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Abstract
Mercury pollution has become one of the most concerned environmental issues in the world because of
its high toxicity, non-degradability and bioaccumulation. Attapulgite adsorbents modi�ed by magnetic
manganese-copper (MnxCuy-MATP) were fabricated by co-precipitation and ultrasonic impregnation

method,aiming at removing Hg0 from coal-�red �ue gas. BET, SEM, XRD, VSM and XPS were used to
systematically explore the physical and chemical properties of the adsorbents, the effects of manganese
and copper additions, reaction temperature and various components in the �ue gas on the e�ciency of
Hg0 removal were investigated. Mn8Cu5-MATP exhibited the optimal properties, and excessive copper
loadings led to the aggregation of the active components. The e�ciency of mercury removal can be
effectively improved by NO and HCl regardless of the absence and presence of O2, because the NO+, NO3,

NO2 and Cl* produced during the reaction can promote the adsorption and oxidation of Hg0. SO2 and H2O

inhibited the oxidation of Hg0 because of the competitive adsorption at the active sites, while a large
amount of sul�te and sulfate were formed to block the pores. However, the introduction of copper caused
the sample to obtain SO2 resistance, which resulted in a mercury removal e�ciency of 84.3% even under
1500 ppm SO2. In addition, after 5 cycles of adsorption and regeneration, Mn8Cu5-MATP can still

maintain excellent Hg0 removal ability. The fabricated adsorbent can save the actual production cost and
effectively improve the mercury removal e�ciency in sulfur-containing �ue gas.

1. Introduction
Mercury has attracted widespread public attention due to its high toxicity, persistence, high volatility, and
bioaccumulation (Li et al. 2017a, Wang et al. 2019a, Yang et al. 2020b). In recent years, mercury in coal-
�red �ue gas has been considered the main source of mercury pollution (Zhao et al. 2019). Therefore, it is
necessary to control mercury emissions in coal-�red �ue gas. Generally, mercury in coal-�red �ue gas is
divided into three categories, including elemental mercury (Hg0), divalent mercury (Hg2+) and particulate
mercury (Hgp) (Wilcox et al. 2012, Xu et al. 2014). Among them, Hg2+ and Hgp can be effectively removed
by the wet desulphurization and particulate matter control devices (Yang et al. 2019b). However, Hg0

cannot be easily removed due to its chemical stability (Yang et al. 2019a). Therefore, it is urgent to
develop a technology for removal Hg0.

At present, a variety of mercury removal methods have been proposed by researchers, such as chemical
adsorption, photocatalytic oxidation and thermal catalytic oxidation (Jia et al. 2020, Wu et al. 2017,
Zhang et al. 2019). Among them, the �ue injection technology of mercury removal adsorbent is validated
to be a practical and feasible mercury removal technology (Chen et al. 2019). Activated carbon adsorbent
has become a research hotspot in the �eld of mercury removal from �ue gas owing to its excellent
adsorption performance (Huang et al. 2019). However, the activated carbon injection technology is not
only expensive, but also cannot be recycled, which impedes its practical application (Yang et al. 2019d).
In addition, the pollution of �y ash has a negative impact on the resource utilization due to the
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incorporation of activated carbon containing mercury (Zhao et al. 2017). More importantly, such
technology cannot achieve the ultimate centralized control for mercury pollution in coal-�red �ue gas.
Instead, the mercury and its compounds in the �ue gas were transferred to by-products such as �y ash,
desulfurization slurry, and desulfurization gypsum through activated carbon, which increases the risk of
environmental pollution caused by the secondary release of mercury (Wang et al. 2020). In order to avoid
the risk, researchers consider incorporating magnetic materials into the adsorbent to achieve the purpose
of separating the adsorbent from �y ash (Dong et al. 2009, Yang et al. 2018a, Zhou et al. 2019).
Bordedeux et al. prepared nano-Fe2O3 with high speci�c surface area for Hg0 removal (Borderieux et al.
2004). The mercury absorption capacity can reach 1390 µg/g at the optimal reaction temperature of
260°C. Yang et al. developed a magnetic nano (Fe3-xMnx)1-δO4 adsorbent, which showed excellent
mercury adsorption performance at 100–300°C (Yang et al. 2011). Yang et al. successfully synthesized a
magnetic activated carbon for Hg0 removal by co-precipitation method, and the mercury removal
performance was optimal when the mass fraction of magnetic substance was 25% (Yang et al. 2020a).
Although these magnetic adsorbents can effectively remove mercury and regenerate, the synthesis
process is usually complex and costly. In order to develop cheaper adsorbents, researchers have focused
on natural minerals (Ding et al. 2012, Li et al. 2014, Liu et al. 2020, Shao et al. 2016). Among a variety of
natural minerals, attapulgite (ATP) has attracted much attention due to its nano-scale rod-like structure,
excellent thermal stability and large surface area (Liu et al. 2017). Liu et al. modi�ed ATP with MnO2 and
Co3O4, which greatly improved the e�ciency of mercury removal (Liu et al. 2014). Huang et al. prepared a
magnetic manganese-modi�ed ATP, which exhibited good mercury removal and regeneration
performance (Dong et al. 2021).

