Environmental Science and Pollution Research (2020) 27:17891-17909
https://doi.org/10.1007/511356-019-06492-1

RESEARCH ARTICLE

Promotional removal of gas-phase Hg° over activated coke

modified by CuCl,

Jie Zhang ' . Caiting Li '

®

Check for
updates

« Xueyu Du™? - Lei Gao"? - Shanhong Li"? - Yindi Zhang ' - Zhenyu Li'? - Yaoyao Yi'?

Received: 6 April 2019 /Accepted: 10 September 2019 /Published online: 12 March 2020

© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Impregnating CuCl, on AC (activated coke) support to synthesize xCuCl,/AC showed superior activity with higher 90% Hg"
removal efficiency at 80140 °C, as well as a lower oxygen demand of 2% O, for Hg” removal. The acceleration on Hg” removal
was observed for NO and SO,. The BET, SEM, XRD, XPS, TPD, and FT-IR characterizations revealed that the larger surface
area, sufficient active oxygen species and co-existence of Cu* and Cu®* may account for the efficient Hg” removal. In addition,
the low demand of gaseous O, was contributed to higher content of active oxygen and formed active Cl. After adsorbing on Cu
sites, Cl sites, and surface functional groups, the Hg?ads) removal on xCuCl,/AC was proceeded through two ways. Part of Hg(()ads)
was oxidized by active O and formed Hg’, and the other part of Hg” combined with the active Cl, which was formed by the
activation of lattice Cl with the aid of active O, and formed HgCl,. Besides, the Hg** detected in outlet gas through mercury
speciation conversion and desorption peak of HgCl, and Hg’ further proved it. As displayed in stability test and simulated
industrial application test, CuCl,/AC has a promising industrial application prospect.

Keywords CuCl, - Activated coke - Elemental mercury - Adsorption - Catalytic oxidation - HgCl,

Introduction

As one of the common pollutants, mercury has serious toxicity
due to its high volatility, chemical stability, and bio-
accumulation (Wang et al. 2010, Wu et al. 2015, Yang et al.
2016a, b). On one hand, elemental mercury and inorganic
mercury chemicals could adhere to particulate matters and
strengthen the toxicity of haze; on the other hand, mercury
could cause serious damage on human beings and animals,
such as neurotoxicity, carcinogenicity, and reproduction tox-
icity (Pavlish et al. 2010; Li et al. 2003). Anthropogenic mer-
cury emission, including coal-fired plants, nonferrous metal
smelting, steel production, and waste incineration, is reported
to be the main cause of mercury pollution, and is threatening
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the human health and environmental quality (Wu et al. 2016).
Among them, mercury released from coal-fired power plant
has aroused attention of domestic and overseas relevant de-
partments. The US Environmental Protection Agency (EPA)
issued the national standards on the control of mercury emis-
sion, as well as some other air pollutants from coal- and oil-
fired power plants (Wu et al. 2015). Ministry of
Environmental Protection in China also issued the standard
of mercury emission as 30 pg/m® for power plant. Besides,
to meet the demand for the fast-developing global economy,
the use of coal for power plants is still increasing sharply
(Streets et al. 2011; Wu et al. 2016). Therefore, it is urgent
to develop competent and cost-effective technologies on re-
moving mercury to meet increasingly strict standard of rele-
vant laws and regulations.

In coal-fired flue gas, the key of mercury removal is how
to convert Hg®, with high volatility, stability, and low water
solubility, into Hg® or Hg**, while Hg" and Hg** could be
captured by the existing dust-cleaning apparatus and wet
flue gas desulfurization (WFGD) system, respectively (He
et al. 2009). Among numerous technologies, such as ad-
sorption (Yang et al. 2007), catalytic oxidation (Zhang
et al. 2017a), activated carbon injection (ACI) (Wu et al.
2017), photocatalysis (Hsi and Tsai 2012), and so on, ACI

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-06492-1&domain=pdf
http://orcid.org/0000-0001-9919-8333
mailto:ctli@hnu.edu.cn

17892

Environ Sci Pollut Res (2020) 27:17891-17909

has been recognized as one of the most effective method for
Hg" removal in practical application (Sjostrom et al. 2010).
However, high operation cost of ACI, including the high
production cost and inferior regeneration performance of
activated carbon, has still inhibited its wide application
(Granite et al. 2000; Granite et al. 2007). Therefore, various
sorbents, as the alternative for activated carbon, have been
investigated for Hg’ removal, such as carbon-based sorbent
(Wu et al. 2017; Qu et al. 2018), zeolite (Abrishamkar and
Kahkeshi 2013), fly ash (Yang et al. 2016a, b), Ca-based
sorbent (Ghorishi et al. 2011), and so on. Among them,
activated coke (AC) has been proved to be efficient in the
existing combined desulfuration and denitration system be-
cause of its porous structure and abundant surface groups
(Sheng et al. 2017). In particular, AC not only exhibits ad-
sorption capacity and catalytic activity similar to activated
carbon, but also possesses superior mechanical strength and
better regeneration performance (Tsuji and Shiraishi 1990,
1997). Besides, as one product of low-quality coal, AC
owns lower production cost and can be used as good sup-
porter in industrial fluidized bed technology due to high
abrasion resistance. Even though, the performance of Hg’
purification using virgin AC is still restricted by its limited
physic-chemical properties. Especially, its smaller surface
area and lower content of oxygen-contained functional
groups would inhibit the physisorption and chemisorption
of Hg®, respectively (Sun et al. 2017; Zhang et al. 2015).
Therefore, it is important to explore valid modification
methods of AC support to realize the enhancement of its
specific surface area and surface oxygen-contained func-
tional groups, thus improving its adsorption and redox ca-
pacity for effective Hg removal.

