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Municipal sewage has been identified as an important source of mercury (Hg) to the
environment, and sewage sludge is the major sink of sewage-borne Hg. Knowledge of Hg
species in sludge and potential Hg emissions during sludge treatment/disposal is still
limited. A survey on Hg concentrations and species in sewage sludge of 16 provinces and
municipalities in China was conducted. Hg was detected in all sewage sludge samples,
with total Hg (THg) concentrations ranging from 0.3 to 7.7 mg/kg. Results from sequential
chemical extractions (SCE) indicated that sludge-borne Hg mainly occurred in the form of
Hg sulfide, with a small amount of organo-chelated Hg (Hg-OM) and HgO, and a negligible
amount of soluble Hg. Thermal decomposition results indicated that Hg is generally
released from sludge at a temperature range of 200–400°C, with the highest release at
250–350°C (38%–86%), consistent with the thermal decomposition of HgS, Hg-OM, and
HgO. THg in sewage samples under ventilation at room temperature remained constant
over a month period, indicating negligible Hg emission under such conditions. The mass
loading of sludge-borne THg in China for year 2019 was estimated to be 30 tons, about
3.6% of the total anthropogenic THg released (including direct and secondary
anthropogenic releases) in China. At the temperature range for sludge incineration,
sludge carbonization, and sludge/brick/cement production, most of the Hg in sludge
will be released to air due to thermal decomposition of Hg compounds. As such, Hg-
capture systems are essential in sludge treatment processes involving high temperatures.
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INTRODUCTION

Mercury (Hg), a naturally occurring element found in air, water and soil, is considered as a
hypertoxic and harmful metal to the health of humans and ecosystems (Gustin et al., 2020). The
toxicity and bio-accumulative properties of Hg are well known, and different Hg species (elemental,
inorganic compounds, or organic compounds) exhibit different behavior, solubility, bioavailability,
routes of exposure, and toxicological effects (Reis et al., 2016). Hg emissions around the globe mainly
come from two sources: natural (e.g., volcanic eruptions, erosion, etc.,) and anthropogenic (e.g.,

Edited by:
Yi Liu,

Tianjin University, China

Reviewed by:
Nicholas Kiprotich Cheruiyot,

Cheng Shiu University, Taiwan
Sylvain Bouchet,

ETH Zürich, Switzerland

*Correspondence:
Zhouqing Xie

zqxie@ustc.edu.cn
Pengfei Zhang

pzhang@ccny.cuny.edu

Specialty section:
This article was submitted to
Toxicology, Pollution and the

Environment,
a section of the journal

Frontiers in Environmental Science

Received: 12 March 2022
Accepted: 25 April 2022
Published: 12 May 2022

Citation:
Liu J, Lin L, Wang K, Ding R, Xie Z and
Zhang P (2022) Concentrations and

Species of Mercury in Municipal
Sludge of Selected Chinese Cities and

Potential Mercury Emissions From
Sludge Treatment and Disposal.
Front. Environ. Sci. 10:895075.

doi: 10.3389/fenvs.2022.895075

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8950751

ORIGINAL RESEARCH
published: 12 May 2022

doi: 10.3389/fenvs.2022.895075

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.895075&domain=pdf&date_stamp=2022-05-12
https://www.frontiersin.org/articles/10.3389/fenvs.2022.895075/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.895075/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.895075/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.895075/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.895075/full
http://creativecommons.org/licenses/by/4.0/
mailto:zqxie@ustc.edu.cn
mailto:pzhang@ccny.cuny.edu
https://doi.org/10.3389/fenvs.2022.895075
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.895075


metal smelting and industrial development) (Driscoll et al., 2013;
Liu et al., 2021). Primary anthropogenic Hg emissions greatly
exceed the natural geogenic content, resulting in increased Hg
concentrations in environmental reservoirs and significant
secondary Hg emissions that contribute to its global
distribution. Among various global regions, Asia has become
the largest contributor of anthropogenic atmospheric Hg,
responsible for over half of the global Hg emissions (Streets
et al., 2019), and China alone contributes to about 840 tons
(Habuer et al., 2021).