Although these adsorbents show good mercury removal capacity and regeneration performance, the
mercury removal e�ciency of adsorbents reduces greatly under SO2 long-term operation, which limits
their further development and application (Dong et al. 2019). In order to alleviate above negative effect,
we simultaneously loaded Mn-Cu into magnetic ATP by ultrasonic impregnation, and evaluated Hg0

removal e�ciency under different conditions. The physicochemical properties of the adsorbent were
systematically analyzed by XRD, SEM, BET, VSM, XPS. The effects of manganese and copper additions,
reaction temperature and various components in the �ue gas on the e�ciency of Hg0 removal were
investigated. In addition, the regeneration performance of the adsorbent was also tested. The prepared
adsorbent possessed high mercury removal e�ciency, and exhibits excellent SO2 resistance. The results
of this work can provide valuable guidance for the development of mercury removal adsorbents with SO2

resistance.

2. Experimental

2.1 Adsorbent preparation
MATP: The raw attapulgite (ATP) was purchased from Yixiang New Materials Co., Ltd. The ATP was �rst
washed with deionized water to remove soluble impurities on the surface. Then, the pre-treated ATP was
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added into the aqueous solution containing FeCl3 and FeCl2. The mass ratio of the ATP: FeCl3: FeCl2 was
3.66: 2.57: 1. Subsequently, concentrated ammonia was added to the ATP suspension during the stirring
process until the pH value reached approximately 11. Further, the suspension was stirred at 70°C for 90
min, after which the obtained sediment was washed to neutrality and dried at 105°C for 12 h. Finally, the
sample was calcined at 250°C for 3h under N2 atmosphere to obtain the MATP.

Mnx-MATP and MnxCuy-MATP: The MATP was immersed in a calculated amount of 50wt% Mn(NO3)2

solution (and Cu(NO3)2 solution), and then the mixture was exposed to an ultrasonic bath at 60°C for 2 h.
Subsequently, the obtained powder was dried at 105°C for 12 h, and calcined at 450°C for 4h under N2

atmosphere with a temperature rise rate of 7.5°C/min. The obtained samples were represented by Mnx-
MATP or MnxCuy-MATP, where x and y represented the mass percent of element Mn and Cu on the
samples, respectively.

2.2 Adsorbent characterization
The speci�c surface areas and the pore size distributions of the adsorbent were analyzed on an ASAP
2020 analyzer (Micromeritics Inc., USA) using N2 gas as an adsorbate at liquid-nitrogen temperature (77
K). The phase structure of the adsorbent was characterized by X-ray diffraction (XRD). The XRD pattern
was recorded on a D/MX-IIIA diffractometer (Rigaku, Japan) with Ni-�ltered Cu Ka radiation. The
scanning range was set from 5° to 90° (2θ) with a step size of 0.02° and a step time of 2 min. The
magnetism of the adsorbent was characterized by using a physical property measurement system using
a VSM (LakeShore7404). The surface composition and the chemical state of the elements existing in the
adsorbent were analyzed on a Thermo ESCALAB 250Xi apparatus using Al Ka radiation as the excitation
source and the binding energies were referenced to the C1s at 284.8 eV.

