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ABSTRACT

Residential coal combustion (RCC) is a major source of atmospheric mercury (Hg) in rural areas of China, but
little is known about the isotope signatures of Hg from this source. In the present study, the isotope compositions
of speciated Hg (Hg’, Hg?*, and HgP) in flue gas emitted from RCC were investigated in two important coal-
producing areas (Xingren (XR) and Jinsha (JS)) of Guizhou Province, Southwest China. The total Hg concen-
tration in discharged flue gas is in the range of 1.80-9.65 pg/m® at the two sites, and the emission ratio reaches
99.87%. Isotope signatures of total Hg in flue gas are similar to those of Hg in feed coal, with near-zero A'°°Hg
and negative 5§2°?Hg (—1.47%o for XR and —3.00%o for JS) in discharged flue gas. Such isotope signatures are very
different from those of Hg emissions from modern coal-fired power plants with much higher 6202Hg signals.
Negative shifts from Hg® to Hg?" in flue gas for §2°2Hg (—0.94%0) and A'%°Hg (—0.51%0) were observed, sug-
gesting that both mass-dependent fractionation and mass-independent fractionation occurred during RCC. The
nuclear volume effect produced by chlorine oxidation of Hg® to Hg?* may play an important role in the observed
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mass-independent fractionation in Hg?*. Without any air pollution control devices, RCC potentially increases the
atmospheric Hg levels and has a negative-shifting impact on the §2°?Hg of atmospheric Hg.

1. Introduction

Mercury (Hg) is a pollutant of global concern due to its capability of
long-range migration in the atmosphere and bioaccumulation in the
food chain. Atmospheric Hg emissions can come from anthropogenic
sources (e.g., fossil fuel combustion, nonferrous metal smelting, cement
production, waste incineration) and natural sources (e.g., volcanic
eruption, forest fires, re-emission of previously deposited Hg from
terrestrial and marine ecosystems) (Driscoll et al., 2013; Wang et al.,
2018). Anthropogenic Hg emissions have significantly increased since
global industrialization and have caused adverse effects on the ecolog-
ical environment and human health (Streets et al., 2011; Tian et al.,
2010; Adlane et al., 2020).

China has been regarded as the largest anthropogenic Hg emitter in
the world for the past several decades (AMAP/UNEP, 2008; Streets et al.,
2005; Wu et al., 2016), although the total amount of Hg emissions has
been substantially reduced from 825 tons/yr in 2005 to 444 tons/yr in
2017 (AMAP/UNEP, 2008; Liu et al., 2019) by adopting modern emis-
sion control technologies, e.g., the upgraded air pollution control de-
vices (APCDs), in the major source sectors of coal-fired power plants
(CFPPs), coal-fired industrial boilers (CFIBs), and nonferrous smelting
(Lietal., 2019a; Liu et al., 2019; Tong et al., 2020; Wu et al., 2016). Coal
combustion is one of the largest anthropogenic Hg emission sources in
China (Wang et al., 2000; Streets et al., 2005; Zhang et al., 2015). Hg
retention efficiency from large and medium scale coal combustion fa-
cilities (e.g., CFPPs and CFIBs) has been improved by the installation
rate of modern APCDs to over 90% (Li et al., 2019b; Tong et al., 2020),
resulting in the total emissions from CFPPs in China declining by more
than a half during the past 10 years, e.g., from 105 tons in 2007 to 48
tons in 2017 (Zhang et al., 2015; Liu et al., 2019). However, some small
and uncontrolled coal burning facilities, such as residential coal com-
bustion (RCC), have extremely high Hg emission ratios (95.52-99.81%)
and consume relatively stable amounts of coal over the years (Cui et al.,
2019; Li et al., 2019c¢). As a result, their relative contributions to the
national total Hg emissions are increasing despite consuming much less
coal than large facilities (Wu et al., 2016). Coal consumption by RCC in
China reached 9.28 x 107 tons in 2017 (National Bureau of Statistic of
China, 2019), from which the atmospheric Hg emissions were estimated
to be 19-38 tons/yr (Zhang et al., 2015; Zhao et al., 2015). Meanwhile,
Hg emissions from coal combustion in China are largely unevenly
distributed geographically, with Inner Mongolia, Ningxia, Shanxi,
Guizhou, and Hebei Provinces having the greatest per capita Hg emis-
sions (Gao et al., 2019). Four out of these five provinces possessing large
coal reserves are located in north China, and one (Guizhou) is located in
Southwest China. The cold and damp conditions in the Yunnan-Guizhou
Plateau and the abundant coal resources warrant the coal as an essential
energy source for residents in Guizhou, especially in rural areas.