For purpose of improving the activity of AC, modification
with metal oxides, such as MnO, (He et al. 2014; Zhou et al.
2016a, b), CeO, (He et al. 2016; Zhang et al. 2016), Fe,O5
(Wang et al. 2016), Co304 (Zhang et al. 2014), CuO (Zhao
et al. 2016b), and even bimetal oxides (Li et al. 2012; Kan
et al. 2017; Wu et al. 2017), was found to be an effective
approach to optimize the property of support. Besides, halo-
gen has also been proved to be an alternative for improving
the activity of Hg® removal (Zeng et al. 2017; Tang et al.
2018). Thereinto, chlorine is an effective oxidant for HgO 0X-
idation with the aid of O, and could be derived from HCI
through the Deacon reaction (Presto and Granite 2006),
Eley-Rideal mechanism (Niksa and Fujiwara 2005), or
Langmuir-Hinshelwood (Senior 2012). Nevertheless, the
chlorine contained in coal-fired flue gas could not always
respond to the request of Hg” removal. In previous studies,
supported CuCl, sorbents or catalysts were proved to present
good performance for Hg removal (Kim et al. 2010; Li et al.
2013a, b; Liu et al. 2015). Liu et al. (Liu et al. 2015) reported
there existed both Cu sites and ClI sites for the adsorption of
Hg’, and then the adsorbed Hg’ was oxidized by amorphous
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CuCl, via losing Cl. Besides, the formed CuCl could be re-
generated into CuCl, with the co-existence of hydrogen chlo-
ride and O,. Zhou et al. (2016b) found that the chemical
adsorbed oxygen would activate HCI to form active chlorine
species at low temperature, thus exhibiting a superior Hg’
removal activity. And in their study afterwards (Zhou et al.
2018), they found that the active chlorine species, as the direct
oxidant for Hg’, could also be formed through the interaction
between the lattice CI in amorphous CuCl, and chemical
adsorbed oxygen species. However, as far as known, the
CuCl, possesses the weak chemical adsorbed oxygen storage,
which is not sufficient for the activation of lattice Cl. With
various surface functional groups and active adsorption sites,
AC could be selected as support to provide chemical adsorbed
oxygen to some extent. Therefore, the assumption for the
CuCl,-modified AC to improve Hg’ removal activity under
the atmosphere without HCl was encouraged. Unfortunately,
few study on using CuCl,/AC for the Hg® removal both in
bench scale and in simulated industrial application test was
reported. In addition, the specific mechanism on Hg’ removal
over CuCl,/AC was still not clear.

In this study, CuCl,/AC prepared by impregnation method
with different CuCl, loading was tested for Hg” removal. The
N, adsorption-desorption isotherm, SEM, XRD, XPS, Hg-
TPD, and FT-IR were carried out to investigate the physic-
chemical properties and discuss the role of CuCl, and AC on
Hg® removal, as well as the effect of SO, and NO on Hg’
removal. On the basis of the above study, the mechanism of
Hg removal was proposed. Moreover, to investigate its po-
tential in industrial application, simulated industrial applica-
tion test was also conducted for Hg” removal using virgin and
regenerated columnar AC modified with CuCl,.

Experimental
Sample preparation

In this study, the AC was provided by Ke’xing Carbon
Industry, Inner Mongolia. The columnar AC was firstly
smashed, sieved, and washed with deionized water to obtain
the required AC powder with the diameter of 0.125-0.180
mm. To remove the residual impurity in the pore, the powder
was placed under ultrasonic oscillation for 30 min and then
rinsed five times again. Finally, the sample was dried at 105
°C for 24 h.

The CuCl,/AC was prepared by impregnation method in
this study. Firstly, 0.25 g, 0.48 g, and 1.01 g CuCl,-2H,0 was
dissolved homogeneously in 50 mL absolute ethyl alcohol,
respectively. And each 5 g AC sample was placed into three
obtained solutions, respectively, and kept under magnetic stir-
ring for 8 h. Then the mixtures were filtered with qualitative
filter paper (Xinxing, D = 11 cm) with the filtering velocity of
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35-70 s followed by washing with 20 mL absolute ethyl al-
cohol repeatedly. The obtained final samples were placed in
drying oven and maintained at 105 °C for 12 h to acquire
modified activated coke with different CuCl, loading.
Besides, the atom adsorption spectrometry was performed to
detect the content of copper contained in the residual filtrate.
And the actual content of loaded CuCl, was calculated as the
difference between dissolved CuCl, and the residual CuCl, in
filtrate. The samples were denoted as xCuCl,/AC, where x
was the mass ratio of CuClL,/AC (x = 2.2%, 4.5% and 5.7%,
respectively).

In simulated industrial application test, both fresh cylinder
activated coke (CAC) and CAC after cyclic regeneration for 1—
3 and more than 8 times, which was roughly estimated by the
abrasion of AC, were obtained from the combined desulfuriza-
tion and denitration unit (Wengfu, Guizhou, China) using AC
provided from Ke’xing Carbon Industry in China, which were
denoted as CAC, CAC-3, and CAC-8, respectively. 1.01 g
CuCl, was dissolved in homogeneously in 50 mL absolute ethyl
alcohol used as the manual sprayer. The sample was set in shak-
ing bed and maintained rolling and moving, and then was
sprayed with CuCl, solution (50 g CAC/8 mL spray solution).
After drying the sample at 105 °C for 6 h, the resulted CuCl,/
CAC, CuClL,/CAC-3 and CuCl,/CAC-8 was obtained.

Mercury removal experiment

Mercury removal performance test was carried out in a bench-
scale removal system, similar to our previous work (Fan et al.
2012). The different samples were placed in a temperature-
controlled fixed-bed reactor (10-mm internal diameter) to
maintain at the desired reaction temperature. The simulated
flue gas including 6% O and 70 pug/m® Hg® balanced by N,
passed through the fixed-bed reactor with the flow rate of 500
mL/min. The Hg® concentration was monitored by an online
mercury analyzer (Lumex RA-915M, Russia) in the inlet and
outlet flue gas. As shown in Table 1, 0.1 g sample was used in
the performance tests, while only 0.05 g sample was applied,
for the purpose of enlarging the difference, when investigating
the effect of gas components (O,, HCI, SO,, and NO) as well
as the mercury conversion experiment, corresponding to the
gas hourly speed velocity (GHSV) of 200000 h™" and 400000
h™!, respectively. Note that, in simulated industrial application
test, 50 g columnar AC was placed under the atmosphere
which contained 70 pg/m® Hg® + 6% O,/N, with a gas flow
rate of 500 mL/min, that is with the GHSV of 500 h! similar
to the actual GHSV in industrial application. Besides, due to
the research focusing on ACI technology, the initial perfor-
mance during 60 min was conducted at the temperature range
of 80-200 °C. To better investigate the Hg" adsorption and
Hg" oxidation on xCuCl,/AC, the mercury speciation conver-
sion system consisting of two paths was employed between
the fix-bed reactor and mercury online analyzer (Tao et al.

2012). One path was placed with 10% KCl solution to capture
the oxidized mercury (Hg**), so that only Hg” in simulated
flue gas (Hg,) was detected. For the other path, Hg** was
transformed into Hg" through 0.5 mol/L SnCl,/HCl solution,
and the measured concentration was denoted as HgT out. And
all the experiments were performed repeatedly for three times
to ensure the accuracy and reliability of the obtained data.