2.3 Measurement of Hg0 adsorption performance
The mercury adsorption performance of the adsorbent was tested on a laboratory-scale �xed bed
adsorption system, as shown in Fig. 1. The gas compositions were N2, O2, NO, SO2, HCl, Hg0 vapor and

H2O vapor. The Hg0 concentration was maintained at approximately 55 µg/m3 by adjusting N2 to �ow

through the mercury permeation tube (HE-SR, VICI Metronics, USA) and oil bath temperature. Hg0 capture
experiments were performed in a quartz tube reactor (internal diameter was 7 mm) in the �xed bed
reactor. During the experiment, the sample was �xed in the middle of the quartz tube reactor by quartz
wool, while the quartz tube reactor was wrapped in a temperature-programmed tube furnace. A total of 50
mg of the prepared samples were used for each experiment. A total gas �ow rate was controlled at 1
L/min, which resulted in a GHSV of approximately 400,000 h-1. All the gas pipes after the oil bath were
heated by electric heating tapes to ensure a stable temperature of 90°C for the purpose of preventing the
deposition of Hg. A mercury analyzer (AFS-930, Beijing Titan Instruments Co., Ltd.) was utilized to detect
the Hg0 concentration at the inlet and outlet of the quartz tube reactor. The Hg0 removal e�ciency (η) of
the reaction was calculated by the formulas as follows:
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η (%) = (1 - [Hg0]out / [Hg0]in) × 100%. (1)

where [Hg0]in and [Hg0]out represented the Hg0 concentration at the inlet and outlet of reaction. Sampling
tests and analyses were performed in triplicates to minimize the error and uncertainty.

3. Results And Discussion

3.1. Sample Characterization
 The crystal phases of MATP and Mn8Cuy-MATP samples were determined by XRD analysis, as shown in
Fig. 2. After magnetic modi�cation, distinct diffraction peaks were observed at 30.233°, 35.576°, 37.214°,
43.207°, 53.606°, 57.132° and 62.722°, corresponding to magnetic Fe3O4 (PDF 75 − 0033) particles (Xu et
al. 2019). This phenomenon indicated that the magnetic component had been successfully loaded onto
the ATP surface. After introducing the elements Mn and Cu, peaks were observed at 2θ values of 30.118°,
35.485°, 37.169°, 43.176°, 53.639°, 57.137° and 62.786°, corresponding to Mn3O4 (PDF 13–0162) (Liu et
al. 2018). The peak intensity was slightly increased due to the high overlap of the diffraction peaks of
Mn3O4 with Fe3O4. Besides, this phenomenon may also be ascribed to the increase of Fe3O4 crystallinity
caused by introducing manganese and copper oxides. In addition, the diffraction peaks associated with
MnO2 were not observed, which can be attributed to the existence of amorphous phase (Shan et al.
2019). The diffraction peaks at 36.512°, 42.401° and 61.471° belonged to Cu2O (PDF 65-3288) were
obversed, while the distinct re�ection at 35.477° and 38.560° could be ascribed to CuO (PDF 48-1548)
(Hosseini et al. 2014). This phenomenon elucidated that the Cu2O and CuO coexisted on the sample. As
the content of Cu increased, the diffraction peak of Mn3O4 decreased imperceptibly, which can be
ascribed to a synergistic effect between copper and manganese oxides, thereby preventing manganese
oxides from reaching the crystal structure. Such the synergistic effect can improve the oxygen vacancies
and presumably the high catalytic activity (Cao et al. 2012). However, the crystallinity increased slightly
when the Cu content was greater than 5, which re�ectd that the excessive CuOx was not conducive to the
dispersion of Mn species. 