Hg ingested by humans through consumption of Hg-
containing food (Wang and Mao, 2019) and exposures to
daily necessities like batteries (Yang et al., 2019) would be
partially excreted and enter municipal sewage. Hg from
hospitals and dental clinics and some other service facilities is
also a significant contributor to Hg in sewage (Singh et al., 2014).
Atmospheric deposition of Hg (Gratz et al., 2013; Fu et al., 2016;
Siudek et al., 2016; Chen et al., 2020) may also contribute to Hg
content in sewage in combined sewer systems. Municipal sewage
has become the second most important source (after industrial
wastes) for the direct release of anthropogenic Hg into aquatic
environments (Gbondo-Tugbawa et al., 2010; Liu et al., 2016b;
Kocman et al., 2017). Considering the vast amount of global
municipal sewage production, sewage-borne Hg would be an
important component of the global inventory of Hg emissions. It
is estimated that Hg released through sewage discharge accounted
for one quarter of the global Hg release inventory (Cheng et al.,
2019). However, many previous studies have shown that most Hg
(~92%) in sewage would be transferred into sewage sludge in
municipal sewage treatment plants (Gbondo-Tugbawa et al.,
2010; Li et al., 2022). In 2019, the annual municipal sewage
treatment capacity of China reached 52.5 billion m3, with
11 million tons of dry sludge produced (MOHURD, 2020).
About 29.3% of the sludge was disposed via land application,
followed by incineration (26.7%) and sanitary landfills (20.1%)
(Wei et al., 2020).

Most sludge-related Hg studies focused on THg in sludge and
changes of THg at various stages of sewage treatment (e.g., Balogh
and Liang, 1995; Gbondo-Tugbawa et al., 2010), and Hg
speciation in terms of inorganic/organic Hg and dissolved/
particulate-bound Hg (e.g., Bodaly et al., 1998; Stoichev et al.,
2009; Liu et al., 2018a; Perusini and Hammerschmidt, 2020; Suess
et al., 2020; Li et al., 2022). However, very few have examined Hg
species in sludge using sequential chemical extractions (SCE) or
thermal decomposition for the purpose of assessing different
sludge treatment/disposal methods on Hg emissions. SCE uses
appropriate reagents to determine the speciation of Hg in
sediments and soils (Fernandez and Rucandio, 2013; Su et al.,
2021), and has played an important role in fraction analysis of
heavy metals in such media (Bacon and Davidson, 2008).
Thermal decomposition, or pyrolysis, is used to distinguish
different Hg species in various solid samples by their
thermally induced Hg compound decomposition and release
characteristics (Reis et al., 2015; Zhu et al., 2016). Because the
latter method is based on the volatility of Hg compounds and the
properties related to the atomic structure, results are less likely to
be affected by the substrate matrix than those obtained by the SCE

method, which is based on chemical interactions in the complex
substrate (Rumayor et al., 2015).

The overarching goal of this study is to assess potential
emissions of Hg from sewage sludge to the environment
during various sewage sludge treatment/disposal processes in
China, thereby providing scientific support in policy making
towards the implementation of the Minamata Convention on
mercury (UNEP, 2013). We collected municipal sewage sludge
samples from 59 wastewater treatment plants (WWTPs) in
various regions of China and performed SCE as well as
thermal decomposition experiments under temperatures from
50 to 600°C (covering the temperatures of composting, drying,
carbonization, and incineration of sewage sludge). A 1-month
ventilation test under room temperature was also conducted to
examine potential Hg emissions at temperatures similar to land
applications of sewage sludge. The latest Chinese dry sludge yield
and sludge Hg concentrations (from this study as well as from
published literature) were then used to estimate the total potential
Hg emissions from sewage sludge treatment/disposal in China.

MATERIALS AND METHODS

Sampling
Sewage sludge samples were collected from 59 WWTPs in 16
provinces and municipalities in China (see Supplementary Table
S1 for detailed information on the WWTPs) from December
2017 to December 2019. Sampling sites were concentrated in the
eastern and southern regions of China, the most developed
regions with the largest population densities. Three sewage
sludge samples (~60–80% water content) were collected at
each WWTP (2–3 kg per day for 3 consecutive days),
composited, sealed in plastic bottles, put into insulated foam
boxes with ice bags and then express-delivered to our laboratory
(typically within 24 h). Once in the laboratory, samples were
freeze-dried, ground and passed through a 200-mesh screen, and
stored in a freezer for further analysis.

