
Citation: Zheng, Y.; Li, G.; Jiang, J.;

Zhang, L.; Yue, T. Application Study

on the Activated Coke for Mercury

Adsorption in the Nonferrous

Smelting Industry. Sustainability 2024,

16, 421. https://doi.org/10.3390/

su16010421

Academic Editor: Grigorios L.

Kyriakopoulos

Received: 28 November 2023

Revised: 26 December 2023

Accepted: 28 December 2023

Published: 3 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Application Study on the Activated Coke for Mercury
Adsorption in the Nonferrous Smelting Industry
Yang Zheng 1,2 , Guoliang Li 1,2,*, Jiayan Jiang 1, Lin Zhang 1 and Tao Yue 1,2,*

1 School of Energy and Environmental Engineering, University of Science and Technology Beijing,
Beijing 100083, China; yzheng@ustb.edu.cn (Y.Z.); u202141298@xs.ustb.edu.cn (J.J.);
m202220218@xs.ustb.edu.cn (L.Z.)

2 Beijing Key Laboratory on Resource-Oriented Treatment of Industrial Pollutants, Beijing 100083, China
* Correspondence: liguoliang@ustb.edu.cn (G.L.); yuetao@ustb.edu.cn (T.Y.)

Abstract: The massive release of mercury undermines environmental sustainability, and with the
official entry into force of the Minamata Convention, it is urgent to strengthen the control of mercury
pollution. The effectiveness of activated coke (AC) in removing elemental mercury (Hg0) from
high temperatures and sulfur nonferrous smelting flue gas before acid production was studied.
Experimental results indicated that the optimal temperature for Hg0 adsorption by AC was 150 ◦C.
And the adsorption of Hg0 by AC was predominantly attributed to physical adsorption. Flue
gas components (SO2 and O2) impact studies indicated that O2 did not significantly affect Hg0

adsorption compared to pure N2. Conversely, SO2 suppressed the adsorption capacity, while the
simultaneous presence of SO2 and O2 exhibited a synergistic effect in facilitating the removal of
Hg0. The characterization results of X-ray photoelectron spectroscopy (XPS) indicated that the SO2

molecule favored to anchor at the Oα site, leading to the formation of SO3. This subsequently oxidized
the mercury to HgSO4 instead of HgO. The study demonstrates that cheap and easily accessible AC
applications in the adsorption of mercury technology may help improve the sustainability of the
circular economy and positively impact various environmental aspects.

Keywords: activated coke; mercury capture; nonferrous smelting; sustainability

1. Introduction

Mercury is persistent, bioaccumulated, and can be transported long distances, seri-
ously jeopardizing the ecological environment and human health [1,2]. In 2015, approx-
imately 2220 t Hg was emitted into the atmosphere from 17 key industries globally, 49%
of which was articulated by Asia (mainly east and southeast Asia). Nonferrous smelting
Hg emissions accounted for 15% of the total emissions in Asia, which severely impacted
the environment [3]. Moreover, China is the most significant anthropogenic mercury
emitting country, with national mercury emissions reaching 530 t in 2014, and 84% of the
non-coal-fired atmospheric mercury emissions originated from nonferrous smelting [4].
The increasing prominence of mercury pollution is detrimental to global sustainable devel-
opment, so there has become more and more of a consensus to strengthen the prevention
and control of mercury pollution, and it is of great significance to control mercury emissions
from the nonferrous smelting industry [5,6].

The primary application of nonferrous smelting flue gas mercury removal technology
occurs post-flue gas scrubbing. The nonferrous smelting industry’s acid manufacturing
process exhibits favorable mercury absorption properties. However, suppose mercury is
not eliminated prior to the acid manufacturing process. In that case, a considerable quantity
of mercury may infiltrate the contaminated acid, acid sludge, and other mediums, leading
to additional contamination during subsequent utilization. Consequently, the nonferrous
smelting industry generates a substantial mercury discharge, significantly affecting the
acid production process. Therefore, it’s of great necessity to remove mercury before the
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acid production process [7]. Hence, it is imperative to eliminate mercury prior to the acid
production procedure. Nevertheless, the nonferrous smelting flue gas exhibits notable
attributes such as elevated mercury concentration, high SO2 concentration, and elevated
flue gas temperature, posing challenges for conventional adsorption materials in effectively
extracting mercury from the flue gas [6,7].