The surface morphology of the original ATP, MATP and Mn8Cuy-MATP were investigated by FE-SEM. As
shown in Fig. 3a, it can be clearly seen that the original ATP contained a smooth rod-like morphology,
which facilitates the formation of metal oxide particles on the surface (Zhang et al. 2014). After the
magnetic modi�cation, some small particles appeared on the surface of ATP, denoting the successful
loading of the magnetic substance (Fig. 3b). As exhibited in Fig. 3c-g, more particles were formed on the
surface after introducing copper and manganese oxides. In addition, the particles on the surface
gradually increased and dispersed more uniformly with the increasing of Cu content, which was
attributed to the interaction between copper and manganese oxides. Nevertheless, the agglomeration
phenomenon was extremely obvious on the surface when the Cu content was greater than 5 (Fig. 3h),
which inhibited the activity of the sample to a certain extent. These results were consistent with the
aforementioned XRD results.
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Table 1
BET characterization results for different metal loading catalysts.

Samples BET surface area

(m2g− 1)

Pore Volume

(cm3g− 1)

Average pore diameter

(nm)

MATP 127.51 0.1776 9.633

Mn8-MATP 96.93 0.2340 10.894

Mn8Cu1-MATP 107.36 0.2332 8.688

Mn8Cu2-MATP 106.23 0.2539 9.060

Mn8Cu3-MATP 105.19 0.2382 9.256

Mn8Cu4-MATP 100.84 0.2411 9.460

Mn8Cu5-MATP 101.98 0.2395 9.542

Mn8Cu6-MATP 77.44 0.1696 8.761

 The overall microstructure characteristics of the prepared samples were characterized by BET, as
elaborated in Table 1. After modi�cated by manganese, the speci�c surface area of the sample decreased
while the pore volume and average pore diameter increased slightly. This phenomenon may be caused by
manganese oxide entering the inner surface of the MATP, blocking part of the pores. After introducing
copper, the speci�c surface area of the samples were higher than the MATP modi�ed by manganese
except for Mn8Cu6-MATP, which revealed that the synergistic effect between copper and manganese
oxides was bene�cial to the increase of BET surface area (Yi et al. 2017). However, the surface area was
decayed with increasing the content of Cu except for Mn8Cu4-MATP, which may be related to the blockage
of a few pores caused by the increase in the total load. Moreover, such the decay trend of the surface
area became more pronounced as the load increased. When the Cu content reached 6, the speci�c
surface area was signi�cantly decreased by the substantial agglomeration of the active components,
which was in line with the SEM results. In addition, the MATP modi�ed by manganese and copper
possessed smaller average pore diameter and higher pore volume than the original MATP. Such
phenomenon can be attributed to the removal of volatiles during the ultrasonic impregnation and
calcination process as well as the chaotic accumulation of loaded active components, resulting in the
formation of some new pores (Wang et al. 2016). Combined with SEM and BET, Mn8Cu5-MATP can
provide a larger active surface area, leading to strong interactions, which was bene�cial to the adsorption
and catalytic oxidation of mercury.

Magnetism is an important factor in determining whether the adsorbent can be separated and recycled.
Therefore, the magnetization of the samples was investigated by using the VSM (LakeShore7404) and
the results were presented in Fig. 4. After modi�cated by manganese, a slight decline of saturation
magnetization was observed, from 17.78 emu/g to 16.46 emu/g, re�ecting that the loading of
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manganese had a slight effect on the saturation magnetization. This phenomenon may be related to the
increase in the crystallinity of Fe3O4 by the addition of manganese, which was consistent with the
aforementioned XRD and SEM results. Notably, the in�uence of introducting copper towards the
saturation magnetization was negligible, which changed from 16.46 emu/g to 16.02 emu/g. In addition,
magnetization hysteresis and coercivity of the three samples were not observed, which suggested that
they are superparamagnetic adsorbents. After tests, the three adsorbents can be separated from �y ash
through an external magnets. 