The total Hg” removal efficiency (E), the Hg” adsorption
efficiency (E,qs), and the Hg? oxidation efficiency (E,;) were
calculated as the following equation:

_ Hgy-Hg),
- 0

Er % 100% (1)
Hg) —Hg!
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o = —20u_ 8o 1009 3)
Hgin
ET = Eads + oni (4)

To identify the mercury species formed on the treated sam-
ples, Hg-TPD was conducted for 4.5% CuCl,/AC treated in
different atmospheres. 0.35 g sample was firstly exposed to
100 g/em® Hg® + 400 ppm SO,/500 ppm NO (when used) +
6% O,/N, with a flow rate of 500 mL/min and treated at 140
°C for 6 h. After cooled down to room temperature, the sample
was heated to 600 °C under N, atmosphere with the heating
rate of 5 °C/min. And the concentration of Hg” desorbed from
sample was detected online by RA-915M mercury analyzer
(LUMEX Ltd, Russia).

Sample characterization

To investigate the physic-chemical properties of samples, the
following characterizations were conducted.

The actual content of metal doping over AC was measured
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES, SPECTRO BLUE SOP, Germany).

The scanning electron microscopy (SEM) graphs were tak-
en on a JSM-6700F (Japan) instrument to study the morphol-
ogy and microstructure of samples.

The textural properties of xCuCl,/AC and virgin AC con-
taining BET surface area, pore volume, and average pore di-
ameter were carried out on a Micromeritics Tristar II 3020
analyzer (Micromeritics Instrument Crop, USA).

Powder X-ray diffraction (XRD) patterns determining the
crystal form of different samples were carried out on a Rigaku
rotaflex D/Max2500 powder diffractometer (Rigaku, Japan)
with Cu-Ka radiation (40 kV, 250 mA) in a scanning range
of 10-80° (20).

To obtain the chemical states of active constituent element,
X-ray photoelectron spectroscopy (XPS) analysis was
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The experimental reaction conditions

Table 1

Temperature (°C)

Flue gas (500 mL/min)

Sample

80-200

70 pg/m® He', 6% O,, N,

0-5.7%)

xCuCl,/AC (x

0.1g

Set I

The optimal temperature

70 pg/m* Hg®, 0-6% O,, 0-800 ppm SO,, 0—1000 ppm NO, 0-20 ppm HCI, N,

4.5% CuCl,/AC

(0.05 g)

Set 1T

The optimal temperature

70 pg/m® He’, 0-6% O, , N,

=2.2-57%)

xCuCl,/AC (x

(0.05 g)

Set 111

110, 140

70 pg/m® He' , 6% 05, N,

4.5% CuCl,/AC

0.1g

Set IV

The optimal temperature

70 pug/m® Hg®, 0-6% O,, 400 ppm SO,, 500 ppm NO, N,

CAC, CuCL,/CAC, CuCl,/CAC-3, CuCl,/CAC-8

(509

Set V

measured on a K-Alpha 1063 spectrometer (Thermo Fisher
Scientific, USA).

Fourier-transform infrared spectroscopy (FT-IR,
Shimadzu, Japan) was carried out to qualitatively analyze
the surface functional groups of obtained samples. And the
used samples were treated under the 500 mL/min flow of
6% O, + 70 pg/m* Hg + N, at 140 °C for 4 h. Prior to each
measurement, the sample was purged by 500 mL/min N, at
120 °C to eliminate the effect of impurity and moisture.

Results and discussion
The performance of samples

To investigate the role of CuCl,, the AC modified with differ-
ent loading values of CuCl,, including virgin AC, low con-
centration (2.2%), moderate concentration (4.5%), and high
concentration (5.7%), were examined for HgO removal.

The Hg” removal on virgin AC is illustrated in Fig. 1. For
all examined reaction temperature, the Hg® removal efficiency
of virgin AC decreased sharply to nearly zero within 30 min,
except for the reaction at 140 °C. In terms of Hg” removal at
140 °C, the virgin AC exhibited the initial Hg0 removal effi-
ciency (Et) of 21.80%, and the decrease tendency started to
slow down after reacted for 10 min, which lasted for 30 min.
The Hg” removal over virgin AC might be mainly contributed
to its pore structure and the surface functional groups, where
the pore structure mostly participated in the physisorption and
surface functional groups contributed to the chemisorption
(Sun et al. 2017; Zhang et al. 2015). However, it was not
sufficient for long-time Hg® removal. Therefore, virgin AC
was modified with different content of CuCl, and was con-
ducted for performance test as follows.

20

Hg" removal efficiency (%)

0 ) 1 . 1 R 1 . 1 R L . 1
0 10 20 30 40 50 60

Time (min)

Fig. 1 Removal efficiency of Hg® on virgin AC in simulated flue gas
(reaction condition 0.1 g sample, 6% O,, 70 pg/m*> Hg®, N, as balance
gas, T = 80-200 °C, total flow rate 500 mL/min)
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As depicted in Fig. 2, all three modified AC with different
CuCl, content exhibited the similar trend for Hg® removal at
80-200 °C. For all xCuCl,/AC samples, Er firstly enhanced
with the increasing temperature, and reached as high as near
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Fig. 2 Removal efficiency of Hg® on a 2.2% CuCl/AC, b 4.5% CuCl,/
AC, and ¢ 5.7% CuCl,/AC in simulated flue gas (reaction condition 0.1 g
sample, 6% O,, 70 ug/m> Hg’, N, as balance gas, T = 80-200 °C, total
flow rate 500 mL/min)

100% at 110 and 140 °C. And regardless of the loading value
of CuCl,, no obvious change was observed for Hg” removal
efficiency at lower temperature, especially on 4.5% CuCl, and
5.7% CuCl,/AC. However, the further increase of temperature
resulted in the declined tendency of Hg” removal. Besides,
there existed a positive correlation between the CuCl, loading
and Hg’ removal activity at 170—200 °C. When reaction
proceeded for 60 min, almost 75% and 45% Hg® removal
efficiency were reached for 2.2% CuCl,/AC at 170 and 200
°C (Fig. 2a), and an increase of 5% and 15% occurred on 5.7%
CuCl,/AC, respectively (Fig. 2¢). In other words, the addition
of CuCl, promoted the Hg" removal performance of AC
markedly, and broadened the reaction temperature window,
which was conductive to its practical application. And in con-
sideration of economy in practical application, 4.5% CuCl,/
AC was chosen as optimal sample in the following study.

