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Abstract: Elemental mercury (Hg") and chlorinated volatile organic compounds (CVOCs), which are
highly toxic, exhibit significant migration and transformation capabilities, making them prone to
forming various secondary pollutants in the atmosphere. This poses severe threats to human and
environmental health, attracting widespread global attention. Despite numerous studies, controlling
mercury and CVOCs in industrial flue gas remains a significant research challenge. Notably, there are
few reports on the impact of CVOCs on the low-temperature adsorption of Hgo. This study investigated
the low-temperature adsorption performance of various common adsorbents for Hgo, specifically
assessing the effect of CVOCs using chlorobenzene as a model compound. We prepared three types of
materials: activated carbon and its modified materials, sulfide, and metal oxides, and evaluated their Hg0
adsorption activity at low temperature (80—120 °C). The adsorption performance was ranked as follows:
CuS/AC>CuS>Mn,0;>AC>HCI/AC. Brunauer-Emmett-Teller (BET) analysis indicated no direct
relationship between the specific surface area or pore type of the adsorbents and their Hgo adsorption
performance. In contrast, X-ray photoelectron spectroscopy (XPS) results revealed that oxidizing
species such as Cu®, $>, and Mn’ in CuS and Mn,O; served as the primary active sites for the
chemisorption of Hg'. After adding chlorobenzene, the adsorption performance of CuS/AC and AC
remained unchanged, while the other three materials exhibited inhibited performance, particularly
Mn,0,, whose adsorption efficiency decreased by over 50%. Hg0 temperature-programmed desorption
(TPD) experiments demonstrated that HgS was the predominant form of mercury in CuS/AC and CuS
when only mercury was present in the flue gas. In Mn,O, HgO was the primary form, accompanied by
some physically adsorbed mercury, whereas AC only facilitated physical adsorption of Hg". In HCI/AC,
both HgCl, and physically adsorbed Hg0 were detected. Following the addition of CVOCs, the main
form of mercury in CuS remained HgS, while physically adsorbed mercury appeared in CuS/AC.
Additionally, Mn,0O; exhibited a new adsorption component, HgCl,. Kinetic analyses indicated that the
adsorption process of Hgo across different adsorbent materials conformed to a pseudo-first-order kinetic
model (R2>0.99), highlighting the dominant role of external diffusion. The presence of chlorobenzene
further enhanced the chemisorption of Hg0 by HCI/AC and Mn,0O;. Moreover, the Hgo adsorption
capacities of AC, HCI/AC, CuS, and Mn,0; decreased significantly in the presence of chlorobenzene,
dropping from 842.5, 573.4, 55 505.6, and 3 352.6 pg/g to 730.3, 181.7, 5 504.1, and 434.0 pg/g,
respectively. By exploring the effects of CVOCs on the adsorption of Hgo, this study contributes valua-
ble insights for future research on low-temperature co-adsorption methods involving Hgo and CVOCs.
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Table 1 BET data for different adsorbents
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Fig. 5 Effects of chlorobenzene on the Hg" adsorption performance of different materials
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Table 2 Calculated kinetic parameters of Hgo adsorption over different adsorbents based on different models

Bl I

{87 DA EETASE T Elovich

BB L k10 , k107 - k) , w107 px107
min ' (2 (ng'min) ) (ng(g'min') ) (ng:(gmin) ) min’'
AC+Hg' 0.999 1 7.06 0.997 4 4.74 0.986 1 51.15 0.913 6 1.13 7.59
AC+Hg'+CB 0.999 0 8.65 0.995 0 4.99 0.986 3 48.06 0.9892 0.78 18.70
HCVAC+Hg' 0.986 3 6.86 0.9149 6.56 0.973 8 32.75 0.8728 3.78 1.60
HCUAC+Hg™+CB  0.999 4 14.05 0.999 0 59.91 0.987 4 13.92 0.872 4 3.74 1.59
CuS+Hg' 0.999 9 0.18 03198 — 0.9313 144.40 0.8750 3.68 1.65
CuS+Hg™+CB 0.999 8 1.88 0.058 7 — 0.9419 131.04 0.895 3 3.40 1.81
Mn,O;+Hg' 0.999 9 1.08 0.883 4 0.07 0.942 4 49.11 0.889 3 131 4.87
Mn,O;+Hg™+CB  0.998 9 7.41 0.996 0 10.40 0.988 0 26.94 0.957 4 1.01 9.22

HCI/AC. CuS. Mn,O, X} Hg" fit 1 ff} ih 78 252 4

M CVOCs, 455 Seg 4 Ko b Hh BLAY R AL, 4

Pl T, 1M CB A AF A {2 #E HCVAC 1 Mn,05 X}
Hg' B2

AWFFALZEHL CB 7E B CVOCs B3R 15 ¢
YIRS ML R RS, (B PR T E S AL

H LN — 2R AW L .