XPS analysis was usually utilized to elucidate the composition of different species and the element
valence states on the samples. Thus, the chemical states of the fresh adsorbent was investigated, and
the XPS spectra of Mn 2p, Fe 2p, Cu 2p and O 1s regions were obtained, as elaborated in Fig. 5. As seen
from the XPS spectra of Fe 2p (Fig. 5a), three peaks in a range from 705 eV to 730 eV corresponded to Fe
2p3/2, shake-up satellite and Fe 2p1/2, respectively. Moreover, the Fe 2p3/2spectra can be divided by
deconvolution into three peaks at 709.6 eV, 710.9 eV and 713.0 eV (Zhang et al. 2018). Among them, the
peaks at 710.9 eV and 713.0 eV were assigned to the Fe3+ in octahedral and tetrahedral coordination,
respectively, while the peak at 709.6 eV corresponded to Fe2+ (Chen et al. 2014). As shown in Table 2,
Fe3+ on the sample after mercury removal was 4.27% lower than that before the reaction, which indicated
that some Fe3+ on the surface was reducted to Fe2+ during the oxidization of Hg0. As for the Mn 2p
spectra in Fig. 5b, two main peaks at 641.6 eV and 653.0 eV were observed, corresponding to Mn 2p3/2

and Mn 2p1/2, respectively. In addition, the shake-up satellite was observed at 647.5 eV. The Mn 2p3/2

spectra can be separated into three peaks, which were corresponded to Mn4+ (643.5 eV), Mn3+ (641.9 eV)
and Mn2+ (640.7 eV) (Feng et al. 2017, Yang et al. 2018a). Combined with the result that the crystal phase
diffraction peaks related to MnO2 were not observed in the XRD pattern, it is further con�rmed that MnO2

was present in the adsorbent with amorphous phase. After mercury removal, the contents of Mn4+ and
Mn3+ decreased in varying degrees, from 29.18% and 34.09–25.49% and 32.17%, respectively, while Mn2+

increased signi�cantly. This phenomenon was attributed to the fact that Mn4+ can directly oxidize Hg0 to
Hg2+. In addition, Mn3+ can also participate in the oxidation of Hg0 under oxygen-containing conditions.
The XPS spectra of Cu 2p was depicted in Fig. 5c, it can be seen obviously that two main peaks at 933.4
eV and 953.0 eV corresponded to Cu 2p3/2 and Cu 2p1/2, respectively, and two satellite peaks (962.1 eV
and 942.1 eV). The two main peaks can be �tted into two peaks, of which Cu 2p with asymmetric
characteristics at 932.6 eV and 952.5 eV was Cu+, while Cu2+ appeared at 934.3 eV and 953.7eV,
accompanying with two shake-up satellites (Wang et al. 2019b). According to previous reports, Cu2O was
a p-type semiconductor catalyst with hole conduction capacity and preferentially adsorbing O2, which led
to a higher catalytic oxidation activity (Bao et al. 2014, Zhang et al. 2020). Moreover, more oxygen
vacancies can be formed through the interaction between Mn4+/Mn3+/Mn2+ and Cu2+/Cu+ (Mn4+/Mn3+

+Cu+ → Mn2+ + Cu2+), thereby further improving the mercury removal e�ciency (Yang et al. 2019c, Yang
et al. 2018b). As exhibited in Fig. 5d, the O 1s peak was divided into three peaks at 529.6 eV, 531.7 eV, and
532.6 eV, corresponding to the lattice oxygen in metal oxides (OA), chemisorbed oxygen (OB) and oxygen
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in hydroxyl-like groups (OC), respectively (Zhang et al. 2017). It can be seen that the content of OB was
signi�cantly reduced after the reaction, con�rming that OB had been consumed.

Table 2
Surface element compositions detected by XPS.