Effect of gas components
Effect of O, and HCI

The influence of gas components on the Hg” removal efficien-
cy of 4.5% CuCl,/AC is depicted in Fig. 3. Only 72.38% of
Hg® removal efficiency was reached under pure N».
Obviously, the addition of O, significantly enhanced the Hg’
removal activity of samples, especially a significant increase
with 1-2% O,, and the further increase of oxygen concentra-
tion to 6-12% only led to a negligible increase of Hg removal
efficiency. The sharp increase might be caused by the replen-
ishment of surface active oxygen (O") consumed in Hg" re-
moval by gas-phase O,. On one hand, O" bonded with Hg"

100 F i
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Fig. 3 The effect of individual flue gas components on the removal of
Hg® over 4.5% CuCl,/AC (reaction condition 0.05 g sample, 0-6% O,,
0-800 ppm SO,, 0-1000 ppm NO, 0-20 ppm HCI, 70 pg/m* Hg’, N, as
balance gas, T'= 140 °C, total flow rate 500 mL/min, reaction time 60
min)
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adsorbed on the surface and formed Hg (Tang et al. 2018).
On the other hand, O could activate the lattice Cl in amor-
phous CuCl,, and the resulted active Cl could also oxidize
Hg" (Yang et al. 2016b). In this study, 2% O, could meet the
demand of HgO removal on 4.5% CuCl,/AC, which was lower
than 3% or 6% in other previous studies (Wu et al. 2015; Zeng
et al. 2017; Tang et al. 2018). Undoubtedly, abundant active
surface oxygen generated during the CuCl,/AC modification
process, and active Cl originated from CuCl, also contributed
to the additional Hg® removal approach (Li et al. 2013a, b),
which will be discussed in the following characterizations.

As the major halogen species in coals, chlorine appears
mainly as HCI after combustion in coal-fired flue gas
(Zhuang et al. 2007). In this study, a significant promotion
effect of HCI was observed for 4.5% CuCl,/AC. When adding
10 ppm HCI into pure N,, 95.42% Hg® removal efficiency
was reached, which was much higher than that observed under
pure N,. Besides, the promotion effect was further strength-
ened by the increased HCI concentration and the addition of
0,, and nearly 100% Hg® removal efficiency was observed.
Two aspects might be responsible for the positive effect of
HCI on Hg’ removal. On one hand, with the aid of active
oxygen, HCI could be transformed into active chlorine spe-
cies, which contributed to both adsorption and oxidation of
Hg0 (Zhuang et al. 2007; Cao et al. 2007). On the other hand,
Cu,OCl, was reported as one of the intermediates during Hg”
removal, and it could be converted into CuCl, with the pres-
ence of HCI (Yang et al. 2016b).

Effect of SO, and NO

As one of the typical components in coal-fired flue gas, SO,
has a crucial role in Hg® removal because of the complex
interaction between SO, and Hg® on sample surface
(Zhuang et al. 2007; Li et al. 2013c). However, the specific
effect of SO, on Hg’ removal was still indefinite. Li et al.
(2011a, b) found that 1200 ppm SO, exhibited a promotion
role due to the generation of active species that was in favor of
Hg0 oxidation. In some other studies, SO, was reported to
adversely affect the Hg® removal through the competitive ad-
sorption between SO,/SO; and Hg, as well as the consump-
tion of surface Cl on account of the formation of sulfuryl
chloride (Kim et al. 2010; Li et al. 2013c). However, in this
study, with the absence of O,, SO, exhibited the promotion
effect on Hgo removal, and the acceleration became more
obvious with increasing SO, concentration, as depicted in
Fig. 3. And the supply of O, further facilitated the Hg® remov-
al on 4.5% CuCly/AC. It was speculated that the promotion
effect might result from the formation of SO;, which was
contributed to S-bonded chemisorption, through the oxidation
of SO, by abundant active oxygen, as well as the redox cycle
Cu”*/Cu", and then formed HgSO, and HgSO5 (Jeong et al.
1999; Li et al. 2011a, b; Tan et al. 2012). In addition, Cu was
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reported to possess larger affinity to sulfur, thus protecting
active Cl from the deactivation of SO, (Wang et al. 2013).
The aid of O, could not only replenish the active oxygen
occupied by SO,, but also provide more active oxygen for
the formation of SO5, thus further promoting the Hg” removal.
From the above, with a high capacity of SO, resistance,
CuCl,-modified AC possessed huge potential for application
in coal-fired power plants with high content of SO, or without
desulfurization pretreatment.

When adding 500 and 1000 ppm NO into pure N,, an
increase of 19.85% and 23.24% for Hg’ removal efficiency
was achieved on 4.5% CuCl,/AC, respectively. With abun-
dant active oxygen, NO would be converted into NO, on the
surface of 4.5% CuCl,/AC (Aissat et al. 2011). As a stronger
oxidant than O,, NO, could directly react with Hg and
formed Hg(NO3), (Norton et al. 2003; Jin et al. 2010;
Fuente-Cuesta et al. 2012). Moreover, at the presence of O,,
100% removal efficiency was achieved under both two atmo-
spheres (500/1000 ppm NO + 6% O,). On one hand, the
addition of O, could supplement more surface active oxygen
for the oxidation of NO. On the other hand, the generation of
Hg(NOs), was facilitated by O, through the reaction Hg0 + 0,
+ NO/NO, — Hg(NO3),. And the specific mechanism will be
investigated in detail afterwards.

Mercury speciation conversion test

The Hg0 adsorption efficiency (E,qs) and Hg0 oxidation
efficiency (E,x;) over xCuCl,/AC were distinguished by
mercury speciation conversion experiment, as shown in
Fig. 4. Both Er and E,,; increased with the increasing
loading value of CuCl, in pure N,, indicating higher
CuCl, content might result in more active surface

100
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Fig. 4 Hg® adsorption efficiency and Hg® oxidation efficiency over
xCuCl,/AC (reaction condition 0.05 g sample, 0-6% O,, 70 pg/m’
Hgo, N, as balance gas, T = 140 °C, total flow rate 500 mL/min,
reaction time 60 min)
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oxygen, active chlorine, and Cu sites for both adsorption
and oxidation of Hg’. Similar phenomenon was also
found by Yang et al. (2016a). Notably, the addition of
6% O, contributed to a distinct increase of 3.78%,
5.37%, and 5.04% for Hg° oxidation efficiency on
2.2% CuCly/AC, 4.5% CuCl,/AC, and 5.7% CuCl,/AC,
respectively, while a slight decrease for Hg" adsorption
efficiency. The competitive adsorption between gas-phase
O, and elemental mercury, as well as the further oxida-
tion of adsorbed Hg’ and the following desorption of
formed Hg’, should be responsible for the decrease of
E.q4, as reported by the previous study (Zeng et al.
2017). It could be deduced that adsorption still was the
main removal mechanism for Hg0 on xCuClL,/AC, and
oxidation was promoted with increasing CuCl, content,
as well as the presence of O,, which would be testified
in the following characterizations.