Chemical Analysis of Sludge Samples
TotalHg (THg) in the sludge samples was analyzed using aHydra II-
C Hg analyzer (Leeman, United States) according to EPA Method
7473 (USEPA, 1998). Prior to testing, a multi-point calibration curve
was obtained with soil mercury standards. A blank and a standard
referencematerial (limestone soil GBW07404, GSS-4) were analyzed
with every 10 sludge samples. The THg detected in GSS-4 (0.60 ±
0.03mg/kg, n = 37) was consistent with the certified value (0.59 ±
0.05mg/kg). Each municipal sludge sample had 5 analytical
replicates and the relative standard deviations (RSDs) of the five
assays were generally less than 15%. The absolute detection limit for
THg was 0.01 ng.

Total nitrogen (TN) in sewage sludge was determined by
ultraviolet spectrophotometry with alkaline potassium persulfate
digestion, and total phosphorus (TP) was determined by
molybdenum-antimony spectrophotometry with potassium
persulfate digestion (Feng and Zhang, 2012; Yang et al., 2020). A
total organic carbon analyzer (Shimadzu TOC-VCPH, Japan) was
used to determine organic carbon (TOC) in municipal sludge.
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Sequential Chemical Extractions ofMercury
From Sludge Samples
Fractionation of Hg in the sludge samples was assessed using a
seven-step SCE method proposed by Sanchez et al. (2005). This
method was applied to a case study of the Almadén Hg mine area
(Spain) and showed a high recovery of each extracted sample. The
SCE also has been employed to study Hg species in soil samples
and mine environments (Alberto et al., 2004; Sanchez et al., 2005;
Bernaus et al., 2006). This method differentiates Hg compounds
into water-soluble fraction (F1), exchangeable fraction (F2),
carbonates fraction (F3), easily reducible fraction (F4), HCl
soluble fraction (F5), oxidizable fraction (F6), and residual
fraction (F7) of THg (Supplementary Table S2). The
supernatant in each step was stored in a refrigerator until
analysis by atomic fluorescence spectrophotometry. The
calibration curve was obtained with liquid mercury standards
(GSB 04-1729–2004), and the method detection limit was 0.1 μg/
L. Five to six blank samples were run prior to real samples, and a
blank and a standard were analyzed every 10 samples. For each
sludge sample three replicates were extracted and analyzed.

A total of 26 sludge samples (2-3 per city) were analyzed using
the SCE. There is a good 1:1 correlation between the sum of Hg in
F1-F7 and THg concentration measured by Hydra-C
(Supplementary Figure S1), indicating the robustness of the
analytical methods.

Thermal Decomposition of Mercury in
Sludge
Eight sludge samples (from different regions with different Hg
levels) were selected to study the thermal desorption of Hg for the
purpose of determining Hg species as well as potential emissions
under various sludge treatment at elevated temperatures. A
subsample was placed in a tube furnace (Kejin STF-1200,
Hefei, China) and heated at a specified temperature (50, 100,
150, 200, 250, 300, 350, 400, 500, or 600°C) for 30 min.
Preliminary tests indicated that longer treatment time would
not further change the Hg content. After cooling down to room
temperature, the total Hg remaining in the sample (THgT) was
measured by the Hydra IIC analyzer as described previously.
Triplicates were analyzed for each sample at each temperature. A
subsample without heat treatment was analyzed 5 times to
establish the original total Hg content (THgo). Percentage Hg
release at a particular temperature was calculated as follows:

%Hgrelease � THgo − THgT

THgo
× 100 (1)

Mercury Emissions From Sewage Sludge
Under Ambient Conditions
Two sludge samples were selected to conduct a 1-month
ventilation test in a fume hood. During the experiment, constant
room temperature and humidity weremaintained. Samples were laid
on petri dishes, and a subsample was analyzed every week for THg
remaining in the sludge using the Hg analyzer.