Sample Fe3+ Fe2+ Mn4+ Mn3+ Mn2+ Cu2+ Cu+ OA OB

Fresh Mn8Cu5-
MATP

83.46 16.54 29.18 34.09 36.73 55.62 44.38 10.73 74.68

Used Mn8Cu5-
MATP

79.19 20.81 25.49 32.17 42.33 50.97 49.03 15.44 68.91

3.2 Effect of manganese and copper loading 
The mercury removal performance of the MATP with different manganese loadings was investigated at
100–300°C to determine the best manganese content. As seen from Fig. 6a, it was clearly obversed that
the mercury removal e�ciency of the �ve samples increased at �rst and then decreased with the reaction
temperature increasing. Among them, four kinds of adsorbents containing manganese reached the
highest mercury removal e�ciency at 150°C. In general, the increase of reaction temperature was
bene�cial to increase the molecular kinetic energy of reactants, thus promoting the catalytic oxidation of
Hg0. Nevertheless, the excessive high reaction temperature can inhibit the adsorption process of Hg0 on
the adsorbent surface, resulting in the reduction of Hg0 removal e�ciency. Additionally, the mercury
removal e�ciency enhanced with the increase of manganese loading. The mercury removal e�ciency
reached the highest when the Mn loading increased to 8%. However, the mercury removal e�ciency
remained relatively constant although the manganese loading further increased to 10%. Such
phenomenon can be attributed to the growth of crystalline size and surface blocking caused by excessive
manganese loading (Kim et al. 2014). Hence, the Mn8-MATP was selected as the best manganese
loading sample for consideration of actual cost and mercury removal e�ciency.

Figure 6b showed the effect of different copper loadings on the mercury removal performance of the
adsorbent. It can be clearly observed that the mercury removal e�ciency of all adsorbents �rst increased
and then decreased with increasing temperature. The mercury removal e�ciency reached the maximum
at 150°C. Moreover, the mercury removal e�ciency of all adsorbents after the introduction of copper was
higher than that before, which indicated that the synergy between copper and manganese oxides was
bene�cial to improve the mercury removal e�ciency. In addition, the mercury removal e�ciency improved
with the increase of copper loading until the copper loading reached 5%. However, the mercury removal
e�ciency was signi�cantly reduced when the copper loading further increased to 6%. This phenomenon
can be attributed to the blockage of a large number of pores caused by excessive metal oxides, which
was consistent with the BET result. Therefore, combined with a series of characterization results
mentioned above, Mn8Cu5-MATP possessed the unique microstructure, larger speci�c surface area, more
active sites and stronger oxygen migration ability, which was bene�cial to mercury removal.
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3.3 Effect of individual �ue gas components

3.3.1. Effect of O2 
O2 is one of the key factors affecting the e�ciency of mercury removal. As shown in Fig. 7, the effect of
different O2 concentrations in the simulated �ue gas on the e�ciency of mercury removal at 150°C was
investigation. It can be obviously seen that the mercury removal e�ciency was 81.1% despite absence of
O2, which was due to the consumption of a large amount of OA and OB. When the O2 concentration
improved from 0–6%, the mercury removal e�ciency signi�cantly increased to 91.1%, which can be
ascribed to the regeneration of OA and OB consumed during the removal process and the replenishment
of gas-phase oxygen (Chen et al. 2018). Nevertheless, the improvement of mercury removal e�ciency
was negligible when the O2 concentration further increased to 9%, which denoted that 6% O2 was

su�cient to complete the oxidation of Hg0.

3.3.2. Effect of NO 
As an inherent component of coal-�red �ue gas, NO is usually approximately 4 orders of magnitude
higher than the concentration of mercury, which has an important effect on the oxidation of Hg0. As
described in Fig. 8, the effect of NO on the e�ciency of mercury removal under different conditions was
investigated. The e�ciency of mercury removal under 500 ppm NO without O2 was greatly improved
compared with the pure N2 atmosphere. Moreover, the mercury removal e�ciency was further improved
from 94.5–98.4% after the addition of 6% O2. This result demonstrated that the mercury removal can be
greatly promoted by NO with or without O2, which was similar to previous reports (Li et al. 2012).
However, the change in the removal e�ciency of mercury was negligible when the concentration of NO
was further increased to 1000 ppm, because 500 ppm NO was su�cient to oxidize mercury. The strong
promoting effect of NO on mercury removal was attributed to the reaction of NO with reactive oxygen
species on the surface of the adsorbent to form NO+, NO3- and NO2, which promoted the oxidation of
mercury. The involved mechanisms can be explained by the following reactions (Shan et al. 2019):

NO (g) → NO (ad) (2)

NO (ad) + O (ad) → NO2 (ad) (3)

NO (ad) + 1/2O2 (g) → NO2 (ad) (4)

Hg0 (ad) + NO2 (ad) → HgO (ad) + NO (ad) (5)

Hg0 (ad) + 2NO2 (ad) + O2 (g) → Hg(NO3)2 (ad) (6)

HgO (ad) + 2NO2 (ad) + 1/2O2 (g) → Hg(NO3)2 (ad) (7)