Stability test

The stability of 4.5% CuCl,/AC for Hg" removal was
measured at 110 and 140 °C for 2160 min, respectively.
As depicted in Fig. 5, no obvious deactivation occurred,
and Hg’ removal efficiency maintained over 99.50% at
140 °C until the reaction proceeded 960 min. And then
the Hg removal efficiency decreased to 92.26% after
treated with Hg® for 2160 min. Although the similar
initial Hg0 removal efficiency was exhibited, an obvious
decrease of 23%, with the gradually sharper decrease
tendency, was observed for 4.5% CuCl,/AC after
reacted for 2160 min at 110 °C. As seen from Fig. 4,
both adsorption, as the crucial role, and oxidation con-
tributed to Hg” removal over xCuCl,/AC. And with in-
creasing temperature, physisorption would be inhibited,
while chemisorption and oxidation would be facilitated.

100
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Fig. 5 Stability test of Hg removal over 4.5% CuCl,/AC (reaction
condition 0.1 g sample, 6% O,, 70 ug/m> Hg®, N, as balance gas, T =
110 and 140 °C, total flow rate 500 L/min, reaction time 2160 min)

According to stability test, 4.5% CuCl,/AC possessed a
better stability at 140 °C than that at 110 °C, implying
the chemisorption, rather than physisorption, played the
predominant role in Hg removal using 4.5% CuCl,/AC.
Zeng et al. (2017) also revealed that the dominating
removal approach for Hg’ with AC turned from physi-
cal adsorption into chemical adsorption after impregnat-
ed with halide ions. Moreover, the promotion of oxida-
tion by increasing temperature was also responsible for
the higher Hg” removal efficiency at 140 °C. Therefore,
4.5% CuCl, possesses great potential for low-
temperature Hg® removal in practical industry
application.

Characterization of materials
ICP-AES

The content loaded on sample with different loading
values measured by ICP-AES is presented in Table 2. It
was observed that there was only a small difference be-
tween the content of Cu calculated through the experi-
ment and that measured by ICP-AES. Notably, both two
actual contents measured were far less than the actual
content, and the difference increased with the CuCl, dis-
solved in the impregnation liquid.

SEM

SEM characterization was conducted to investigate the mor-
phology of samples, as shown in Fig. 6. Comparing virgin AC
with xCuCl,/AC, obvious difference was observed. For virgin
AC (Fig. 6d), there existed blocky plane structure with layered
microcrystalline texture, similar to graphite, on the surface.
And the adjacent microcrystalline textures with different
shapes and sizes would extrude with each other, resulting in
the irregular collapse or pore structure in the interlayers.

Table 2 The content (Wt%) of Cu in sample obtained by experiment
and ICP-AES

Sample Cu content (wt%)
Nominal content Actual content
*Experiment °ICP-AES
2.2% CuCl,/AC 2.35 1.04 1.12
4.5% CuCl,/AC 4.52 2.12 2.31
5.7% CuCl,/AC 9.51 2.68 292

#The Cu content loaded on sample calculated by the difference between
dissolved CuCl, and the residual CuCl, in filtrate as described in the
manuscript

°The Cu content loaded on sample measured by ICP-AES
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Fig. 6 SEM images (1) x 30000 and (2) x 50000 of a 2.2% CuCL/AC, b 4.5% CuCl/AC, and ¢ 5.7% CuCly/AC and d virgin AC (x 10000).

After CuCl, doped, active components were observed
on the surface of sample, as well as in the pores, with
various morphological characteristics. The active compo-
nents existed as spherical particles with smaller semicir-
cular protuberances over the surface of 2.2% CuCl,/AC.
As loading value of CuCl, increased to 4.5%, the spher-
ical particles evolved into the flower-like structure, and a
few of them entered into the pore of AC. The flower-like
structure could endow the sample with a larger surface
area, thus not only promoting the mobility of gas-phase
O, on the surface, but providing more active sites for both
adsorption and oxidation of Hg’ (Du et al. 2018a, b).
After CuCl, doped, active components were observed on
the surface of sample, as well as in the pores, with various
morphological characteristics. Moreover, the active com-
ponents over 5.7% CuCl, gradually agglomerated in the
collapse and pore structure of sample, thus blocking some
pores and providing fewer active sites for Hg® removal.

@ Springer

BET

As shown in Table 3, the BET surface area, pore volume, and
average pore size were calculated by N, adsorption-
desorption isotherm. In comparison with virgin AC, the sur-
face area of xCuCl,/AC was distinctly improved, while a
slight decrease was observed for the pore volume and average
pore diameter. Combining with SEM (Fig. 6), the increase on

Table 3  BET surface and pore parameters of the different samples

Samples BET surface area  Pore volume  Average
(mz/g) (cm3/g) pore diameter
(nm)
Virgin AC 237.63 0.121 2.048
2.2% CuClL,/AC  271.48 0.101 2.041
4.5% CuCl,/AC  284.50 0.107 2.037
5.7% CuCly/AC  288.62 0.116 1.936
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surface area might be caused by the active components dis-
persed on the surface of AC. However, the dispersion of the
active components in the pore and the formation of collapse
structure led to a decrease on pore volume and average pore
diameter. Moreover, the generation of new micropores during
the impregnation also contributed to the increasing surface
area (Du et al. 2018a).

In terms of xCuCl,/AC samples, both surface area and
pore volume increased with the increasing content of
CuCl,, while the reverse occurred for the average pore
diameter. As seen from SEM (Fig. 6), with higher loading
value of CuCl,, more active components entered into the
pores, and more agglomerates were formed, thus causing
the partial blockage of pores and then the decrease of
average pore volume. And compared with 4.5% CuCl,/
AC, the growth of the flower-like structure into rod-like
structure also led to a larger surface area for 5.7% CuCl,/
AC to a certain extent. Moreover, the minor increase of
surface area caused by increasing CuCl, content
accounted for the negligible increase of Hg” removal ef-
ficiency on xCuCl,/AC at lower temperature, where
physisorption closely related to surface area played a
dominant role (Sun et al. 2017). Determined by multiple
factors, the improvement of Hg’ removal performance on
xCuCl,/AC at a higher temperature would be further
discussed by the following characterizations.

XRD

The crystal structures of xCuCl,/AC and virgin AC were char-
acterized by XRD measurement, as depicted in Fig. 7. The
SiO, diffraction peaks occurred at 20 = 28.899°, 32.220°, and
36.040° and the diffraction lines for C at 60.086° were detect-
ed for virgin AC (Du et al. 2018a). After modified by CuCl,,
the characteristic peaks of AC were weakened obviously,

suggesting the existence of interaction between AC and active
components. For xCuCl,/AC samples, the peak corresponding
to CuCl,-2H,0 was noted (Li et al. 2013a). With CuCl, con-
tent increasing, the peak became more intense and shifted to a
higher binding energy. Moreover, two new peaks at 32.528°
and 39.907° assigned to Cu,(OH);Cl appeared on 4.5%
CuCl,/AC and 5.7% CuCl,/AC, which was formed by the
hydrolysis of CuCl,2H,0, accounting for the shift of peak
corresponding to CuCl,-2H,O (Liu et al. 2015). And
Cu,(OH)3Cl was unstable at higher temperature,
decomposing into CuCl, by losing hydroxyl groups
(Leofanti et al. 2000), which was beneficial for the removal
of Hg". The higher intensity of peaks appeared on 5.7%
CuCl,/AC indicated larger crystalline of active components,
which was consistent with SEM.