Activated coke (AC) holds promise for mercury removal in the nonferrous indus-
try owing to its abundant availability, cost-effectiveness, ease of access, commendable
resistance to sulfur, and the superior stability of its adsorption products [8]. The primary
distinction between conventional activated carbon and AC lies in the broader distribution
of pore sizes in AC, encompassing micropores, mesopores, and numerous macropores.
Consequently, the adsorption rate of AC is accelerated [9,10]. Furthermore, AC exhibits
superior mechanical strength and abrasion resistance compared to activated carbon, en-
abling it to maintain stability and resist damage or deactivation even in conditions of high
temperature, high pressure, and strong oxidants. Research has demonstrated that the
impact of SO2 on Hg0 adsorption varies under different circumstances [11], sometimes
showing inhibition and sometimes promotion. Hence, the meticulous selection of materials
is paramount in preparing adsorbents. While there exists a plethora of research on AC
desulfurization and denitrification, the investigation of AC as an adsorbent for eliminating
high-temperature and high-sulfur flue gas monomers of mercury remains relatively limited.

In order to improve the adsorption performance of active coke, researchers modified
the adsorbent with Mn, Ce, Cu, Co, and other metal compounds, and explored the mech-
anism of mercury removal [12–15]. However, the existing studies are mainly focused on
the flue gas from coal-fired industries. Moreover, the understanding of the interaction
between Hg0 and SO2 on the surface of AC is lacking. Therefore, it is imperative to conduct
a comprehensive analysis of the adsorption properties of AC for mercury and SO2 to eluci-
date the adsorption and migration pathways of SO2 and mercury [11]. Such an in-depth
study holds significant implications for effectively controlling mercury pollution in the
nonferrous smelting industry.

This study aims to improve the state of global sustainable development and explore
the applicability of AC for removing Hg0 concerning the high temperature and high sulfur
flue gas characteristics prior to the acid production process of nonferrous smelting. Firstly,
the performances of AC for removing mercury at different temperatures were investigated.
Kinetic simulation calculations were carried out to derive the optimal adsorption tem-
perature window and kinetic mechanism. The impact of varying flue gas components
on mercury removal was also investigated. The mechanism of SO2 and O2 action on the
surface of AC was analyzed using X-ray photoelectron spectroscopy (XPS) and thermal
desorption experiment programmed with mercury (Hg-TPD). The study examined the
potential use of AC for removing mercury in the nonferrous smelting industry, offering a
theoretical foundation for the widespread adoption and implementation of AC adsorption
technology to enhance sustainable development.

2. Materials and Methods
2.1. Experimental Material

The AC was sourced from Shanxi Xinhua Chemical Co., Ltd. (Taiyuan, China). All the
reagents were directly used without undergoing additional purification. To ensure optimal
contact between the flue gas and adsorbent and to prevent excessive air resistance and disrup-
tion of airflow, the purchased large AC particles were grounded and crushed to 40–60 mesh
using a sieve. The resulting AC particles were then washed with distilled water one or two
times, then steamed and dried in a drying oven at 100 ◦C for about twenty hours for spare
use. Water from a m pure HIQ water purification system (minimum of 18 MV cm) was used.
The high purity N2 and O2 concentrations were 99.999%, and SO2 was 1%.
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2.2. Evaluation of Mercury Adsorption Performance

This experiment utilized a fixed-bed reaction system with the manufactured AC
particles as the adsorbent and a series of simulated flue gases to measure the capacity of
combined desulfurization and mercury removal. The fixed-bed reactor system is shown in
Figure 1, which consists of a gaseous singlet mercury generation system, a fixed-bed and
temperature control system, a simulated flue gas system, a gaseous singlet mercury test
system, and a tail gas treatment system. The tail gas generated from this experiment had
been treated and discharged to the designated site to avoid any negative environmental
impact due to this study.
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Figure 1. Schematic diagram of Hg0 removal experiment in fixed bed reactor.