3.3.3. Effect of HCl 
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Generally, there is a certain amount of chlorine in the coal, thus the HCl produced during the combustion
process possesses a signi�cant effect on the Hg0 oxidation. It can be obversed from Fig. 9 that the
mercury removal e�ciency can be promoted by HCl regardless of the absence and presence of O2. The
mercury removal e�ciency was increased from 81.0–90.9% When 10 ppm HCl was introduced in the pure
N2 atmosphere, whereas the increment was negligible when the concentration of HCl was increased to 20
ppm. Nevertheless, the mercury removal e�ciency was further improved to 96.5% and 98.2% after adding
6% O2 under the conditions of 10 and 20 ppm HCl, respectively. These phenomena elucidated that the

oxidation of Hg0 can be facilitated greatly by HCl, which can be explained by the Langmuir-Hinshelwood
mechanism (Li et al. 2011). HCl is �rst adsorbed on the surface of the adsorbent and reacts with active
oxygen to obtain active chlorine, and then further reacts with adsorbed Hg0 to form HgCl2. The detailed
reaction mechanisms are as follows (Hou et al. 2014):

HCl (g) → HCl (ad) (8)

2HCl (ad) + O* (ad) → 2Cl* (ad) + H2O (ad) (9)

Cl* (ad) + Hg0 (ad) → HgCl (ad) (10)

HgCl (ad) + Cl* (ad) → HgCl2 (ad) (11) 

3.3.4. Effect of SO2 and H2O
As an inherent component of coal-�red �ue gas, SO2 usually inhibits the Hg0 removal effciency.

Therefore, the effect of SO2 towards Hg0 removal e�ciency under the condition of 6% O2 was

investigated, as presented in Fig. 10a. After introducing 500 ppm SO2, the removal e�ciency of Hg0 was

almost unchanged, because SO2 was oxidized to SO3 by O2 and further reacted with Hg0 to form HgSO4

(Tao et al. 2012). This reaction mechanism enabled a certain concentration of SO2 to promote the
oxidation of mercury, thus counteracting the negative effects. However, with the increase of SO2

concentration to 1000 ppm and 1500 ppm, the Hg0 removal e�ciency decreased to 87.1% and 84.3%,
respectively. Such inhibition phenomenon can be ascribed to a competitive adsorption at the active sites
between SO2 and Hg0, and the inhibition effect was far greater than the promotion effect (Xu et al. 2017).

Moreover, the binding capacity of SO2 to the active sites was stronger than that of Hg0. On the other
hand, plenty of sul�tes and sulfates were obtained through the reaction of SO2 with metal oxides, which
not only consumed the active sites but also blocked the pores for mercury removal (Chen et al. 2017).
Interestingly, the inhibitory effect was weakened after the adding copper compared with the previously
reports because copper oxides reacted with SO2 preferentially and protect the active sites from poisoning,
resulting in a certain SO2 resistance (Dong et al. 2021). In addition, the effect of H2O on the e�ciency of
mercury removal was also evaluated, as re�ected in Fig. 10b. As the concentration of H2O increased from
0–2%, 5% and 8%, the mercury removal e�ciency decreased to 88.2%, 86.3 and 83.1%, respectively, which
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demonstrated that H2O was unfavorable for the removal of Hg0. The mechanism of such inhibition effect
was similar to that of SO2. During the mercury removal, the competitive adsorption occurred between H2O

and Hg0. H2O vapor was adsorbed on the active sites of the adsorbent, thereby hindering the interface

reaction between Hg0 and the active sites (Li et al. 2017b).