Unfortunately, RCC using coal with high contents of harmful ele-
ments (e.g., fluorine and arsenic) for heating and cooking resulted in
prevalent endemic disease (e.g., dental and skeletal fluorosis and hy-
perkeratosis) in some areas in Guizhou before the 2000s (Zheng et al.,
1999; Finkelman and Centeno, 2020). A recent estimation showed that
the annual emission of Hg from RCC in this province doubles the amount
from CFPPs (Cui et al., 2019), making it one of the leading emission
sources in this province (Liu et al., 2019). In addition, the atmospheric
Hg concentration was obviously higher in the heating period than in the
non-heating period in Guizhou (Feng et al., 2003; Fu et al., 2011; Fu and
Feng, 2015), indicating the nonnegligible contribution of RCC to local
and regional atmospheric Hg pollution. However, knowledge of detailed
atmospheric Hg emissions and the corresponding isotope signatures of
RCC is still limited.

Hg isotope signatures of different emission sources are useful tools in
tracking emission sources and investigating the geochemical cycling of
Hg (Blum et al., 2014; Kwon et al., 2020; Sonke, 2011). Seven natural
stable isotopes of Hg (Hg'?®, Hg!%8 Hg!®°, Hg???, Hg?"!, Hg??, and
Hg?**) undergo mass dependent fractionation (MDF) and mass inde-
pendent fractionation (MIF) during Hg biogeochemical cycling in the
environment. The Hg isotope composition for worldwide coal has been
summarized by Sun et al. (2016a), including the impacts of location,
forming period, rank, and other parameters on the Hg isotope compo-
sition of coal. However, significant isotope fractionation of Hg would
occur during coal combustion processes involving Hg volatilization,
oxidation, and adsorption; thus, significant differences in Hg isotope
signatures between atmospheric emissions and feed coal (Sun et al.,
2014), or between different Hg species, e.g., gaseous elemental mercury
(Hg?), gaseous oxidized mercury (Hg?") and particulate mercury (HgP),
in flue gas were observed (Tang et al., 2017). Therefore, more studies are
needed to investigate the Hg isotope signatures of atmospheric emis-
sions and isotope fractionation between speciated Hg in different
burners to track the Hg emission sources.

In the present study, coal, bottom ash and speciated Hg (Hg®, Hg>™,
and HgP) in flue gas were systematically sampled in residential stoves
from two important coal-producing areas in Guizhou Province, South-
west China, and were analyzed for Hg contents and isotope composi-
tions. The objectives of this study are to (1) evaluate atmospheric Hg
emissions from RCC; (2) understand Hg isotope fractionation during
RCC; and (3) estimate the Hg isotope fingerprints of Hg from RCC.

2. Methodology
2.1. Study area and sampling

Guizhou Province in Southwest China is one of the largest coal-
producing areas in China (Fig. 1a and b) (Annals of Coal Industry of
Guizhou Province, 1989; Dai and Finkelman, 2017), and had a coal
output of 1.63 x 108 tons in 2017 (National Bureau of Statistic of China,
2019). Lump anthracite (Fig. 1¢) is commonly combusted in residential
stoves (Fig. 1d) for heating and cooking in counties and rural regions in
cold winter and wet rainy seasons. The general residential stove in these
study areas is cylindrical, with space below the combustion chamber for
accommodating bottom ash and fire pan above the chamber for cooking
(Fig. 1d and e). The chimney of the residential stove is on the side of the
fire pan and leads flue gas out of the room (Fig. 1f).

In the winter of 2018, residential coal, bottom ash, and different Hg
species in flue gas (Hg®, Hg?*, and HgP) were collected from local res-
idential stoves in two areas, Xingren County (XR) and Jinsha County
(JS), where are important coal producing areas in Guizhou. Coal
collected from these two areas was formed in the Late Permian (Fig. 1a
and b). The XR coalfield covers areas of 10,000 km?, with a predicted
reserve of 6.8 x 10° tons. The JS coalfield is affiliated with the Zunyi
coalfield, which has a coal-bearing area of 7,500 km? and a predicted
reserve of 1.6 x 10 tons. In addition, the coals selected in this study are
anthracite with low ash and sulfur contents, which are mainly provided
for civil and industrial use (Annals of China Coal-Volume of Guizhou
Province, 1994; Annals of Coal Industry of Guizhou Province, 1989).
The method for flue gas collection is the Ontario Hydro Method (OHM,
ASTM Method 6784-02, 2008), which sampled the flue gas outside the
room from the chimney of residential stove and separated Hg in the flue
gas into three operationally defined Hg species (Fig. S1), i.e., Hg®, Hg?",
and HgP. The details of OHM are described in the Supporting Informa-
tion (SI).

Our previous study showed that most Hg in coal evaporates in the
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first hour (Li et al., 2019c). Flue gas sampling started immediately after
ca. two kilograms of lump coal were added into the stove, and lasted
until the feed coal was almost burned out, for a period of approximately
2.5-3.0 h. The Hg concentration obtained in the flue gas represents the
mean value of the flue gas from this batch of coal, and then a new batch
of feed coal was added for another round of sampling. The feed coal and
bottom ash were collected from each sampling run before and after
sampling, respectively. The feed lump coal was 3-10 cm in diameter,
and a portion of each piece of coal to be burned was knocked down to
make a composite sample and to reduce the possible sampling bias. Two
sets of samples were collected in each household of XR and JS, including
solid samples (coal and bottom ash) and flue gas samples (filters for HgP,
and trapping solutions for Hg?* and Hg?). In addition, the concentra-
tions of SO, NOy, and CO and the temperature in the flue gas were also
measured 30 min after adding coal to the residential stove with a Testo
350 portable flue gas analyzer (Germany, Fig. 1f).