The Hg0 removal performances of the material at different temperatures and gas
compositions were preliminarily tested. The specific experimental steps are shown in
Table 1. The aims of the experiments are as follows: Experiment I investigated the Hg
removal effects of the reaction temperature using AC. These experiments were performed
in an N2 atmosphere; Experiment II-IV investigated the influences of O2 and SO2 on Hg0

removal performance. Finally, Experiment V determined the Hg species and elucidated the
removal mechanisms of spent Hg0 and AC by Hg-TPD.

Table 1. Experimental conditions for mercury removal from AC.

Experimental Groups Gas Conditions Temperature (◦C)

I N2 60, 90, 120, 150, 180, 210
II N2 + 5% O2 150
III N2 + 2000 ppm SO2 150
IV N2 + 5% O2 + 2000 ppm SO2 150
V II–IV + N2 50–600, 10 ◦C/min

Notes: Airflow 1.2 L/min, AC 20 mg, 40–60 mesh.

The inlet and outlet mercury concentrations can be measured online in real-time by a
mercury meter, and the amount of mercury adsorbed is calculated using Equation (1):

Qt =
F
m

∫ t2

t1

(
Hg0

in − Hg0
out

)
dt (1)

where Qt is the amount of mercury adsorbed (mg/g), F is the simulated flue gas flow
rate (m3/min), m is the mass of the adsorbent (g), t1 and t2 are the reaction start time
and end time (min), respectively, and Hgin

0 and Hgout
0 are the inlet and outlet mercury

concentrations (mg/m3), respectively.
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The efficiency of mercury removal is calculated using Equation (2):

η =
Qt

F
m
∫ t2

t1
Hg0

indt
(2)

where η is the mercury removal efficiency (%).
The pseudo-first-order kinetic model predicts the Hg0 adsorption capacity based on

an ~80% breakthrough dataset. The Hg0 adsorption rate is proportional to the difference
between the equilibrium capacity and the adsorbed amount at any time, as described
as follows:

dQt
dt

= k1(Qe − Qt) (3)

Equation (3) could be modified to the following equation based on the initial conditions
of t = 0, Qt = 0:

Qt = Qe
(
1 − e−k1t) (4)

The pseudo-first-order kinetic constant (k1, min−1) can be determined by fitting the
adsorption breakthrough curve.

Additionally, the pseudo-second-order kinetic model is also adopted to simulate the
Hg0 adsorption behavior, which could be described by Equation (5):

dQt
dt

= k2(Qe − Qt)
2 (5)

Equation (5) could be modified to the following equation based on the initial conditions
of t = 0, Qt = 0:

t
Qt

=
1

k2Q2
e
+

1
Qe

t (6)

where the pseudo-second-order kinetic constant (k2, mg·g−1·min−1) can be determined by
fitting the adsorption breakthrough curve.

2.3. Sample Characterization

The unique physicochemical properties of AC are essential for its good mercury re-
moval effect. To further understand its properties, it is necessary to test and analyze the
AC before and after adsorption utilizing BET surface area measurement, X-ray photoelec-
tron spectroscopy, etc., and the results and the adsorption and desorption data will work
together to provide a specific theoretical basis for the adsorption of the influencing factors
and mechanisms. A physical adsorbent meter determined the specific surface area, pore
volume, and pore size data (Mike ASAP 3020, Micromeritics, Norcross, GA, USA). 200 mg
of the sample was weighed and degassed under a vacuum at 120 ◦C for 12 h, followed
by N2 adsorption/desorption at −198 ◦C. The specific surface areas of the samples were
calculated using the Horv’ath–Kawazoe (HK) model, and the pore size distribution was
calculated using the density functional theory (DFT) model. The X-ray photoelectron spec-
trometer (ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) was utilized with
Al Kα (hv = 1486.6 eV) serving as the excitation source. The parameters were as follows:
150 W power, 650 um beam spot, 14.8 KV voltage, and 1.6 A current. The monochromatic
Al Kα charge correction was performed using contaminated carbon C1s = 284.8 eV. The
full-spectrum flux was 100 eV in steps of 1 eV, whereas the narrow-spectrum flux was 20 eV
in steps of 0.1 eV. Hg-TPD experiments were performed on the experimental platform. The
sample was cooled to 50 ◦C after adsorption of Hg and purged with 1000 mL/min N2 for
80 min; then, the temperature was increased from 50 ◦C to 600 ◦C at a rate of 10 ◦C/min
with N2 as the carrier gas.
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3. Results and Discussion
3.1. Effect of Temperature on Mercury Removal Performance

