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ABSTRACT

This work addressed the investigation of activated coke (AC) treated by acids. Effects of AC samples,
modified by ether different acids (H,SO4, HNO3 and HClO,4) or HCIO, of varied concentrations, on Hg?
removal were studied under simulated flue gas conditions. In addition, effects of reaction temperature
and individual flue gas components including O, NO, SO, and H,0 were discussed. In the experiments,
Brunauer-Emmett-Teller (BET), X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) were applied to explore the surface properties of sorbents and possible mechanism
of Hg? oxidation. Results showed that AC sample treated by HCIO, of 4.5 mol/L exhibited maximum
promotion of efficiency on Hg® removal at 160°C. NO was proved to be positive in the removal of Hg®.
And SO, displayed varied impact in capturing Hg® due to the integrated reactions between SO, and
modified AC. The addition of O, could improve the advancement further to some extent. Besides, the
HgP removal capacity had a slight declination when H,0 was added in gas flow. Based on the analysis
of XPS and FTIR, the selected sample absorbed Hg® mostly in chemical way. The reaction mechanism,
deduced from results of characterization and performance of AC samples, indicated that Hg® could firstly
be absorbed on sorbent and then react with oxygen-containing (C—0) or chlorine-containing groups
(C—ClI) on the surface of sorbent. And the products were mainly in forms of mercuric chloride (HgCl,)
and mercuric oxide (HgO).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mercury is known as an extremely hazardous substance because
of its volatility, persistence and bioaccumulation. Methyl mer-
cury, one organic transformation product of mercury, can be easily
absorbed by human beings and have a hyper toxicity to nervous
system [1,2]. The mercury in coal, in spite of its low concentration,
is emitted directly and has become the major source of mercury
in the atmosphere because of the large amount of coal burned. In
order to prevent growing mercury pollution, “Minamata Conven-
tion on Mercury” was signed by 92 countries on 10 October 2013 to
reduce the emissions of mercury and mercury compounds, while
measures to control discharges from point source categories such
as coal-fired power stations were put forward [3].
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During the combustion, mercury is released into exhaust gas
as elemental mercury (Hg?) vapor, subsequently part of the vapor
can be transformed into oxidized forms (Hg2*) and particle-bound
atoms (HgP) [4]. Commonly used air pollution control devices are
effective for Hg2* and Hg®. For example, Hg" can be easily removed
through particulate matter (PM) control devices such as electro-
static precipitators (ESP) and fabric filters (FF). Water-soluble Hg2*
can be captured in wet flue gas desulfurization systems (WFGDs)
with high efficiency [5-7]. Nevertheless, Hg? is difficult to be
removed by using methods mentioned above because of its high
volatility and nearly insolubility in water. Thus, exploitation of
methods to capture Hg? is the key access to control the mercury
emission [8].

Numerous technologies have been employed to remove ele-
mental mercury from exhaust gas. Therein, activated carbon
injection is widely adopted by coal-fired plants to control mer-
cury emission. The carbon is injected into exhaust gas stream and
recycled by ESP or in a baghouse [9]. In addition, activated car-
bons treated by metal oxides or chloride, such as TiO;, CuCl,,
Ce0,, MnO,, CeCls3, V,0s, etc. [10-14], are extensively used in the
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Fig. 1. Schematic diagram of the experimental setup.

process of Hg? settlement, in which Hg? is transformed into Hg2*
and then can be captured in WFGDs. However, these technologies
cost tremendous capital, material and manpower, which hinders
their wide applications. Besides, as an additive of concrete, the recy-
cle activated carbon would cause secondary pollution due to Hg?
release.

Activated coke (AC) is a kind of porous activated carbon-based
adsorbent whichis not adequately activated or retorting. Compared
with activated carbon, AC possesses a higher mechanical strength
and could be regenerated more conveniently. Furthermore, the
price of AC is relatively inexpensive. Meanwhile, AC and activated
carbon were similar in some aspects, such as the structure charac-
teristics, adsorption and catalytic properties, physical and chemical
stability [15]. In our previous studies [10,12,16], nitric acid (HNO3)
was used for pretreatment of catalysts. Oxidative acid could react
with surface carbon-based substances and thus the structure of AC
could be modified with the addition of oxygen-containing groups
of acidic or alkaline which could improve the adsorption ability
of sorbents. Additionally, massive researches indicated that chlo-
rine played an important role in Hg® capture [12,17] since it could
promote the conversion of HgY to Hg2* and Hg?* was easy to be
removed through solutions. Perchloric acid (HClOg4), the strongest
inorganic acid, was widely used as oxidant in electropolishing and
medical industry. Singh et al. [18] used HClO4 to investigate the
thermolysis of salts and demonstrated the oxidation through the
reaction with ammonia. In this study, HNO3, HClO4 and sulfu-
ric acid (H,SO4) were engaged into the activation on AC. Under
simulated flue gases (SFG) conditions, the performance of mod-
ified AC on Hg? capture was evaluated through experiment in a
tubular electric furnace. Various characterization methods were
applied to study the structure and physicochemical properties
of AC. Mechanism involved in Hg® oxidation was investigated as
well.