Estimate of Mercury Emissions From
Sewage Sludge Treatment/Disposal in
China
The mass loadings of sludge-borne Hg were estimated based on
the concentrations of THg in sludge samples and the sewage
sludge production data. According to the China Construction
Yearbook (MOHURD, 2020), there were 11.2 million tons of dry
sewage sludge produced in 2019, and the production varied
widely among provinces. The annual mass loading of THg
carried by dry sewage sludge of China was calculated by the
formula below:

R � ∑
i
Ci × Mi × K (2)

where R is the total annual mass of THg (t) released from
municipal sewage sludge of China, Ci is the concentration of
THg in the dry sewage sludge of province/municipality i (mg/kg),
Mi is the total annual mass (t/yr) of municipal sewage sludge
produced from province/municipality i, and K is the unit
conversion factor (10–6).

RESULTS AND DISCUSSION

Concentrations of Total Mercury in Sludge
Samples
Total Hg in the sludge samples varied from 0.3 to 7.7 mg/kg (dry
weight, Supplementary Table S1), with a median value of
0.99 mg/kg and an arithmetic mean value of 1.38 ±
1.46 mg/kg. The mean value is 66 times higher than the mean
THg concentration in urban soils of China (0.021 mg/kg) (Cheng
et al., 2014). Sewage sludge in Hohhot and Beijing, both in the
northern region of China, showed the highest THg
concentrations (4.2 ± 1.0 and 6.7 ± 0.9 mg/kg, respectively,
Figure 1; Supplementary Table S1). The lowest THg
concentrations were found in the sewage sludge of Ningbo
(0.5 ± 0.3 mg/kg), Nanchang (0.8 ± 0.2 mg/kg), and Wuhan
(0.8 ± 0.3 mg/kg). The observation of high sludge THg levels
in the northern part of China and low THg in the eastern and
southern regions (Figure 1) is consistent with previous studies
(Liu et al., 2016a; Cheng et al., 2019). It is interesting to note that
the THg concentrations in most of the providences/
municipalities examined here (except for Beijing and Inner
Mongolia, Supplementary Table S1) are similar to those
observed in United Kingdom (median value of 0.7 mg/kg,
Jones et al., 2014) and Switzerland (median value of 0.6 mg/kg,
Suess et al., 2020), suggesting similar intensities of Hg sources for
domestic wastewater.

Most of the WWTPs in China receive domestic and industrial
wastewater as well as stormwater during precipitation. As such,
sources of Hg in sewage sludge include household contributions,
industries, and road-deposited sediment associated with rainfall (Ma
et al., 2011; Liu et al., 2021). Coal burning andmetal smelting are the
largest sources of anthropogenic mercury emissions in China,
accounting for up to 83% of the total release (Ying et al., 2017),
and most metal smelting industries and heavy coal uses occur in the
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northern part of China. For instance, coal-fired power plants in
Inner Mongolia contributed more than 25 tons of Hg to the
environment (Hui et al., 2015), higher than the contributions
from many other regions. Mean total gaseous mercury
concentrations were found to be 8.30 and 3.22 ng/m3 at urban
and rural sites in Beijing, respectively, two orders of magnitude
higher than the background concentration of the Northern
Hemisphere (Zhang et al., 2013). Therefore, the high THg levels
in the sludge in Inner Mongolia and Beijing are likely influenced by
atmospheric deposition of mercury from coal burning and metal
smelting.

Previous studies indicated that dental offices to be the largest
source of Hg entering WWTPs in the United States, followed by
hospitals and residential wastes (Wang and Mao, 2019). In
addition, traditional medicines with a high Hg content (e.g.,
cinnabar and gold amalgam) are also important sources of Hg
in wastewater. This has been shown to be the cause of high Hg
levels in sewage in Tibet (Liu et al., 2018b). Some medical
measuring devices (such as thermometers and blood pressure
monitors) use a notable amount of Hg (e.g., an annual demand of
more than 200 tons in China), and mercury spills from such
broken devices may end up in WWTPs (Lin et al., 2016). The
eastern part of China is the most developed region in the whole
country, and the level of medical treatment is far more developed
than that in other regions. As such, mercury associated with
medical treatment is an important source of mercury in sewage
sludge in eastern part of China (MEE, 2018).