To elucidate the effect of temperature on the mercury removal performance of AC,
the mercury removal performance was evaluated in the range of 60–210 ◦C. As shown in
Figure 2a, when the adsorption temperature was 60 ◦C, the Hg0 adsorption performance
of AC gradually decreased within 120 min. Raising the adsorption temperature was
favorable to the adsorption of Hg0 onto AC. The adsorption effect becomes better when the
temperature increases from 60 ◦C to 150 ◦C, reaching the highest adsorption efficiency at
150 ◦C. However, When the adsorption temperature was increased from 150 ◦C to 210 ◦C,
the removal efficiency decreased sharply from 97.7% to 86.8%, as shown in Figure 2b,
which was calculated according to Equation (2). This phenomenon illustrates that the
energy provided by the temperature from 150 ◦C to 210 ◦C is not enough to make the
chemical bond rupture but enough to break through the van der Waals force [16], resulting
in the desorption amount greater than the adsorption amount, which is macroscopically
manifested as a decrease in the amount of adsorption.
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Figure 2. (a) Hg0 adsorption breakthrough curves of AC at 60–210 ◦C; (b) Hg0 removal efficiency
after 120 min adsorption. Reaction conditions: flow rate = 1250 mL/min, sorbent mass = 20 mg, Hg0

concentration = 65 ± 5 µg/m3, N2 balance, and WHSV = 3,750,000 cm3·g−1·h−1.

Physical adsorption is a thermodynamically favorable process whereby an increase in
temperature leads to a shift in the adsorption equilibrium towards desorption, reducing the
quantity of Hg0 adsorbed [17]. Moreover, excessively high temperatures can detrimentally
impact the active adsorption sites present on the surface of the AC, thereby diminishing its
binding capacity for Hg0 and subsequently decreasing the efficiency of Hg0 adsorption [18].
Figure 2 demonstrates that when the temperature is close to 150 ◦C, the efficiency of
mercury removal in the first 60 min is significantly higher than at other temperatures. The
data presented in the figure indicates that mercury removal efficiency in the initial 60 min
is notably more increased when the temperature approaches 150 ◦C compared to other
temperatures. Considering both physical and chemical adsorption, it can be concluded that
150 ◦C is the optimal temperature for conducting further experimental investigations.

The adsorption capacity and adsorption efficiency curves of AC at 150 ◦C were cal-
culated according to Equations (1) and (2), as shown in Figure 3. Furthermore, after
approximately 4.2 h of experimentation, the penetration threshold of AC reached 85% of its
adsorption capacity of 0.55 mg/g. Additionally, the rate of change in adsorption quantity
gradually decreased as the adsorption process progressed.
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Figure 3b illustrates a significant decline in adsorption efficiency within the initial
4-h period, followed by a stabilization once adsorption commenced. After 10 h of adsorp-
tion, a penetration rate of 29.4% was achieved with 20 mg of AC, corresponding to an
adsorption capacity of 742.2 µg·g−1. It can be inferred that the remaining void volume
of the AC influences the adsorption rate. Consequently, the proposed primary and sec-
ondary kinetics assumptions were examined to investigate the applicability of first and
second-order kinetics in describing the speed of the adsorption process. As shown in
Figure 4a,b, the adsorption behavior of Hg0 by AC was simulated using the kinetic models
of Equations (4) and (6), respectively. In the adsorption process, without changing the
mercury concentration in the inlet gas, the adsorption speed can only be related to the
occupancy rate of the pores. The fitting results showed that the correlation coefficient R2

of the pseudo-first-order kinetic model was as high as 0.9997, while the linear correlation
coefficient R2 in the pseudo-second-order kinetic model was only 0.9688. Therefore, using
the pseudo-first-order kinetic model, the adsorption rate K1 of AC on Hg0 was calculated
to be 9.29 × 10−4 min−1.
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In the event of a particular mercury concentration in the inlet, the adsorption rate
adheres to the pseudo-first-order kinetic equation for the quantity of void, wherein the
vacuum portion is the penetration amount minus the present adsorption amount. Con-
versely, the adsorption rate constant exhibits a strong correlation with temperature [19].
As temperature increases, the adsorption rate accelerates; however, the desorption rate
intensifies concurrently [20]. The exothermic nature of the adsorption process further
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contributes to the establishment of adsorption equilibrium in the direction of desorption as
the temperature rises, i.e., as the temperature increases to a certain extent, the desorption
amount is more significant than the amount of adsorption, which will lead to a decrease in
the capacity of AC boundary, which is in line with the results shown in Figure 2.