2. Experiment
2.1. Samples preparation

The target sorbent in our study was a kind of standard com-
mercial AC (columnar granules with a length of 7-9mm and a
diameter of 5 mm) made by Inner Mongolia Kexing Carbon Industry
Limited Liability Company. Acid activated AC samples were pre-
pared in steps as follow: at first, HNO3, HClO4, H,SO4 of 4.5 mol/L
were added into beakers filled with AC granules, respectively. And
the liquid-solid ratio was 2.5ml/g. Secondly, HClIO4 treated AC
sample series were produced in the same way as above, and the
concentrations of HCIO4 varied from 1.5 mol/L to 7.5 mol/L. Then,
all solid-liquid mixtures were stirred well and stood in darkness
for 12 h. After acidification, all samples were washed by deionized
water to neutral and dried in an electric blast oven at 95 °C for 6 h.
Finally, the AC samples were cooled down to room temperature and
stored in a desiccator. The HNOj3 treated sample was noted as ACy
as well as the H,SO, treated sample was noted as ACs. Moreover,
the HClO4 treated samples were noted as ACx, where X (valued of
1.5, 3, 4.5, 6, 7.5) represented the molar concentration (mol/L) of
HClO4. Additionally, the blank sample was synthesized as a con-
trast following the methods above except for being immersed in
deionized water, denoted as ACr.

2.2. Experimental device and steps

The performance of acid activated AC was investigated on a
bench-scale fixed bed system as shown in Fig. 1. All individual
SFG components released from gas cylinders were controlled accu-
rately by mass flow controllers. The rate of water vapor generated
in evaporation plant was regulated by temperature controller. An
elemental mercury permeation tube (VICI Metronics, USA) was
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Table 1
Experimental setup and conditions.

Sample Carrier gas (720 ml/min) Temperature (°C)
Set 1 ACy, ACs, AC45 and fresh AC SFG (5% 02, 8% H,0, 12% CO,, 300 ppm NO, 500 ppm SO3) 160
Set 2 ACy, ACs, ACy45, ACs, AC75 SFG (5% 02, 8% H,0, 12% CO,, 300 ppm NO, 500 ppm SO3) 160
Set 3 The optimal sample SFG (5% 02, 8% H,0, 12% CO,, 300 ppm NO, 500 ppm SO;) 100-220
Set 4 The optimal sample N, /(N3 +03) +individual flue gas components (NO and SO, ); SFG/SFG +8% H,0 The optimal reaction temperature

placed in a u-tube which was immersed in an electronic tempera-
ture water bath. After a period of balance at certain temperature,
the Hg® permeation tube could emit stable Hg® vapor. All gas ingre-
dients were well-mixed in a conical flask and then passed into the
fixed-bed reactor, a tubular electric furnace coupled with a quartz
tube with a length of 95 cm and an inner diameter of 52 mm. Before
detected by mercury analyzer (Lumex RA-915M, Russia), gas mix-
ture was dewatered in ice bath. Exhaust gas was introduced into an
absorber filled with used AC and activated carbon before discharged
into the atmosphere.

In this study, four sets of experiments were carried out and the
details were listed in Table 1. Set 1 experiment aimed at screening
the optimal acid used for treating AC sample. Performances of sam-
ples treated by different acids were evaluated under SFG (5% O, 8%
H,0, 12% CO,, 300 ppm NO, 500 ppm SO;, about 67 ng/L Hg® and
balanced N) in the fixed-bed reactor. Total flow rate was set as
720 ml/min and the gas hourly space velocity (GHSV) was about
3000h~! employed in industry [19]. Hg® concentrations in out-
let were recorded for 2h to ensure data’s stability. In Set 2, the
effect of samples treated by optimal acid of varied concentrations
(1.5 mol/L, 3 mol/L, 4.5 mol/L, 6 mol/L, 7.5mol/L) on Hg® oxidation
in SFG at 160 °C was designed to screen the optimal concentration.
Set 3 experiments at each selected reaction temperature from 100
to 220°C with an interval of 30 °C were designed to figure out the
optimum reaction temperature in SFG. In Set 4, the roles of individ-
ual SFG components in Hg? removal and reaction pathways were
explored in the presence of individual flue gases (balanced with N,
or O, plus N,) at optimal operating temperature.