(B Z R CVOCs 5 He” T [ 37 5, #F
FEAIE CVOCs % Hg” W B 1 (4 5

(2) 2 A AR (AN 0,. CL 55) | b ik



HERRIRAE CVOCs X MR 5B 3t 82 B 2 400 2 1) 2 ) 125

SR SO, CO 45) | 7K 7555 4 73 XA [R] Wz B
AR RE A2 .

) ABFFACT B AT BHEFT T 3 h N RE
DA, X W B4 R A 4 i A RE 2 4 31 CB 1Y
2R, AT % R AE K sz iy A ) &S W B 2R A 50% LU
e, DASGUE B 2 400G TR0 £ R o 8 A 2

£ 3% 30k ( References ) :

[1] DE SIMONE F, GENCARELLI C N, HEDGECOCK I
M, et al. Global atmospheric cycle of mercury: A model
study on the impact of oxidation mechanisms[J]. Environ-
mental Science and Pollution Research International, 2014,
21(6): 4110-4123.

[2]  LIU Guangliang, CAI Yong, PHILIPPI T, et al. Distribu-
tion of total and methylmercury in different ecosystem
compartments in the Everglades: Implications for mercury
bioaccumulation[J].  Environmental  Pollution, 2008,
153(2): 257-265.

[3] ZENG Qiang, LIMin, XIE Shaohua, et al. Baseline blood
trihalomethanes, semen parameters and serum total testos-
terone: A cross-sectional study in China[J]. Environment
International, 2013, 54. 134-140.

[4] ZHAO Ke, SUN Xin, WANG Chi, et al. Supported cata-
lysts for simultaneous removal of SO,, NO,, and Hgo from
industrial exhaust gases: A review[J]. Chinese Chemical
Letters, 2021, 32(10): 2963-2974.

[5] LI Honghu, PENG Xiyan, AN Miao, et al. Negative effect
of SO, on mercury removal over catalyst/sorbent from coal-
fired flue gas and its coping strategies: A review[J]. Chemi-
cal Engineering Journal, 2023, 455: 140751.

[6] TONG Li, XU Wenqing, ZHOU Xuan, et al. Effects of
multi-component flue gases on Hg” removal over HNO;-
modified activated carbon[J]. Energy & Fuels, 2015,
29(8): 5231-5236.

[77 ZHANG Gen, MU Yujing, LIU Junfeng, et al. Seasonal
and diurnal variations of atmospheric peroxyacetyl nitrate,
peroxypropionyl nitrate, and carbon tetrachloride in
Beijing[J]. Journal of Environmental Sciences, 2014,
26(1): 65-74.

[8] SONG Ping, GENG Fuhai, SANG Xuefang, et al. Charac-
teristics and sources of non-methane hydrocarbons and halo-
carbons in wintertime urban atmosphere of Shanghai,
China[J]. Environmental Monitoring and Assessment,
2012, 184(10): 5957-5970.

[97 WANIA F, MACKAY D. A global distribution model for
persistent organic chemicals[J]. Science of the Total Environ-
ment, 1995, 160: 211-232.

[10] SERRE S D, GULLETT B K, GHORISHI S B. Entrained-

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

flow adsorption of mercury using activated carbon[J]. Journal
of the Air & Waste Management Association, 2001,
51(5): 733-741.

ARG, HBEAk, AR, S ORFEARNSLLG XIS
50 B SR B4 5 i ALEE [0, fE TR, 2019, 70(4) -
1575-1582.

AN Donghai, HAN Xiaolin, CHENG Xingxing, et al.
Effect mechanisms of different flue gas on adsorption of
mercury by powder activated coke[J]. CIESC Journal,
2019, 70(4): 1575-1582.

TAN Zengqiang, XIANG Jun, SU Sheng, et al. Enhanced
capture of elemental mercury by bamboo-based sorbents[J].
Journal of Hazardous Materials, 2012, 239: 160-166.
HSIHC, ROODMJ, ROSTAM ABADI M, et al. Effects
of sulfur impregnation temperature on the properties and
mercury adsorption capacities of activated carbon fibers
(ACFs) [J]. Environmental Science & Technology, 2001,
35(13): 2785-2791.

SINHA R K, WALKER P L. Removal of mercury by sulfur-
ized carbons[J]. Carbon, 1972, 10(6): 754-756.

ARARAL, HLERAE, DM, S SCMEE MRS BLERIE R
fY 525 BFFE (9] b R AL DR A, 2007, 27(35)
17-22.

XIONG Yinwu, DU Minghua, BU Xuepeng, et al. Experi-
mental research of removing mercury from flue gas by modi-
fied activated coke[J]. Proceedings of the CSEE, 2007,
27(35): 17-22.

NG, Bk, ZRARIE, 55 48k btk ok
PERE [J]. BB TR, 2017, 11(5): 2920-2925.