The adsorption performance of several typical activated carbons for Hg0 is summa-
rized in Table 2. The adsorption capacity of AC used in this paper for Hg0 was much higher
than that of the ACs reported by the previous authors. The results indicated that AC is an
effective Hg0 capture agent.

Table 2. Adsorption capacity comparison between AC and typically reported.

Raw Material Source Means of Treatment Adsorption
Efficiency

Adsorption
Capacity (µg/g) Reference

commercial
cokes from Shanxi Xinhua Chemical Co., Ltd.,

Taiyuan, China

Separation and
washing 98% 742.2 This work

Zhundong lignite Separation and
purification 91% 30.72 [12]

commercial
cokes from Inner Mongolia Kexing Carbon

Industry Co., Ltd., Hohhot, China
Mn-Ce impregnation 94.87% No data [13]

commercial
cokes from Inner Mongolia Taixi

Group Xingtai Coal Chemistry Co., Ltd.,
Alxa, China

Cu impregnation >90% No data [14]

commercial
cokes from Gongyi Zhongya water

purification materials Co., Ltd.,
Gongyi, China

Co-Ce impregnation 71.07% No data [15]

Nonferrous metal smelting flue gas is complex, mainly containing O2, SO2, and other
components [21,22]. This study aimed to examine the impact of flue gas components on the
efficacy of AC in removing Hg0. Specifically, the Hg0 removal efficiencies were compared
when exposed to SO2 and O2 individually, as well as under composite conditions. The
results, as depicted in Figure 5, indicated that the Hg0 adsorption efficiency of AC reached
95% when tested under pure N2 conditions. The presence of O2 did not significantly affect
Hg0 adsorption, as the removal efficiency remained at 95% even with its addition.
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Adding 2000 ppm SO2 into pure N2 decreased Hg0 removal efficiency from 95%
to 90%, suggesting that SO2 hindered the adsorption activity of Hg0 by the AC. This
inhibition can be attributed to two factors [23]: (1) the competitive adsorption of SO2 with
Hg0 on the surface of the adsorbent, and (2) the reaction of SO2 with the active sites and
oxygen-containing functional groups, leading to a reduction in adsorption activity [24].
Conversely, when both SO2 and O2 were present in the atmosphere, the Hg0 removal
efficiency increased from 95% to 98%, indicating that the simultaneous presence of SO2 and
O2 facilitated Hg0 removal. This may be due to (1) SO2 is oxidized to SO3 by the metal
oxides on the adsorbent, and the SO3 formed on the adsorbent surface oxidizes Hg0 to
Hg2+; (2) in the gas phase, SO2 binds to O2 and oxidizes Hg0 to Hg2+; and (3) after SO2
adsorption on the adsorbent, the adsorption activity of the neighboring adsorption sites
is increased, which enhances the efficiency of the adsorbent [25,26]. It should be noted
that although mercury removal by AC was not high, the experiments were conducted
with the AC dosage as low as 20 mg. According to previous studies, mercury removal can
be effectively improved by increasing the adsorbent dosage [27]. Obviously, in practical
applications, the dosage of the AC will be much higher than the milligram level to ensure
operational stability and long-term durability [28–30]. Therefore, it can be concluded that
the AC exhibits a relatively wide range of capabilities for removing Hg0 from nonferrous
smelting flue gases.

3.2. Specific Surface Area Analysis

As shown in Figure 6a, the pristine and used AC exhibited a typical Type II isotherm
curve, with the adsorption amount dramatically increasing when P/P0 escaped zero,
indicating the abundance and uniformity of the micropores, which were the primary
characteristics of coke [31]. The HK model was adopted to characterize the micropores of
the AC, and the results further supported the enrichment of micropores in pristine and used
AC (Figure 6b). In addition, a relatively wide hysteresis loop was observed for P/P0, with
values ranging from 0.5 to 1.0. This suggested the co-existence of meso- and macro-pores,
which could contribute to the favorable structure formation observed in the pristine AC
samples (Figure 6b) [32]. The surface area of pristine AC reached 231.45 m2/g (Table 3)
and could be attributed to the enrichment of the pores and the hierarchical nature of its
structures. Consequently, pristine AC was more favorable for the diffusion of Hg0 [20,33].