In addition to the above-mentioned geographical and
economic factors that may influence mercury levels in sewage
sludge, we also attempted to correlate the sludge THg levels to
different sewage treatment processes as well as some chemical
parameters (TOC, TN, and TP). Many of the 59 WWTPs
sampled in this study use the activated sludge process (ASP),
with Anaerobic-Anoxic-Oxic (AAO) being the most widely used
process (n = 24), followed by Oxidation Ditch (n = 7) and
Anaerobic-Anoxic-Oxic in combination with the membrane
bio-reactor process (AAO + MBR, n = 5). The rest of the
WWTPs use the so-called Sequential Batch Reactor process
(SBR, n = 4), cyclic activated sludge technology (CAST, n =
1), biological aerated filters (BAF, n = 2), Anaerobic- Oxic (AO, n
= 1). A box-plot of the mercury content under various sewage
treatment processes is presented in Figure 2. There are no
statistical differences (one-way ANOVA, p = 0.914) of the
THg levels among the different treatment processes. Previous
studies showed that 92%–95% of the THg entering WWTPs was
removed as sludge (55% during primary treatment), regardless of
the overall treatment processes (Balogh and Nollet, 2008;
Gbondo-Tugbawa et al., 2010; Li et al., 2022).

There is little correlation between THg and TOC, TN, or TP
(R2 = 0.031, 0.109, and 0.089, respectively, Supplementary
Figures S2–S4), consistent with the general consensus that
THg in sewage is controlled by the intensity of sources in each
catchment rather than by the biogeochemistry of the sewage (Liu
et al., 2018b; Cheng et al., 2019; Wang and Mao, 2019).

FIGURE 1 | Total Hg concentrations in sewage sludge of 16 Chinese cities. The number on top of each bar represents the mean THg (mg/kg, dry weight) of that
city. Mean THg values for individual WWTPs can be found in Supplementary Table S1.
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Mercury Species in Sewage Sludge as
Determined by Sequential Chemical
Extractions
SCE results (Figure 3) show that most of the Hg (70–85%) could
be extracted only by concentrated HCl (F5) or aqua regia (F7),
indicating that Hg is associated with crystalline oxy-hydroxides
and/or acid-soluble Hg compounds (such as HgS, Hg2Cl2, Hg-
HA (Hg bound to humic acid) and Hg0 (Alberto andMarta, 2004;
Sanchez et al., 2005; Terzano et al., 2010; Rumayor et al., 2013).
Only in sludge samples from Beijing and Hohhot a small
percentage of Hg (7% and 3%, respectively) was observed in
the oxidizable fraction (F6) (Figure 3). Since these sludge samples
contain the highest Hg concentrations, it is possible that reduced
sulfur groups are saturated with Hg (or other metals), resulting in
the presence of Hg in the oxidizable fraction. Essentially, no Hg
was recovered in the labile SCE fractions (F1-F4).

Using a similar SCE procedure, Terzano et al. (2010) concluded
that most of the Hg compounds in their soil samples (in F5 and F7)
were meta-cinnabar (β-HgS), cinnabar (α-HgS), and corderoite
(Hg3S2Cl2). Usually, HgS is associated with the residual fraction
(Sanchez et al., 2005). However, Mikac et al. (2002) established that
6M HCl can also extract both metacinnabar and cinnabar, with
metacinnabar showing a higher tendency to be dissolved in this step.
The same authors also found that poorly crystalline metacinnabar
synthesized in the laboratory seemed to be re-dissolved more readily
under high acidic conditions than the corresponding crystalline
forms. Therefore, metacinnabar, especially the poorly crystalline one,

may have been preferentially dissolved in F5 fraction rather than
remaining in the residual (F7). This is very consistent with the poor
crystallinity of sewage sludge samples. Therefore, HgS is the most
probable Hg species in the sludge samples.