In each test, when the goal temperature was reached, gas flow
passed through the reactor for more than 20 min before recording
data to ensure a stable Hg® feed concentration. A blank exper-
iment was set up to check the mercury capture extent in gas
system, including quartz tube reactor and glassware. And the result
showed the efficiency on Hg? oxidation in blank test was fairly low
which could be neglected. Considering the study of Hg2* generated
through oxidation and possible damage for detection cell of mer-
cury analyzer by acidic gases, a mercury conversion system |[8],
described in the solid box of Fig. 1, was employed. In mercury con-
version system, gas released from the reactor was firstly divided
into two branches, one went to potassium chloride solution with
a mass fraction of 10% which could remove Hg?* for Hg® measure-
ment, and the other went to stannous chloride solution to reduce
Hg2* to HgY for total elemental mercury (Hg") measurement. Then
the gas went through sodium hydroxide solution with a mass frac-
tion of 10% to remove acidic gas. Supposing Hg absorbed on AC was
mostly in oxidation state. Thence, the efficiency of Hg® removal
(Eoxi) could be calculated by the formula below:

o AHg® Hg) —Hgg,
oxX1 — 0 - 0
Hg Hg

in in

x 100% (1)

Hg and Hgf, stands for the Hg® concentration of inlet and
outlet, respectively. Since the mercury discharged from reactor
includes both Hg® and Hg?*, mercury capture efficiency (Ecap) was
introduced to evaluate the authentic performance of AC which was
calculated as:

0  Hg® —Hgl
AHg" _ H&in ~ M8out 400y )
Hg? Hg0

in

Ecap =
n
where Hggut represents the HgY concentration at outlet of mercury
conversion system after reducing action. It should be noted that
Hg! . would not be less than Hg?,, in this study.

Moreover, the standard deviation of data obtained from the test
was delegated by error bars in following figures.

2.3. Characterization of catalysts

Brunauer-Emmett-Teller (BET) was performed by using a Tri-
Star II 3020 analyzer (Micromeritics Instrument Corp., USA) to
determine the specific surface area and porosity of samples. Every
sample was dried at 105 °C overnight prior to BET measurement,
and then degassed at 180°C for 5 h under vacuum.

To identify the possible active groups and mercury species
generated on sorbents, X-ray photoelectron spectroscopy (XPS)
analysis was carried out on a K-Alpha 1063 analyzer (Thermo Fisher
Scientific, USA) using 72 W Al K« radiation from micro aggregation
monochromator. The observed spectra were corrected with the C
1s binding energy (BE) value of 284.6eV.

Fourier transform infrared spectroscopy (FTIR) was applied to
this study with a SHIMADZU FTIR-8400S IRprestige-21apparatus.
Its resolution factor was 2 cm~! from 400 to 4000 cm~! and scans
were collected at a scan speed of 5kHz. All samples to be tested
were grinded and sieved to below 200 mesh before mixed with
potassium bromide (spectral purity) and the mixture was tableted
before been detected.

3. Results and discussion
3.1. Screening of optimal modified AC sample and temperature

3.1.1. Experiment for stability of sorbent

To ensure the reliability of data obtained from the test on sorbent
performance under conditions of Set 1, experiment to investigate
the stability of AC in Hg® removal was carried out. As shown in
Fig. 2, the E,y; of ACF exhibited a descending trend from 86% at the
beginning. After more than 17 h, the E,,; was still staying above
69.74% which indicated that AC sample possessed excellent stablil-
ity in Hg? removal and could perform well in presupposed time
quantum of 2 h for experiment.

3.1.2. Screening of acids

Eox; over acid modified AC samples (ACs, AC45, ACy) and ACE
were examined under conditions of Set 1, and the time-efficiency
curves were shown in Fig. 3. Obviously, AC45 and ACy samples
displayed higher properties in Hg® removal than ACr through the
2 h test. In addition, ACr performed better than ACs in first hour
and fell behind later. And the average Hg® removal efficiency of
sorbents showed an ascending order: ACF<ACs < ACy <AC45. Com-
pared to ACr with the Ey; of 74.05%, AC45 obtained the highest
Eoxi of 92.27% with a promotion of 18.22%, while the E,y; of ACy
and ACs increased by 7.4% and 0.55%, respectively. Singh et al. [18]
suggested that the HCIO4 could decompose in a bimolecular process
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Fig. 2. Blank test on Hg? removal efficiency of ACr. Reaction conditions: 160 °C; SFG
(5% 03, 8% H,0, 12% C0O5, 300 ppm NO, 500 ppm SO,, N balanced); GHSV=3000h-".

giving the products of ClO3 and ClO4 and the generated chlorine
oxides were of oxidability which w able to oxidize Hg®. Another
reaction between HClO4 and carbon could produce Cl,, the recog-
nized as valid oxidant on Hg [20]. The reactions could be expressed
as followed:

7C + 4HCIO4 — 2H,0 + 2Cly4 +7C051 3)
2HCIO4 <> H,0 + ClO3 +ClO4 (4)

The deduction could be reached that the HCIO4 was able to bring
about oxidants onto AC which would be responsible for the better
performance of AC,45 in Hg® removal. It should be noted that the
Eox was higher than Ec,p of all AC samples, which was possibly
caused by the loss of volatile product, such as mercuric nitrate.