XPS

In order to have a better research on Hg” removal mechanism,
XPS measurement was carried out to indicate the chemical
states of the surface elements.

Figure 8a showed the C 1s XPS spectra of fresh samples
and treated 4.5% CuCl,/AC. All samples included peaks at-
tributed to graphic C (284.6-284.8 eV), carbon presenting in
phenolic, alcohol or ether groups (285.8-286.0 eV), carbonyl
or quinone groups (287.4-287.6 eV), carboxyl and ester
groups (288.3-289.0 eV), and 7t-7t* transitions in aromatic
rings (290.2-290.6 eV), respectively (Zhou et al. 2007;
Huang et al. 2017). It could be seen from Table 4, with the
impregnation of CuCl,, the graphic C decreased while the
content of C bonded with O increased, suggesting the forma-
tion of more surface oxygen functional groups. And there was
a positive correlation between the content of oxygen-
contained functional groups, including C-O, C=0, COO-,
and the loading value of CuCl,. Thereinto, 5.7% CuCl,/AC

Fig. 7 XRD patterns of virgin a
AC, 2.2% CuCl/AC, 4.5% a
CuCl,/AC, and 5.7% CuCl,/AC

Intensity (a.u.)

A C  aCuClL-2HO
+ Si0, v Cu,(OH),Cl
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Fig. 8 XPS spectra of fresh and a
used virgin AC, 2.2% CuCl,/AC,

4.5% CuCly/AC, and 5.7% .
CuClL/AC over the regions of a C T
Is,b O 1s, ¢ Cu 2p, d Hg 4f
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possessed the highest content of C-0, C=0, COO-, which
was 30.56%, 4.60%, and 7.04%, respectively. After treated
with Hg’, an obvious decrease was observed for both C=0
and COO-, indicating the carbonyl and ester directly partici-
pated in the Hg" removal, and similar results were also found
in other studies (Huang et al. 2017; Sun et al. 2017). These
results agreed well with the highest removal and oxidation
efficiency of 5.7% CuCl,/AC whether there was with the
presence of O, (Fig. 4). In a word, abundant surface oxygen-
contained functional groups, particularly C=0 and COO-,
were beneficial for both adsorption and oxidation of Hg’.
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Binding energy (eV)

As displayed in Fig. 8b, the spectra of O 1s for all samples
were fitted in three peaks at 531.1-531.5 eV, 532.4-533.0 eV,
and 534.3-534.5 eV corresponding to the oxygen in carbonyl
groups (C=0), the oxygen in alcohol or ether groups (C-O), and
the chemisorbed oxygen, respectively (Biniak et al. 1997; Puziy
et al. 2008). In comparison with virgin AC, the O 1s peaks of
xCuCl,/AC possessed higher binding energy, which might be
due to the electron-transfer among O, C, and CuCl,.
Meanwhile, when CuCl, loading increased from 0 to 5.7%, both
C=0 and chemisorbed O rose simultaneously (Table 4), which
was consistent with the tendency of removal activity. For used
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Fig. 8 continued.

4.5% CuCl,/AC, both C=0 and chemisorbed oxygen were con-
sumed during Hg removal. On one hand, C=0 and chemisorbed
O could act as the active sites for the Hg® adsorption and facilitate
the adsorption of gaseous O,. On the other hand, chemisorbed O
could activate the lattice Cl of CuCl, and generate active chlorine
species acting as the direct oxidant for Hg’.

Figure 8c exhibited the spectra of Cu 2p, the peaks located
at 934.9-935.9 eV were ascribed to Cu*, the bands at 937.2—
937.9 eV were assigned to Cu?*, and the peaks of 944.2—
945.3 eV contributed to the shake-up satellite. Notably, the
peaks fitted in this work were with higher binding energy than
other previous researches (Liu et al. 2015; Yang et al. 2016b),
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Table 4 The relative XPS

intensity of as-prepared samples Relative intensity (%) Virgin AC 22% 4.5% 5.7% Used 4.5%
CuCL/AC CuCly/AC CuCl,/AC CuCl,/AC

Graphic C 65.45 61.30 57.76 55.04 58.05
c-O 2332 25.48 28.08 30.56 33.69
C=0 3.79 3.68 4.49 4.60 1.73
COO- 2.82 422 6.81 7.04 433
e 4.62 532 2.86 276 2.20
C=0 20.87 21.61 22.16 22.26 20.99
C-O- 60.19 54.80 46.41 33.74 56.69
Chemisorbed O 18.94 23.59 31.43 44.00 2232
*Cu* - 18.61 16.06 19.07 31.83
“Cut - 43.43 51.83 46.13 29.27
“Satellite - 37.96 32.11 34.80 26.01
*Cu,0CL, - - - - 12.89
*Cu*/Cu? - 233 323 242 0.92
°Hg’ 6.13 28.20 16.01 15.78 -
"HeCl, - 27.18 26.92 18.01 -

The percent of different valence of Cu in Cu 2p3»
® The relative intensity of Hg® /(Hg" + HgCl, + Si 2p) or HgCl/(Hg" + HgCl, + Si 2p) over the sample after

treating with 70 pg/m*> Hg® + 6% O,

which might be due to the different chemical environment of
Cu atoms over different support. For xCuCl,/AC samples, the
ratio of Cu®*/Cu* followed the following sequence: 4.5%
CuCly/AC > 5.7% CuCl,/AC > 2.2% CuCl,/AC. Higher con-
tent of Cu®* could provide not only more Cu sites for Hg"
adsorption, but also more active Cl to oxidize Hgo. And the
ratio of Cu**/Cu* of fresh 4.5% CuCl,/AC decreased sharply
from 3.23 to 0.92 after the treatment with Hg", indicating the
existence of redox reaction CuCl, <> CuCl during Hg" remov-
al. It was worth mentioning that the peak corresponding to
Cu,OCl, was found over used 4.5% CuCl,/AC, which was
formed by the reaction 2 CuCl +1/2 O, — Cu,OCl, (Leofanti
et al. 2002). Besides, Cu,OCl, could be converted to CuCl,
with the aid of HCI, and the promotion effect of HCI in the
“Effect of O, and HCI” section could be explained.

