gas flow downstream of the AICC sample
when flue gas contained NO. This was in agreement with previous
proposal [36] that NO participated in the Hg0 oxidation reaction
and volatile mercuric compounds, like Hg(NO3)2, were generated.
The pathway likely responsible for Hg0 oxidation in the presence
of NO is summarized below

NOþ 1=2O2 ! NO2 ð10Þ
Hg0 þ NO2 ! HgOþ NO ð11Þ
Hg0 þ 2NO2 þ O2 ! HgðNO3Þ2 ð12Þ

Considering the much higher melting/decomposing point of
HgCl2 (277 �C) and HgO (500 �C), it was less likely for the penetra-
tion of these two less volatile Hg species. However, due to the low
melting point of 79 �C, Hg(NO3)2 was likely to be volatile at the
reactor temperature (170 �C) [46]. Accordingly, part of Hg(NO3)2

may be released from the reactor into the gas phase.
3.3.3. Effect of SO2

The effect of SO2 on Hg0 oxidation/capture in the flue gas was
complicated and not conclusive; either promotional or inhibitory
effects have been reported in the literature [17,51,52]. Fig. 8
showed that when there was no O2 in the flue gas, SO2 slightly
inhibited the Hg0 conversion (about 1–4%). This could be due to
the competition of Hg0 and SO2 for similar active sites on the sam-
ple surface. However, when 4% O2 and 1200 ppm SO2 were added
into the simulated flue gas, Eoxi and Ecap were increased by about
8%. This result was attributed to that in the presence of gas phase
O2, SO2 could be oxidized by chemisorbed oxygen, which was gen-
erated due to Ce3+ related charge imbalance, to form SO3 [36]. And
SO3 could react with Hg0 to produce HgSO4 [29]. The two redox
reactions are proposed as follows:
SO2 þ 1=2O2 ! SO3 ð13Þ
Hg0 þ 1=2O2 þ SO3 ! HgSO4 ð14Þ
3.3.4. Effect of H2O (g)
H2O (g) unavoidably exists in coal-combustion flue gas and has

significant impact on the activities of the samples. So it was extre-
mely important to evaluate the H2O-resistance of the samples for
possible industrial application in actual flue gas atmosphere.
Fig. 8 shows that when 8% water vapor was added into the gas
stream, Hg0 removal efficiency declined by 15%. The inhibition of
H2O could be attributed to competitive adsorption between water
vapor and Hg0 as report in previous studies [53]. Furthermore, the
adsorbed H2O would react with SO3 to form H2SO4 and the formed
H2SO4 would further react with CeO2 to form Ce(SO4)2. Both of the
two compounds could cover the surface of sample and went
against the Hg0 removal. It should be noted that this series of
experiments merely aimed to study the mechanisms; therefore,
only 0.1 g sample was used. In comparison with set 1 and set 2
experiments, using more active samples with a larger amount
may mitigate the adverse effect of H2O. Additionally, the inhibitory
effect of H2O could be outweighed by the promotional effects of O2

and NO in the full gas.

4. Conclusions

In the present paper, the Hg0 removal efficiencies of AICC were
studied in a lab-scale fixed-bed system. Results showed that the
Hg0 oxidation and capture efficiency of AICC was higher than AC
under the simulated flue gas condition. Especially, when the CeCl3

loading was 6%, Hg0 removal capability reached optimal value. In
addition, temperature experiments showed that Hg0 removal effi-
ciency increased at first and then decreased with the rise of tem-
perature from 110 to 230 �C, and the optimal temperature was
about 170 �C. Moreover, NO in the flue gas was observed to pro-
mote Hg0 oxidation, while H2O (g) inhibited Hg0 oxidation. SO2

promoted Hg0 oxidation in the presence of O2, while it showed
an insignificant inhibition of Hg0 oxidation without O2 in the flue
gas. The analysis results of XRD and XPS indicated that CexOy and
C–Cl were generated on the surface of AICC. During the adsorption
and oxidation process, the Hg0 could react with the active elements
such as CeO2 or C–Cl and was mainly in the form of mercuric oxide
(HgO) and mercuric chloride (HgCl2). The reactions for Hg0 conver-
sion indicated that activated coke loaded with cerium chloride pos-
sessed a catalytic effect of valence variable cerium and Hg0

oxidation favored by chloride presence. Considering the necessity
and possibility of the regenerability of the AICC sorbent-catalyst,
a further investigation on this issue will be carried out.
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