3.1.3. Screening of acid concentrations

Fig. 4. presents the effect of HCIO4 concentration for modifica-
tion on Hg® removal efficiency. The promotion of 21% at most and
13% at least in Hg? oxidation was observed over all modified sam-
ples compared with ACr. Furthermore, the E,y; and Ecap of the AC
series got continuous improvement with the increasing acid con-
centration before 4.5 mol/L when AC4 5 expressed the biggest Ey;
and Ecap, 92.27% and 91.12%, respectively. Considering the two reac-
tions related to HClO,4 above, the improvement was believed to be
due to the increasing amount of oxidizing groups emerged on the
surface of AC samples while acid concentration increased.
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Fig. 3. Effect of different acids on Hg® removal efficiency of ACy, ACs, AC4s, ACk.
Reaction conditions: 160 °C; SFG (5% O3, 8% H,0, 12% CO,, 300 ppm NO, 500 ppm
S0,, N, balanced); GHSV=3000h-"'.
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Fig. 4. Effect of acid concentrations on Hg® removal efficiency of AC treated by
HCIO4. Reaction conditions: 160°C; SFG (5% O, 8% H,0, 12% CO,, 300 ppm NO,
500 ppm SO,, N, balanced); GHSV=3000h-"1.

When the acid concentration exceeded 4.5 mol/L, the averaged
Eoxi and Ecap decreased. This result could not go on abiding by the
aforesaid law between the acid concentration and the efficiency of
Hg® removal. The discrepancy might be explained by the details
found during the experiment: fragmentation happened in the pro-
cess of performance test on ACg and AC7 5. And the debris, moving
along with the gas flow, of AC7 5 was relatively more. It indicated
that HClO4 of high concentration would destroy the inside and out-
side structures of AC seriously and the weak mechanical strength
of treated AC could not support the samples bearing long-playing
heating and the crash of gas flow. Taking into account that the intact
structure of sorbent was the foundation for efficient physisorption,
the decline in Eq; and Ecap of ACg and AC7 5 was attributed to the
suppression for physisorption by the broken structure of AC. That
manifested that physisorption played some role in Hg? capture by
AC.

Nevertheless, similar fragmentation was not observed in tests
on other AC samples treated by lower concentrations. To sum it up,
AC,4 5 was the sorbent performed best both in tests on different acids
and HClO,4 concentrations, and the removal of Hg? was deduced as
the synergy of physisorption and oxidation.

3.1.4. Screening of reaction temperatures

The performance of AC45 on Hg® removal was investigated
under conditions of Set 3 over the range of temperature from 100 to
220°C, and the result was given in Fig. 5. It was apparent that when
temperature rose from 100 to 160°C, the averaged E,y; and Ecap
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Fig.5. Effect of temperature on Hg® removal efficiency of AC4 5. Reaction conditions:
100~220°C; SFG (5% 02, 8% H,0, 12% CO3, 300 ppm NO, 500 ppm SO>, N, balanced);
GHSV=3000h"".
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Table 2
BET surface areas and pore parameters of different catalysts.

Sample Surface area (m?/g) Pore volume (cm?/g) Average pore
size (nm)

AC 240.608 0.120420 2.00193

ACs 211.454 0.106363 2.01203

ACy 175.121 0.089242 2.03842

ACy5s 110.036 0.063441 2.30619

increased from 82.35% and 79.80% to 91.67% and 90.45%, respec-
tively. This demonstrated that the Hg® removal of AC4 5 was mainly
influenced by chemisorption cause the chemical reactions could be
accelerated with the increase of temperature due to the catering for
activation energy of reaction [12]. Nonetheless, the further increase
of temperature over 160 °C led to a decrease in oxidative activity.
When the temperature reached 220 °C, AC45 showed Eqy; and Ecap
of 81.08% and 79.70%, which were the lowest through the whole
test. The decline of Hg? removal after 160 °C could be explained as
follows: physisorption was inhibited due to Hg® adsorbed on AC4 5
would volatilize at higher temperature; volatile mercuric com-
pounds would be easier to sneak into gas flow and thus lowered
E,xi through the reduction in mercury conversion system; unsta-
ble mercuric compounds generated on AC4 5 might decompose into
Hg® and increase the Hg® concentration of outlet. Besides, accord-
ing to previous literatures [21], the mercuric chloride producing
reaction showed exothermic behavior, therefore the increasing
temperature could hinder the reaction in which Hg? involved.