The surface physical properties of the AC before and after adsorption under different
flue gas conditions were obtained, including the specific surface area, pore volume, and
average pore diameter, as shown in Table 3.

Based on the data presented in Table 3, it was evident that the specific surface area of
the AC, when exposed to Hg0 in pure N2, remained unchanged, while the pore volume
and average pore diameter experienced a slight reduction. The introduction of SO2 further
diminished the surface’s physical properties. Notably, the sample subjected to both SO2
and O2 exhibited the most significant decline in surface physical properties, thereby sub-
stantiating the notion that the presence of O2 facilitated the synergistic removal of both SO2
and Hg0 by the AC.

Table 3. Surface Physical Properties of the AC.

Samples Specific Surface Areas
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

Fresh coke 231.45 0.055 3.43
Used coke N2 231.46 0.054 3.26

Used coke N2 + 2000 ppm SO2 213.69 0.052 3.28
Used coke N2 + 5% O2 + 2000 ppm SO2 209.41 0.051 3.29
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Figure 6. (a) N2 adsorption–desorption patterns; (b) pore distributions of pristine and used ACs.

3.3. Mechanism Analysis

To investigate the mercury fugitive morphology and adsorption mechanism on the
AC, the chemical state of the surface elements before and after the reaction was analyzed
by XPS characterization.

Figure 7a demonstrated the split-peak fitting of the XPS spectra of C 1s, resulting in
three peaks situated at 284.8 eV, 286.5 eV, and 288.7 eV, corresponding to C-C bonded, C-O
bonded, and C=O bonded, respectively [34]. The figure illustrated that the positions of the
three C peaks remained unaltered before and after the adsorption of Hg0, regardless of the
atmospheric conditions. Figure 7b displayed a histogram illustrating the proportions of the
areas of the three peaks, indicating that the relative contents of C-C bonds, C-O bonds, and
C=O bonds in the AC samples remained relatively stable. It demonstrated that element C
was not involved in the adsorption process of Hg0.
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Figure 7. XPS patterns of the adsorbents: (a) C 1s; (b) Changes in the relative proportions of different
C bonds in C 1s.

Figure 8 demonstrated the peak splitting of the O 1s XPS spectrum, resulting in two
distinct peaks at 533.45 eV and 532.18 eV, corresponding to the chemisorbed oxygen (Oα)
and the lattice oxygen (Oβ), respectively [35]. According to existing literature, Oα and
Oβ were categorized as surface active oxygen and could actively participate in oxidation
reactions [36]. Based on the depicted figure, it was evident that the peak position of Oβ

remained relatively unchanged before and after the utilization of the AC. Conversely,
the peak position of Oα exhibited a discernible shift towards lower binding energy after
the introduction of SO2, suggesting that the Oα site, where SO2 was anchored, exerted a
conspicuous electron-donating influence, thereby significantly augmenting the electron
cloud density of Oα. The XPS characterization yielded elemental content data, which
enabled the acquisition of the relative carbon contents of oxygen, sulfur, and mercury,
both before and following the implementation of the AC, as illustrated in Figure 9. As
can be seen from the figure, the relative content of O remained constant before and after
the utilization of the AC in various atmospheres. Additionally, the introduction of SO2 in
the atmosphere resulted in the emergence of S on the AC surface, while the inclusion of
O2 facilitated the deposition of SO2 on the AC surface. Notably, the presence of N2 and
SO2 alone led to a substantial reduction in the corresponding mercury element content,
indicating that SO2 competed with gaseous monomers of mercury for adsorption and
inhibited the adsorption of Hg0. More SO2 was absorbed after the addition of O2, which
proved that O2 could promote the generation of SO3 from part of SO2 and enhance the
chemisorption of sulfur. Furthermore, introducing O2 resulted in an augmentation of
Hg0 adsorption, aligning with the findings in Figure 5. Two potential mechanisms can
account for this phenomenon: (1) O2 generates oxygen-containing functional groups on
the surface of the AC, thereby directly enhancing the chemisorption capacity of gaseous
mercury monomers; (2) the oxygen-containing functional groups initially interact with SO2,
leading to the production of SO3 and subsequent oxidation of mercury. Oxygen-containing
functional groups possess greater polarity and are theoretically inclined to react with the
polar molecule SO2 preferentially, so the second possibility is more probable.
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Figure 8. XPS patterns of the adsorbents O1s.
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Figure 9. Comparison of the relative carbon content of the three elements oxygen, sulfur, and mercury
before and after the use of the AC.