Thermal Decomposition of Mercury From
Sludge Samples
Although the THg concentrations in sludge from different
regions of China are very different, the thermal decomposition
patterns (Hg release vs. temperature) are all similar (Figure 4).
Most Hg was released from sludge samples in the temperature
range of 200–400°C, corresponding to the thermal decomposition
temperatures of HgCl2, Hg-HA, HgS, organo-chelated Hg (Hg-
OM), and HgO (Feng et al., 2004; Reis et al., 2012). However, SCE
results excluded the soluble Hg species (e.g., HgCl2 and Hg-HA)
as nothing was leached out in F1-F4. Therefore, the only
remaining sludge Hg compounds are HgS, HgO, and Hg-OM
based on the thermal decomposition experiments (Feng et al.,
2004; Rumayor et al., 2015). Cheng et al. (2019) reached similar
conclusions in their analysis of sewage sludge speciation in China.

Mercury Emissions From Sewage Sludge
Under Ambient Conditions
The THg concentrations of the two sludge samples remained
constant in the fume hood for a month (Figure 5). One-way

FIGURE 2 | Box-plot of total Hg concentrations (mg/kg, dry weight) of
different sewage treatment methods (A/A/O - Anaerobic-Anoxic-Oxic
process; MBR - Membrane Bio-Reactor process; SBR - Sequential Batch
Reactor process). The bottom and top of the box represent the first and
third quartiles (25th and 75th percentile values), the line inside the box
represents the second quartile (median), and the open square inside the box
represents the average value. The whiskers extend 1.5 interquartile ranges
(75th percentile value–25th percentile value) from each end of the box, and
markers (solid diamond) plotted outside each whisker are considered as
outliers. FIGURE 3 | Percent of Hg extracted in different fractions during

sequential chemical extraction of sewage sludge samples.
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ANOVA tests show that there is no statistical difference between
mercury concentrations at the four sampling dates (p = 0.81 and
0.54, respectively). Thermal decomposition experiments show
that no Hg is released at 50°C. Together with the Hg species
inferred from SCE and thermal decomposition it is safe to state
that there would be minimal, if any, Hg emission from sewage
sludge under well-ventilated ambient conditions.

Total Mass of Sludge-Borne Total Mercury
in China for Year 2019
The total estimated amount of sludge-borne THg in China in 2019 is
about 30 tons (see Supplementary Table S2 for details), twice the
estimate made by Cheng et al. (2019) 3 years ago. While the
increased sludge production in recent years partially explains the
discrepancy, the main reason behind the discrepancy is the method
of calculation. Cheng et al. (2019) used the national average of THg
in sludge and national sludge production rate, whereas we used
average THg in sludge and sludge production rate for each province/
municipality. Geographically, the northern region accounts for 53%
of the total sewage-borneHg (Figure 6, see Supplementary Table S4

FIGURE 4 | Thermal release of Hg from selected sewage sludge samples. (A) from Northern China; (B) from Eastern China; (C) from Western China; (D) from
Central China.

FIGURE 5 | Total Hg concentrations (mg/kg, dry weight) in selected
sewage sludge samples during the ventilation test.
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for the geographical division of China). In particular, Beijing has the
largest share of sewage-borne Hg (16.3 tons in 2019), accounting for
40% of the national total. As an important anthropogenic source that
has previously been ignored, THg released from municipal sewage
sludge constituted 3.6% of the total anthropogenic THg released
(including direct and secondary anthropogenic releases) in China
(Habuer et al., 2021).

Potential Emissions of Mercury From
Sludge Treatment/Disposal
According to the latest statistics, 29.3% of the sludge in China
was disposed via land applications, followed by incineration
(26.7%), sanitary landfills (20.1%) in 2019 (Wei et al., 2020).
A separate analysis by Li (2020) indicated that sludge used for
construction materials accounted for 15.9% of the total
sludge disposal volume in China. Due to the concerns of
heavy metal pollution of soils and water resulted from land
applications of sewage sludge, sludge incineration and sludge
for construction materials will likely increase in the near
future in China.