3.2. Characterization results

3.2.1. BET surface area analysis

Table 2 is the summary of the BET test for ACr, ACs, ACy and
ACy 5. The results showed that the BET surface area of sorbents fol-
lowed a descending order: ACg>ACs>ACy > ACy4 5, Which was also
the same order for the total pore volume of samples mentioned
above. Meantime, the average pore size of the stated sorbents
showed the opposite tendency to the order of BET surface area and
total volume of sorbents staying close to micro pore range (2 nm).
It could be found that ACr owned the biggest BET surface area of
240.6 m?/g and total pore volume of 0.1204 cm3/g, while the other
samples were observed noticeable decrease in both surface areas
and pore volumes through modification. Especially, AC45 showed
the distinctest change on sorbents’ pore structure, which owned
the smallest BET surface area (110.0m2/g) and total pore volume
(0.0634 m?3/g) among all the sorbents. That was possibly resulted
from the destruction of some of the thin pore walls on AC by strong
oxidation of stated acids.

Compared with the order of BET surface area result, the
sequence of performances in Hg® removal by stated samples was
just opposite. It meant that AC4 5, accompanied with the poorest
BET surface area which was usually had a positive correlation with
the efficiency of physisorption, performed best in Hg? removal.
And thus the conclusion could be achieved that the chemisorption
played dominant role in Hg® removal.

3.2.2. XPS analysis

High resolution XPS scans for selected elements (Hg 4f, Cl 2p,
O 1s) were used to investigate the specific chemistry on selected
samples (ACp, fresh AC4 5, used AC45). And the result was shown in
Fig. 6.

Fresh AC45 was subjected to Hg® capture under the conditions
of Set 1 for 12 h before XPS treatment. In Fig. 6A, the used AC4 5 got
a strong peak at 102.9 eV, ascribed to the Si 2p electron [22]. The
spectrum of Hg captured showed two peaks at around 104.4 and
101.4eV. The mercury and silicon profiles were obtained when the
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Fig. 6. XPS spectra of (A) Hg 4f of used AC45; (B) Cl 2p of fresh and used AC45 and
(C) 0 1s of fresh AC4 5, used AC45 and ACk.

overlapped Hg 4f and Si 2p (SiO;) signals were separated by peak
fitting. The Hg 4f5), binding energy identified as 101.4eV was dis-
tinctly higher than the 99.9 eV reported for Hg® [23]. It was believed
that the result was attributed to the oxidation of elemental mer-
cury, which was Hg? in the gas phase transformed into Hg2* in the
adsorbed phase. Based on the previously reported binding energy
for Hg 4f on stated sorbent, the oxidation products of Hg® can be
ascribed to HgO and HgCl, with two peaks located at 104.4 and
101.4 eV, respectively [22,24].

As shown in Fig. 6B for Cl 2p, three fitting peaks could be found
in each spectrum of fresh AC45 and used AC45. After the com-
parison on relative positions of peaks in each spectrum, it could
be observed that a significant migration occurred to the inferior
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binding energy after Hg® removal. The peak of profile around
208.1eV in spectrum of fresh AC45 could be related to ClO4~
type species [25]. Saraswat et al. [26] believed that HCIO4 was
more rapidly ionized in acetonitrile and thus forced the polymer
to release more and more electron to the cathode. It proved that
HClO4 possessed an excellent oxidizability and thus could perform
well in Hg? oxidation.

In spectrum of used ACy4 5, the band of 198.4eV corresponded
to HgCl, in which chlorine was covalently bound to mercury [27].
Combined with the stated analysis about mercuric compounds, the
formation of HgCl, during the process of mercury capture was
confirmed. Moreover, it could be conjectured that the migration
was possibly caused by the reaction between Hg® and chlorine-
containing groups related to ClO4 ™.

The fitted O 1s XPS spectra for ACf, fresh AC45 and used ACy45
were presented in Fig. 6C. Comparing the binding energy scale of O
1s with relevant studies, the binding energy values of three dif-
ferent types of O 1s peaks could be used to judge the probably
generated oxygen-containing groups. The O 1s peak appeared in
spectra of all samples with the binding energy of 532.2 eV repre-
sented chemisorbed and/or weakly bonded oxygen (as in carbonyl
or carboxyl groups), which were regarded as the most active oxy-
geninreaction of mercury oxidation [28,29]. The fitting peak of O 1s
in region of 532.6 eV, corresponded to surface oxygen in hydroxyl
species and/or adsorbed water species [30,31]. According to previ-
ous works, many hydroxyl groups were presented on the surface
of AC [32]. The only emerged peak in profile of fresh AC45, with
a binding energy of 533.4eV, was ascribed to ether-type oxygen
[25]. Numerous recent studies shown that ether-type species, the
primary product for carbonate-based electrolytes, was originated
from reduction/reaction of the carbonate-based solvent [33,34].