The Hg 4f spectra of the used samples are displayed in Fig.
8d. The peaks at 104.2—-104.6 eV, around 102.9 eV and 101.5
eV, were for Hg’, Si 2p, and HgCl,, respectively (Ma et al.
2015). Only Hg” with the content of 6.13% was detected over
used virgin AC, indicating the chemisorption of Hg’ could
proceed by means of abundant active oxygen species, includ-
ing chemisorbed O and surface oxygen-contained functional
species, which was testified by the XPS characterization re-
sults of Cls and O Is. Besides Hg", HgCl, was also found
over AC impregnated with CuCl,. In combination with the O
1s (Fig. 8b) and Cu 2p spectra (Fig. 8c), the reaction Hg® +
2CuClL +0" — HgCl, + 2CuCl + O was confirmed. Besides,
the content of Hg”* species (Hg” and HgCl,) on the surface of
used samples reduced from 55.38% to 42.93% and 33.79%
with the increasing loading value. This might be with higher
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CuCl, loading, the chemisorption dropped off, and the cata-
lytic oxidation was enhanced, which was in accordance with
mercury conversion experiment.

Moreover, XPS and Hg-TPD were also carried out to in-
vestigate the promotion effect of SO, and NO on Hg removal
over 4.5% CuCly/AC. As depicted in Fig. 9 and Table 5, com-
pared with 4.5% CuCl,/AC, an obvious increase for C—O and
decrease for chemisorbed O were observed for both used
(+NO) 4.5% CuCl,/AC and used (+SO,) 4.5% CuCl,/AC
samples, indicating the consumption of chemisorbed O during
Hg® removal. And the reduction of Cu?* — Cu* also occurred
to provide more active oxygen for Hg’ removal with the pres-
ence of SO, and NO. Moreover, a higher Cu,OCl, content
was observed for both used (+NO) 4.5% CuCl,/AC and used
(+S0O,) 4.5% CuCl,/AC than used 4.5% CuCl,/AC. As re-
ported, Cu,OCl, possessed a better Hg® removal capacity than
CuCl, and then contributed to the sample with a higher activ-
ity, which accounted for the promotion effect of NO and SO,
to some extent (Yang et al. 2016b). Notably, used (+NO) 4.5%
CuCl,/AC possessed a larger Cu**/Cu* than used 4.5%
CuCly/AC, which might be due to the formation of NO, and
acted as oxidant for Hgo, thus decelerating the reduction of
Cu®*. In terms of S, the addition of SO, into simulated flue gas
resulted in an increase of 32.63% for S°*, including SO,*~ and
HSO, (Liao etal. 2016). And there was a slight shift of peaks
ascribed to Hg?* when adding NO and SO, into simulated flue
gas, and it might be due to the bond between Hg atoms with
NO; or SO4* (Zhao et al. 2016a).

As displayed in Fig. 10, the TPD profile of used 4.5%
CuCly/AC was fitted into two peaks located at 287 and 321
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Fig.9 XPS spectra ofused 4.5% CuCly/AC, used (+NO) 4.5% CuCl,/AC and used (+S0O,) 4.5% CuCl,/AC over the regions of a O 1s, b Cu 2p, ¢ Hg 4f,

dsS2p

°C, which was ascribed to the desorption of HgCl, and Hg",
respectively (Zhang et al. 2017a, b), which was consistent
with the XPS results of Hg 4f. Besides the peak relevant to
HgCl, and Hg’, an additional peak ascribed to the desorption
of Hg(NO3), appeared at 418 °C for used (+NO) 4.5% CuCl,/
AC. The generation of Hg(NO3),, through the reaction Hg® +
0"+ NO/NO, — Hg(NOs),, contributed to the enhanced Hgo
removal efficiency with NO,, which verified the assumption
in the “Effect of SO2 and NO” section (Rumayor et al. 2015).
In terms of used (+SO,) 4.5% CuCl,/AC, the peak attributed
to HgCl, and Hg” shifted to a lower temperature. In

accordance with the S 2p and Hg 4f (Fig. 9), the generation
of HgSO, was further confirmed by the desorption peak of
HgSO, at 445 °C (Zhang et al. 2017b).

FT-IR

To analyze the change of surface oxygen functional groups
and intermediates during Hg” removal process, FT-IR charac-
terization at 500-4000 cm ' was conducted for fresh and used
samples, respectively. As depicted from Fig. 11, compared
with virgin AC, the peaks at 3370 and 3450 cm ' assigned
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Fig. 9 continued.

to the v,(OH) were observed on fresh modified AC (Leofanti
et al. 2000), and its intensity increased with the increasing
loading of CuCl,. And the formation of —OH contributed to
the increase of chemisorbed O, which was consistent with the
tendency of chemisorbed O in Fig. 8b. As reported,
Cu,(OH);Cl1 would be decomposed into CuCl, at elevated
temperature, and —OH was formed during the process (Liu
et al. 2015). And hydroxyl group would facilitate the Hg’
removal through ligand exchange (Huang et al. 2017). After
the treatment with Hg’, the peaks of —OH was weakened,
suggesting the participation of hydroxyl in Hg® removal.
Besides, the characteristic peaks of C at 2320 and 2375
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cm ! were also found for xCuCl,/AC with a weakened inten-
sity, confirming the interaction between AC and CuCl,, as
described in XRD and XPS. Peaks at 1000-1200 cm ' were
contributed to v,(C-0O) and v{(C-OH) in alcohol or ether
groups (Gonzalez-Elipe et al. 1988), and were endowed a
higher intensity after the dopant of CuCl,, which was consis-
tent with the XPS characterizations.

Mechanism discussion

As seen from the experimental results, with the dopant
of CuCl,, a great improvement in Hg’ removal occurred
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Table 5 The relative XPS
intensity of 4.5% CuCl, treated Relative intensity (%) Used Used (+NO) Used (+S0,)
under different atmospheres 4.5% CuCl,/AC 4.5% CuCl,/AC 4.5% CuCl,/AC

C=0 - 22.48 20.18

C-O- - 65.35 64.48

Chemisorbed O - 12.17 15.34

Cu* - 29.39 39.25

“Ccut - 29.90 19.69

#Cu,0Cl, - 23.76 22.06

“Satellite - 16.94 19.00

"HgCl, - 12.36 15.67

PHg” - 28.48 28.65

s> 37.71 - 17.41

S,2 28.36 - 16.03

s 33.93 - 66.56

#The percent of different valence of Cu in Cu 2ps)»
® The relative intensity of Hg® /(Hg" + HgCl, + Si 2p) or HgCly/(Hg® + HgCl, + Si 2p) over the sample after the

treatment

for AC. Besides, AC modified with CuCl, exhibited
superior Hg® removal performance at a broader temper-
ature range. On one hand, the flower-like or rod-like
structure formed on the xCuCl,/AC owing to the im-
pregnation of CuCl, enlarged the BET surface area, thus
providing more active sites for both adsorption and ox-
idation of gas reactants. And the XRD characterization
indicated that the CuCl, existed in the forms of CuCl,-
2H,0O and Cu,(OH);Cl. On the other hand, xCuCl,/AC
possessed abundant surface oxygen functional groups,
especially for carbonyl and ester groups, as well as
chemisorbed oxygen and —OH. It could not only act

as active sites for the adsorption of Hg’ and O,, but
also activate lattice Cl and form active chlorine to oxi-
dize Hg" directly. Remarkably, the higher content of
oxygen-contained functional groups and chemisorbed O
led to a higher oxidation efficiency of Hg’. Besides, a
higher Cu”* content facilitated the Hg” removal via pro-
viding more Cu sites and Cl sites for adsorption and
oxidation.