It is possible to identify the mercury species by the method of thermal desorp-
tion [24,37,38]. The four cokes used in different atmospheres after mercury adsorption were
analyzed for use as fingerprints, as shown in Figure 10. It was obvious that the position of
Hg-TPD peaks of the AC in N2, O2, and SO2 atmospheres was located between 310–320 ◦C,
which was attributed to the HgO decomposition peak; the position of Hg-TPD peaks of the
AC in O2 + SO2 atmospheres was situated at 293.4 ◦C, which corresponds to the HgSO4
detachment peak [37]. The Hg-TPD test results indicated that the adsorption products
of Hg under the three atmospheres of N2, O2, and SO2 were dominated by HgO, and
HgSO4 dominated the product of Hg0 under the SO2 + O2 atmosphere. Combined with the
previous Figure 8 analysis, it can be further deduced that under the SO2 + O2 atmosphere,
the oxygen-containing functional group first reacts with SO2 to produce SO3 and then
oxidizes Hg, and the oxidation product is HgSO4.
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Figure 10. The Hg-TPD pattern of spent cokes.

As shown in Figure 11, the temperature segments in the adsorption process were
integrated to obtain the desorption amount in different temperature segments. Based
on the increase in mercury release in each temperature interval, it is possible to see in
which temperature interval the release of mercury is most concentrated, and the optimal
temperature interval for mercury release can be deduced. As can be seen from Figure 11,
the desorption amount raised slightly at 0–200 ◦C and proliferated at 200–400 ◦Cand then
stayed at a higher level, which indicated that the higher the temperature was, the better the
desorption effect was, while the desorption capacity no longer improved drastically with
the rise of temperature after reaching 400 ◦C.
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Figure 11. Hg release ratio of spent AC at different temperatures.

4. Conclusions

This paper investigates the suitability of the AC removal process for Hg0 in nonferrous
smelting flue gas before the acid production process, considering the high temperature and
high sulfur flue gas characteristics. The adsorption performance of the AC was evaluated,
and the results indicated that the highest adsorption efficiency of Hg0 was achieved at an
adsorption temperature of 150 ◦C. Furthermore, the adsorption performance of the AC at
various temperatures and the results of kinetic simulation demonstrated that the adsorption
of Hg0 by the AC primarily involved physical adsorption rather than chemical adsorption.
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The impact of various flue gas components, namely SO2 and O2, on the performance of AC
in removing Hg0 was investigated. The results indicated that O2 had a negligible influence
on Hg0 adsorption compared to pure N2, while SO2 hindered the adsorption activity of
AC towards Hg0. Interestingly, the simultaneous presence of SO2 and O2 facilitated the
removal of Hg0. XPS analysis revealed that carbon (C) did not participate in the adsorption
process of Hg0, whereas SO2 acted as the anchoring point for AC. Specifically, the anchoring
site of SO2 was identified as the Oα site. When SO2 and O2 were present simultaneously,
the oxygen-containing functional groups reacted with SO2 first to generate SO3 and then
oxidized mercury, and the product was HgSO4. HgO dominated the adsorption products
of the monomers of mercury under the atmosphere of pure N2 and the addition of SO2 and
O2 alone.

Despite the advantages and potential applications of AC adsorption of mercury tech-
nology, further research and improvement are necessary to address existing issues, enhance
its technical proficiency, and optimize its economic benefits. This will enable sustainable
development in mercury emission control and facilitate the dissemination and implementa-
tion of AC adsorption of mercury technology by offering guidance and recommendations.
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