Hypothetically, the atomic concentration of oxygen-containing
groups corresponded to 532.2eV and total oxygen on AC were
denoted by O and Or, respectively. After comparison of the pro-
files in used AC45 with fresh AC45 of Ols, it could be inferred
that the increment in ratio (Oa/Or) of effective oxidation groups
increased from 35.26% to 72.47% was caused by the activation of
HCIO4. The strong oxidation of HCIO4 and following pretreatment
steps may be responsible for the variation between the peaks of
532.6 and 533.4 eV. Besides, it could be observed that the value of
0a/Or decreased from 72.47% to 63.37% after Hg® removal. It clearly
manifested that some chemisorbed oxygen was consumed when
in experiment of removing HgP. United with the XPS result of Hg
4f, it could be verified that the HgO was the product of oxygen-
containing groups and elemental mercury, both of which were
absorbed weakly and adjacently on the surface of AC.

3.2.3. FTIR analysis

In order to investigate the changes in the surface groups associ-
ated with variations in the acidic/basic character of samples, FTIR
characterization was carried out on all samples, including AC sam-
ples treated by different acids (ACf, ACs, ACy, AC45) and HCIO4
treated samples (ACy5, AC3, ACy45, ACg, AC75). The FTIR spectra
were recorded between 400 and 2000 cm~!.

FTIR spectra of AC samples (ACg, ACs, ACy, AC45) were shown
in Fig. 7. Similar profiles could be found in spectra of all the AC
samples. The mutual peaks of ACr at the bands of 1626, 1357 and
1000 cm~1, which were corresponded to C=0 vibration in carbonyl
group, nitro (—NO,) stretching vibration and SiO4*~ stretching
bands [35,36], respectively, were relatively weaker than those
peaks of the modified samples. It demonstrated that the sur-
face chemical properties of AC samples changed in the process
of modification by acids. And the C=0 groups were considered as
positive in Hg® oxidation. What is more, the absorption band at
1390cm™1, assigned to the COO~ symmetric vibration, also showed

Absorbance (a.u.)
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Fig. 7. FTIR spectra of ACy, ACs, ACy45, ACF.

a sharppointed shape in spectra of ACs and AC4 5 rather than ACy.
Meanwhile, a concave emerged at the same band on the spec-
trum of ACy with the peak located at 1357 cm~! and new peaks
appeared at the shoulders of the concave with the bands from
1406 to 1589 cm~!, which were attributed to C=N vibrations and
N—H bending vibrations. The same case took place at the band of
1134cm~! which was closely related to Si—0—C and new peaks
at 1075cm~! (carbonate) and 1290 cm~! (asymmetric stretching
vibrations of C—O—C in ester groups) uprose [15,37,38].

Except the generated N-containing groups on ACy, several kinds
of functional groups closely bound up with properties of differ-
ent acids emerged on other modified samples after modification.
For instance, the bands at 1413 and 1662 cm~! [39] were cor-
responded to S=O stretching vibration in curve of ACs and C=0
stretching vibration indicative of the carboxylic, anhydride or
lactones in spectrum of ACys, respectively. The description on
efficient oxygen-containing groups was consistent with the correl-
ative information in XPS analysis of O 1s, namely that chemisorbed
oxygen existed on the stated four samples while the fresh AC4 5 pos-
sessed more efficient oxygen than ACr. Besides, the aromatic C—H
group (708 cm~1!) [40] was only engendered on AC45 which was
conjectured to be intermediate product of activation. The bands of
612cm! in curve of ACy and 621 cm~! in spectra of other three
sorbents, attributed to SiO4%~, were detected [35]. That could be
explained by the XPS result for Si 2p which indicated that a great
amount of silicon belonged to AC. From the above, a conclusion
could be reached that the treatment of acidification and oxidation
by different acids brought numerous oxygen-containing functional
groups, especially the activation of HClO4, which brought addi-
tional oxygen.

As seen in Fig. 8, FTIR spectra of AC samples (AC; 5, AC3, ACq5,
ACg, AC75) exhibited similar features with Fig. 7. The common
peaks (at the bands of 1626, 1390, 1357, 621 and 1134cm™1)
existed in most spectra of the sorbents tested by FTIR method. The
similarities could be explained by the same raw material (AC) of
all sorbents. The raw material was the mixture of diverse complex
compounds, which contained groups corresponding to the mutual
peaks by nature. Beyond that, peaks at bands of 1662cm~! (C=0
stretching vibration) and 708 cm~! (aromatic C—H group) which
existed only in spectrum of AC45 in Fig. 7 appeared in all curves
of HClO,4 treated samples. It exactly indicated the groups of C=0
(ascribed to the band of 1662cm~1) and aromatic C—H were the
unique products of reaction between AC and HCIO4. The stand-
point that the activation of HClO4 could bring plentiful efficient
oxygen-containing groups was proved again.