Basing on the above experimental and characterization re-
sults, Hg" removal mechanism on xCuCl,/AC was proposed
in Fig. 12. Firstly, the gas-phase Hg" adsorbed on the active
sites of sample, including Cu sites, Cl sites, and surface

Fig. 10 Hg-TPD profiles of 4.5%
CuClL/AC, used (+NO) 4.5%
CuCl,/AC, and used (+SO») 4.5%
CuCL/AC

used 4.5% CuCIZ/AC

used (+NO) 4.5% CuCL/AC

used (+S0,) 4.5% CuCl/AC

100
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Temperature (°C)
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Fig. 11 FT-IR spectra of a fresh and b used virgin AC, 2.2% CuCl,/AC,
4.5% CuCl,/AC, and 5.7% CuCl,/AC from bottom to top (reaction
condition 0.05 g sample, 6% O,, 70 ug/m> Hg’, N, as balance gas, T =
140 °C, total flow rate 500 mL/min, reaction time 240 min)

functional groups, and formed Hg?ads). Then, in combination
with XPS and FT-IR characterization results, a part of Hg?ads)
was oxidized by the active oxygen (O"), such as surface oxy-
gen functional groups, chemisorbed O and —OH, and convert-
ed into Hg(()ads). What’s more, O” also could activate lattice Cl
of CuCl,, which was produced by the decomposition of
Cu,(OH);Cl under elevated temperature, and the formed ac-
tive Cl (C1") combined with Hgl,qq). In this reaction, Hg{yag
was oxidized into HgClyags) or HgCliagsy and CuCl, was con-
verted into CuCl after losing Cl. Besides, the formed CuCl
could be oxidized into Cu,OCl, by gaseous O,. And the con-
sumed O" was supplemented by gaseous O,. Finally, a small
amount of Hg(()ads) and HgCly(a4s) desorbed from the surface
of xCuCl,/AC, which could be testified by the mercury
conversion experiment. Therefore, the chemisorption was
the predominant approach of Hg’ removal on xCuCl,/AC,
and the above reaction could be described as follows:

Hg(()g)HHg(()ads) (5)
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Hglyg,) + O " —~HgOa) (6)
CuCl,—° CuCl + CI* (7)
Hg(,4,) + CI'—HgCl (8)
HgCl + CI"'—HgCl, 9)
4CuCl + 0,—2Cu,0Cl, (10)
0,—20" (11)
HgO (44 —Hg0 ) (12)
HgCl (49 —HgCl ) (13)

Simulated industrial application test

To investigate the Hg" removal performance of CuCl,-
modified CAC in industrial application, simulated indus-
trial application test was conducted. As depicted in Fig.
13, initial Hg0 removal efficiency of 69.00%, 81.29%,
and 85.26% was reached at 140 °C for CAC, CAC-3,
and CAC-8, respectively. The improvement of Hg® re-
moval efficiency after regeneration might be contributed
to two aspects. On one hand, the generation of new
micropores due to the formed sulfur-contained species
during regeneration process would increase the BET sur-
face area and pore volume, which could facilitate the
adsorption of Hg® on the surface of AC (Ma et al.
2015). On the other hand, SO,>  and SO;>  formed
could act as the active sites for Hg’ removal, through
S-bonded chemisorption, to form HgSO, and HgSO;,
which has been discussed in the “Effect of SO2 and
NO” section 3.2.2. However, a sharp decline was also
observed with the reaction time increasing. Notably,
with the impregnation of CuCl,, a dramatic increase
over 60% was achieved for all three samples after
reacted for 22 h. Combining the bench-scale test with
simulated industrial application test, CuCl,/AC has the
huge potential in efficient removal of Hg’ in the multi-
pollutant removal system with AC. And further study
concerning the practical application and the mechanism
on the regeneration of AC will be carried out.

Conclusion

xCuCl,/AC samples with different CuCl, loading prepared by
impregnation method were investigated on elemental mercury
removal on a fixed bed. xCuCl,/AC possessed excellent Hg”
removal efficiency higher than 90% at 80-140 °C, even
higher than 95% for 4.5% CuCl,/AC and 5.7% CuCly/AC.
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Fig. 12 The proposed mechanism
of Hg removal on xCuCl,/AC

SR L

oo

N

: Activated coke

Besides, O, promoted the Hg” removal significantly through
the replenishment of O" consumed in Hg” removal, and only
2% O, could meet the need of Hg” removal in this study. Both
SO, and NO played a positive effect on Hg” removal on ac-
count of the formation of HgSO,4 and Hg(NOs),, and the pro-
motion effect was further strengthened by the addition of O,.
Moreover, numerous characterizations, such as SEM, BET,
XRD, XPS, and FT-IR, were carried out to investigate the
physiochemical properties of both AC and modified AC.
The excellent performance of xCuCl,/AC could be contribut-
ed to the higher BET surface area, abundant surface oxygen-
contained functional groups and chemisorbed oxygen, and
higher Cu®* content. Based on above researches, the
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Fig. 13 The simulated industrial application test of CuCl,-modified fresh
and regenerated CAC (reaction condition 50 g sample, 6% O,, 70 pg/m’
Hg®, 400 ppm SO,, 500 ppm NO, N, as balance gas, T = 140 °C, total
flow rate 500 mL/min)
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mechanism of Hg removal on xCuCl,/AC was proposed.
On one hand, Hg” was oxidized by surface active oxygen
and formed Hgo. On the other hand, the lattice CI was activat-
ed by active oxygen into active chlorine, and then oxidized
Hg" into HgCl,. In addition, a small amount of Hg** moni-
tored in outlet flue gas manifested that the catalytic oxidation
participated in the Hg" removal besides adsorption. During the
process, Cu,OCl,, which could be recovered to CuCl, with
the aid of HCIl, was also observed as an intermediate on sam-
ples. Moreover, xCuCl,/AC was proved to maintain its high
activity after 36-h stability test. And simulated industrial ap-
plication test on Hg” removal using virgin and regenerated
columnar AC modified with CuCl, spray solution was also
conducted for 22 h, exhibiting its potential in practical indus-
try application.
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