According to this study, Hg starts to release from sludges to
air at 150–200°C. As such, Hg emissions during sludge land
applications or landfills (ambient conditions) and composting
(mostly 40–60°C) (Wei and Liu, 2005; Guerrini et al., 2017; Li
et al., 2021; Wang et al., 2021; Xue et al., 2021) are negligible.
However, if anoxic conditions develop during sludge storage,
transportation, or land applications then oxidized Hg species
could be reduced to Hg0, leading to volatilization of Hg0

(Selvendiran et al., 2008). Further, the risks of soil and
aquatic Hg contamination, especially by the cumulative
toxicity of methyl Hg, during sludge land applications are
well-documented (Zhang et al., 2010; Meng et al., 2011;
Strickman and Mitchell, 2017).

The temperature range for thermal hydrolysis and anerobic
digestion is from 60 to 200°C (Feng et al., 2015; Barber, 2016; Cao
et al., 2020), and the typical temperature range for sludge drying is
around 100–200°C. A small amount of mercury in the sludge will
be released to air during these sludge treatment processes (a few
percent in most cases, up to ~30%, at 200°C).

Sludge carbonization (Park and Jang, 2011; Wang et al., 2013) is
popular in developed countries and is gaining attraction in China as
well. Low temperature carbonization is carried out at 140–300°C
(Wang et al., 2020a; Wang et al., 2020b) but higher temperatures
(300–500°C) are common (Park and Jang, 2011). According to our
thermal decomposition results, ~50% of Hg in sludge will be released
at 300°C and almost all the Hg will be released at 400°C.

The temperature range for sludge incineration (Marani et al.,
2003; Murakami et al., 2009) or co-incineration (O’connor et al.,
2019; Sun et al., 2020) is typically >850°C. At this temperature
range all Hg in sludge will be released to air.

Sludge used for construction materials is often treated at
500–800°C (Weng et al., 2003; Chang et al., 2020). The
temperature can reach 1,000°C in cement production (Chiou
et al., 2006; Latosinska et al., 2021). Like incineration, all Hg in
sludge will be released to air in brick/cement production.

While coal-fired power plants (e.g., used for sludge co-
incineration) in China are regulated for gas emissions (including
Hg emissions), sludge incineration, carbonization, and brick/cement
production plants often do not have clear regulations for Hg
emissions. As such, the latter treatment processes pose the biggest
risk of atmospheric Hg pollution among all treatment methods.
Thus, regulations for Hg emissions in sludge treatment under high
temperatures should be set in place, andHg capture systems used for
coal-fired power plants (e.g., activated carbon injection) should be
considered for such sludge treatment processes.

CONCLUSION

Wemeasured the THg concentrations in sewage sludge samples
collected from 59 WWTPs in 16 provinces and municipalities
in China. Together with other sludge THg data from published
literature and sludge production rate for each province/
municipality, we estimated the mass loading of sludge-borne
THg in China in 2019 to be 30 tons, about 3.6% of the total
anthropogenic THg released (including direct and secondary
anthropogenic releases) in China. We conducted sequential
chemical extraction (SCE) experiments for 26 sludge samples,
and found that sludge-borne Hg mainly occurred in the form of
Hg sulfide, with a small amount of organo-chelated Hg (Hg-
OM) and HgO, and a negligible amount of soluble Hg. We
performed thermal decomposition experiments on eight sludge
samples, and found that Hg generally released from sludge at
the temperature range of 200–400°C, with the highest release at
250–350°C (38%–86%), consistent with the thermo-
decomposition of HgS, Hg-OM, and HgO. THg in sewage
samples under ventilation at room temperature remained
constant over a month period, indicating negligible Hg
emission under such conditions. Of the various sludge
treatment/disposal methods used in China, land applications

FIGURE 6 |Contributions of sludge-borne total Hg from different regions
of China in 2019. The total estimated amount is 30 tons for the entire country.
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have the least potential of Hg emissions to air but pose the
biggest risk for soil/aquatic contamination. Due to thermal
decomposition of Hg in sludge and the lack of regulations on
Hg emissions in sludge incineration, sludge carbonization, and
sludge/brick/cement production facilities, these sludge
treatment processes pose the highest risk of atmospheric Hg
pollution.
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