However, many differences could be observed among spectra of
various samples. The peak of 1662 cm~! got sharp gradually with
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Fig. 8. FTIR spectra of ACy5, AC3, AC45, ACs, AC75.

the increasing HClO4 concentration. With a view of the decline in
Hg® of ACg and AC7 s, it could be affirmed that the chemisorption
operated efficiently as usual while the fragmentation of AC resulted
in seriously decreased pyhsisorption in Hg® removal, consequently,
the fall in Hg? removal efficiency was expressed. Compared to AC
samples treated by HClIO4 of lower concentration, peak of AC; 5
at band of 606cm~! which was likely attributed to SiO4*~ was
regarded as the result of a slightly wavenumber excursion. Besides,
a series of new peaks around 1416 and 1477 cm~! (C=N vibration),
1438 cm~! (—CONH, group), 1457 cm~! (C—H deformation vibra-
tion), 1489 cm~! (N—H bending vibration), 1525 and 1541 cm™!
(C=C vibrations in aromatics group) [36,41-44] appeared on the
curve of AC7 5, which were ascribed to the strong reaction of oxi-
dation between HClO4 and AC.

Striking resemblances in spectra of AC75 and ACy could be
observed by the contrast between Fig. 7 and Fig. 8, especially the
bands of concaves and newly emerged profiles. The coincidence
could be interpreted as that the extents and abilities of modifica-
tion by AC7 5 and ACy were similar; nitrogen-containing AC could
produce compounds corresponded to certain FTIR wavenumbers
under relevant extent of oxidation.

3.3. Effect of individual flue gas components

Individual flue gas components balanced in pure N5 or N, plus
0, were used to study their effect on Hg® removal under condition
of Set 4 and the reaction pathways. The results are shown in Fig. 9.

3.3.1. Effect of O,

Eoxi and Ecap over AC45 at 160°C under pure N, gas flow was
observed to be 82.9% and 82.7%, respectively, which were clearly
higher than those of ACr under SFG condition. Considering the
repeatedly validated deduction that oxidation played dominant
role in Hg® removal. The capture of Hg® on AC45 under pure Nj
atmosphere was mostly due to the reaction between Hg? and stored
oxygen [8]. No obvious promotion of En; and Ecap were detected
when O, concentration ulteriorly increased to 8%. That indicated
the modified AC45 possessed an immense capacity for storing
oxygen and the consumption of oxygen in oxidation during the
experimental period was relatively little that the supplement for
stored oxygen was unnecessary. Similar results were also obtained
by other researchers [8,12].

3.3.2. Effect of NO

In the absence of Oy, Ey; and Ecap of AC45 were promoted to
85.38% and 84.36% when the concentration of NO was 300 ppm
balanced with N, stream. Considering the surface chemisorbed
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Fig. 9. Effect of individual flue gas component on Hg® removal efficiency of ACys.

Reaction conditions: 160 °C; N, /(N; + 0, ) +individual flue gas components (NO and
S0,); SFG/SFG +8% H,0, N, balanced; GHSV=3000h-".

oxygen, the NO could react in following steps to facilitate Hg?
removal [8]:

NO + 1/20, - NO, (5)
Hg® + NO, — HgO + NO (6)
Hg® + 2NO, + 0, — Hg(NO3), (7)

With a melting point of 79°C [45,46], Hg(NOs3), was likely to
volatilize at 160°C. That could prove the existence of the volatile
mercuric compounds which was mentioned earlier. Slight increase
in Hg? removal could be found when higher concentration of NO
was added. This demonstrated that the oxygen on sorbents was
almost as effective as NO, for Hg? oxidation. As mentioned above,
the modified AC4 5 possessed an immense capacity for storing oxy-
gen which could give the clue of the minor increase (3.1%) on Hg®
oxidation efficiency after the addition of 5% O,.

3.3.3. Effect of SO,

Fig. 9 shows irregular situations of Hg® removal influenced
by SO, of varied concentrations. Inhibition on Egy; and Ecap of
AC45 sustained when concentration of SO, increased from 200
to 800 ppm, where the contribution of oxidation descended from
80.14% to 73.10%. It was possibly caused by the competitive adsorp-
tion between SO, and Hg® on the sorbent’s active sites. However,
the sudden positive effect for Hg® removal with the Eoy; and Ecap
of 79.83% and 77.89% under 1100 ppm SO, respectively, was not
conform to conventional studies [47,48]. Exceptionally, summa-
rized from the discussions of Eric A. Morris and Qi Wan [49,50], SO,
could react with functional groups on surface of AC. And the prod-
uct, such as aromatic sulfide or sulfate species, could enhance the
catalytic activation because of the newly formed sulfur-containing
sites. That fitted the analysis of FTIR on the common peak (at band
of 708 cm~1) ascribed to aromatic C—H group in Fig. 8. Besides, the
SO, absorbed on AC could react with the chemisorbed oxygen (0*)
as equations below. And the SO3, as a product, could oxidize Hg° to
mercuric sulfate (HgSO4) [51]:

S0,(ad) + Ox — SO3(ad) (8)
Hg%ad) + SO3(ad) + 0% — HgS04(ad) (9)

Thus, the argument on the extraordinary performance of SO,
on Hg® removal was deduced as follow: inhibition of competi-
tive adsorption was not prominent in the atmosphere of SO, with
a concentration of 200 ppm. In addition of the positive effect of
sulfur-containing sites and SOs, the slightly promotion in mercury
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removal was expressed by AC4 5 when compared with the efficiency
of Hg® removal over ACr; The impact of competitive adsorption
deepened with the growing amount of SO, while improvement
on Hg? removal efficiency by newly formed substances was corre-
spondingly weak, hence a continued decline was manifested. When
the concentration of SO, was 1100 ppm, the suppression caused by
competitive adsorption between SO, and Hg® reached its limita-
tion, and the subtotal active sites on AC were occupied by SO,. As
a consequence, the majority of chemisorbed oxygen that was able
to oxidize Hg? before could only get in touch and react with SO,
and more sulfur-containing sites and SO3; were generated subse-
quently. Therefore, the reaction of Hg® oxidation was accelerated
and introduced high Ey; as well as Ecap.

When O, was added, Ey; and Ecap of AC4 5 got further improve-
ment which might be due to the supplement of oxygen in active
sites consumed by SO,.

3.3.4. Effect of H,0

Water-resistance is an important parameter to assess the appli-
cation value of sorbent. In this test, 8% water vapor was added
into simulated flue gas quantificationally and continuously. Hg?
removal efficiency declined approximately 10%, shown in Fig. 9.
The inhibition of HO might be explained mainly by the strongly
competitive adsorption [52] and cover on catalyst surface by H,0,
and Hg? could not get in touch with active sites on the surface of
sorbent. Thus both physisorption and chemisorption of Hg® were
weaken.

3.4. The mechanism study

This study was conducted to figure out the actual behavior
of HCIO4 acted in the process of Hg? removal. As above men-
tioned, HCIO4 could not only react with carbon to produce Cl,,
but decompose into ClO3 and ClO4 (denoted by ClOx in union) at
room temperature in Eqs. (3) and (4), respectively. Considering the
deduction summerized from the analysis of FTIR and XPS on AC4 s,
which indicated that the modification by HCIO4 brought numer-
ous efficient oxygen on AC, the possible reaction between ClOx and
carbon over AC were proposed to be as follows:

ClOx + (x+1)C — xC—0 * + C—Clx (10)

where CI* represented chemisorbed chlorine. And the O* and CI*
could be replenished or regenerated by gas phase O, or Cl, in Eq.
(11)and (12):

0, +C — 2C—0x (11)
Cl, +2C — 2C—Cl« (12)

Considering the products, HgO and HgCl,, generated in Hg?
oxidation were proved to be subsistent from the analysis of XPS,
the C—0* and C—CI* were believed to played decisive roles in Hg?
removal. Mechanisms involving atomic chlorine had been proposed
by many researchers [8,12,20,53]. Egs. (13)—(15) show the path-
ways, with Hg? was first absorbed on AC and then reacted with
atomic chlorine:

Hg? + AC — Hg(ad) (13)
Hg(ad) + C—Clx — HgCl(ad) + C (14)
HgCl(ad) + C—Clx — HgCly(ad) + C (15)

HgP® oxidation by surface oxygen in AC was essential to Hg vapor
capture. As seenin Fig. 9, satisfying E,y; and Ecap were achieved over
AC45 at 160 °C under pure N, gas flow, demonstrating Hg® oxida-
tion was mostly attributed to the reaction of chemisorbed oxygen
with Hg? adsorbed adjacently. And similar conclusions had been

drawn in numerous studies [39,47,51]. The reaction equation was
described as follows:

C—O % +Hg(ad) — HgO(ad) + C (16)

4. Conclusions

ACy4 5 showed optimal Eqy; and Ecap in the tests for evaluation on
activated coke treated by different acids and perchloric acid of var-
ied concentrations. In addition, result of temperature experiment
indicated that AC45 performed best at 160°C among the thermal
gradient from 100 to 220°C. The Hg® removal was the result of
synergy between physisorption and chemisorption, and the lat-
ter one was attributed to the reaction between Hg® and ClI—O or
C—Cl. Besides, the oxidation products, HgCl, and HgO, were further
confirmed. Since the Hg® removal was a process which sostenuto
consumed C—O and C—Cl, a further investigation to improve the
regenerability of modified AC was needed.
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