SUN Qingke, HUANG Yaji, QIN Cuijuan, et al. Removal
of mercury using zeolite modified by metal halides[J].
Chinese Journal of Environmental Engineering, 2017,
11(5): 2920-2925.

XU Wenqing, WANG Hairui, ZHOU Xuan, et al
CuO/TiO, catalysts for gas-phase Hg0 catalytic oxidation[J].
Chemical Engineering Journal, 2014, 243. 380-385.
ZHOU Zijian, LIU Xiaowei, LIAO Zhiqgiang, et al.
Manganese doped CeO,-ZrO, catalyst for elemental mercury
oxidation at low temperature[J]. Fuel Processing Technol-
ogy, 2016, 152: 285-293.

MOHAMMAD M S, SAHAR M, MEHRORANG G, et
al. Carbon based materials: A review of adsorbents for inor-
ganic and organic compounds[J]. Materials Advances,
2021, 2(2): 598-627.

XU Haomiao, HONG Qinyuan, LI Jiaxing, et al. Hetero-
geneous reaction mechanisms and functional materials for
elemental mercury removal from industrial flue gas[J]. ACS

ES&T Engineering, 2021, 1(10): 1383-1400.


https://doi.org/10.1007/s11356-013-2451-x
https://doi.org/10.1007/s11356-013-2451-x
https://doi.org/10.1016/j.envpol.2007.08.030
https://doi.org/10.1016/j.envint.2013.01.016
https://doi.org/10.1016/j.envint.2013.01.016
https://doi.org/10.1016/j.cclet.2021.03.023
https://doi.org/10.1016/j.cclet.2021.03.023
https://doi.org/10.1016/j.cej.2022.140751
https://doi.org/10.1016/j.cej.2022.140751
https://doi.org/10.1016/S1001-0742(13)60382-4
https://doi.org/10.1007/s10661-011-2393-z
https://doi.org/10.1016/0008-6223(72)90085-1
https://doi.org/10.3321/j.issn:0258-8013.2007.35.004
https://doi.org/10.3321/j.issn:0258-8013.2007.35.004
https://doi.org/10.1016/j.cej.2013.12.014
https://doi.org/10.1016/j.fuproc.2016.06.016
https://doi.org/10.1016/j.fuproc.2016.06.016
https://doi.org/10.1016/j.fuproc.2016.06.016
https://doi.org/10.1039/D0MA00087F

- 126 -

(LR N T T

5539 B4 4 4

[21]

[22]

(23]

FFBE, X2k, BRIUE, 2. B A DR i i A Bk
PERERFSY [7]. AL TS, 2020, 40(4): 94-98.

QI Pu, LIU Xuewu, CHEN Shuhua, et al. Preparation of
copper sulfide for removing mercury and study on its proper-
ties[J]. Modern Chemical Industry, 2020, 40(4): 94-98.
XU Peng, WU Zhixing, DENG lJiguang, et al. Catalytic
performance enhancement by alloying Pd with Pt on ordered
mesoporous manganese oxide for methane combustion[J].
Chinese Journal of Catalysis, 2017, 38(1): 92-105.

LI Guoliang, ZHANG Mingyu, ZHENG Yang, et al
Research progress on the synergistic treatment of multi pollu-

tants at low temperatures using carbon-based materials[J].

Sustainability, 2024, 16(24): 10965.

[24]

[25]

[26]

ZHAO Haitao, YANG Gang, GAO Xiang, et al. Hg'
capture over CoMoS/y-Al,O; with MoS, nanosheets at low
temperatures[J]. Environmental Science & Technology,
2016, 50(2): 1056—1064.

YANG Zequn, LI Hailong, FENG Shihao, et al. Multi-
form sulfur adsorption centers and copper-terminated active
sites of nano-CuS for efficient elemental mercury capture
from coal combustion flue gas[J]. Langmuir, 2018,
34(30): 8739-8749.

HONG Qinyuan, XU Haomiao, SUN Xiaoming, et al. In-
situ low-temperature sulfur CVD on metal sulfides with SO,
to realize self-sustained adsorption of mercury[J]. Nature

Communications, 2024, 15(1): 3362.


https://doi.org/10.1016/S1872-2067(16)62567-6
https://doi.org/10.3390/su162410965
https://doi.org/10.1021/acs.langmuir.8b01181
https://doi.org/10.1038/s41467-024-47725-3
https://doi.org/10.1038/s41467-024-47725-3

	0 引　　言
	1 材料和方法
	1.1 吸附剂的制备
	1.1.1 改性活性炭的制备
	1.1.2 硫化物的制备
	1.1.3 氧化物的制备

	1.2 Hg0吸附性能评价方法
	1.3 材料表征

	2 结果与讨论
	2.1 不同吸附材料脱汞活性研究
	2.2 不同吸附材料的表征分析
	2.3 CVOCs对脱汞活性的影响研究
	2.4 Hg0-TPD结果分析
	2.5 Hg0吸附动力学分析

	3 结论与展望
	参考文献