3.3 Regeneration performance test 
In the actual production, if the deactivated adsorbent can be regenerated and reused by a facile
regeneration method, the operating cost of mercury removal from coal-�red �ue gas will be greatly
reduced. In general, Hg0 is oxidized to HgO through OA and OB over the surface, which causes the active
sites to be covered gradually with increasing HgO and eventually leads to deactivation of the adsorbent
(Liao et al. 2016). The thermal treatment at high temperature has been proved to be a simple and
effective method for mercury desorption and regeneration of active adsorption sites (Yang et al. 2015).
The mercury and its oxides are desorbed and decomposed by high temperature heating, and the oxygen
vacancies are supplemented by gas-phase oxygen to obtain regenerated adsorbents (Zhou &Diao 2020).
Therefore, we achieved the regeneration of the deactivated adsorbent by desorption at 400°C for 1 hour in
the N2 atmosphere and then heating at 200°C for 30 minutes in an air atmosphere. As displayed in
Fig. 11a, the mercury removal e�ciency after 5 cycles was reduced by approximately 2.3% compared
with the original adsorbent. Moreover, the decrease in saturation magnetization before and after the
cycles was negligible (Fig. 11b). These phenomena demonstrated that the as-prepared adsorbent
possessed excellent regeneration performance, which can accomplish the regeneration and recycling of
the deactivated adsorbent.

4. Conclusion
In summary, we successfully fabricated MnxCuy-MATP by co-precipitation and ultrasonic impregnation

methods and utilized to remove Hg0 from coal-�red �ue gas. BET, SEM, XRD, VSM and XPS were
employed to systematically analyse the physicochemical properties of the as-prepared adsorbents. The
effects of manganese and copper additions, reaction temperature and various components in the �ue
gas on the e�ciency of Hg0 removal were investigated by the �xed-bed system. The results demonstrated
that 8% Mn loading had reached the optimal mercury removal performance. The introduction of 5% Cu
facilitated the dispersion of manganese oxides and the oxidation of Hg0, however, excessive Cu can
cause the accumulation of active components. The e�ciency of mercury removal can be effectively
promoted by NO and HCl with or without O2, because the NO+, NO3, NO2 and Cl* produced during the

reaction can facilitate the adsorption and oxidation of Hg0. SO2 and H2O inhibited the oxidation of Hg0

owing to the competitive adsorption at the active sites. Moreover, the pores can be blocked by the sul�te
and sulfate formed through SO2 and metal oxides. Interestingly, the introduction of Cu caused the sample
to obtain SO2 resistance, which resulted in the mercury removal e�ciency of 84.3% even under 1500 ppm
SO2. In addition, the mercury removal e�ciency after 5 cycles was reduced by only 2.3% compared with
the original adsorbent, denoting excellent regeneration performance. This paper provides a reference for
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the development of mercury removal adsorbents with SO2 resistance. Further studies to investigate the
mechanism of SO2 resistance are warranted.
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Figure 1

Schematic diagram of the experimental apparatus.
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Figure 2

XRD patterns of MATP and Mn8Cuy-MATP samples.
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Figure 3

SEM images of (a) the original ATP, (b) MATP, (c) Mn8Cu1-MATP, (d) Mn8Cu2-MATP, (e) Mn8Cu3-MATP,
(f) Mn8Cu4-MATP, (g) Mn8Cu5-MATP and (h) Mn8Cu6-MATP.
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Figure 4

Magnetization characteristics of MATP, Mn8-MATP and Mn8Cu5-MATP.
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Figure 5

XPS spectra of (a) Fe 2p, (b) Mn 2p, (c) Cu 2p, and (d) O 1s over the Mn8Cu5-MATP sample (1) before
and (2) after mercury removal.

Figure 6

(a) Hg0 conversion over different Mn loading on MATP samples in �ue gas. (b) Hg0 conversion over
different Cu loading on Mn8-MATP samples in �ue gas. (Reaction condition: 55 μg/m3 Hg0, 6% O2, N2 as
balance gas, T=100-300 °C)
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Figure 7

Effect of O2 on Hg0 removal e�ciency of Mn8Cu5-MATP.
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Figure 8

Effect of NO on Hg0 removal e�ciency of Mn8Cu5-MATP.
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Figure 9

Effect of HCl on Hg0 removal e�ciency of Mn8Cu5-MATP.
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Figure 10

Effect of (a) SO2 and (b) H2O on Hg0 removal e�ciency of Mn8Cu5-MATP. 3.3.4. Effect of SO2 and H2O

Figure 11

(a) Hg0 removal performance of Mn8Cu5-MATP under �ve regeneration cycles. (b) Magnetization
characteristics of fresh and regenerated Mn8Cu5-MATP