2.2. Hg concentration and isotope composition analysis

Air-dried solid samples were first homogenized and ground into sizes
smaller than 150 pm in diameter before being analyzed for Hg contents.
Cold vapor atomic absorption spectrophotometry (CVAAS, Lumex
RA915+, Russia) was adopted to determine the total Hg contents, which
heated solid samples at 800 °C and measured the released Hg. The
instrument has a detection limit of 0.1 pg/kg. The Hg content in each
solid sample was measured at least three times to obtain a mean value.
The pretreatment of OHM absorption fluid for total Hg analysis is as
follows: 5% w/v KMnO4 is added into the KCl and Hy05 + HNOj3
impingers until an enduring purple color appears, while 10% w/v
NH,OH-HCl solution is added into the H,SO4 + KMnO4 impingers until a
pink or slight purple color is obtained. The Hg concentration in each
capture solution was measured by another type of CVAAS (F732S,
Shanghai Huaguang Instrument Corp.) after the reduction of Hg?" to
Hg® by SnCl,, which had a detection limit of 0.05 pg/L.

Solid samples were pretreated by a double-stage tube furnace for Hg
isotope analysis as described in detail in SI (Sun et al., 2013). Hg con-
centrations in the trapping solutions for solid samples and OHM ab-
sorption fluids for flue gas samples were diluted to 1 ng/mL in 10% acid
before isotope analysis by multiple-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS, Nu Plasma II, U.K.), following a pre-
viously reported method (Yin et al., 2010). NIST 3133 Hg standard

Atmospheric Environment 246 (2021) 118175

solutions were prepared, with Hg concentration and acid matrices
matching the sample solutions. MDF and MIF are reported as §**Hg and
A™*Hg values (SI), following the convention suggested by Blum and
Bergquist (2007).

2.3. Quality assurance and quality control

Materials used for flue gas sampling were carefully precleaned before
fieldwork to reduce the system blank and possible contamination.
Quartz fiber filters for collecting HgP were heated for 2 h at 500 °C. All
sampling lines (quartz glass and Teflon tubings), borosilicate glass
impingers and bottles were soaked into 20% HNOs overnight in the
laboratory and washed with deionized water. The systematic blank of
ambient air sampling was determined in the laboratory before each field
experiment and was found to be < 0.03 pg/m? for the total Hg con-
centration. All vessels used in laboratory analysis were also soaked into
20% HNO3 and washed with deionized water. HNO3 and HCI used for
treating samples or analysis were double-distilled to remove possible
impurities. The Hg concentrations of the systematic and reagent blanks
were below the detection limits of CVAAS and MC-ICP-MS in the con-
centration and isotope analyses, respectively.

For the proximate analysis that includes the moisture content, ash
yield, and volatile matter, certified reference materials (CRMs, ZBM095
for anthracite and ZBM113 for bituminous coal) were measured and
yielded a deviation of <7% from the certified values for ash yield, and
volatile matter. CRMs of NIST SRM 1632d (coal) and NIST SRM 1633c¢
(coal fly ash) were also measured along other solid samples for Hg
content, which yielded a deviation of <10% from the certified values. To
ensure no Hg isotope fractionation during pretreatment of solid samples
(double-stage furnace trapping), the recoveries of total Hg of samples
and CRMs (NIST SRM 1632d) were calculated, which ranged from 88%
to 95%. In addition, CRMs (UM-Almadén and NIST SRM 1632d) were
analyzed and yielded isotope compositions consistent with previously
published data (Table S1) (Blum and Bergquist, 2007; Estrade et al.,
2010; Sun et al., 2013, 2014).

2.4. Calculation of the Hg emission parameter and isotope mass balance

The emission ratio (ER, %), emission factor (EF, mg Hg/ton coal) and
atmospheric emission (AE) of Hg from RCC were calculated according to
Egs. (1)-(3):

>
a '\ E100° E 110° e 1 04 104° 106° 107° 108° 109°
< Y A N
R 5% = 290 & On-site sampling sites A
.
/ N 40° = X N M Provincial capital
) ) “~River
= = <~ Y/ A --» Transportation
=% b A 4 28° direction of coal Zunyi
™ A Tongren
-= g D e 7
- PN usi A
= Bifle" > (<
- . o 2 &~
43 sudyarea wag C n N
Dra t Liupan Qiandongnan
- Palcogene-Neogene RLvss shui
Late Triassic o = i
! . Anshia WQlannan
[ Late Jurassic- b bl | %
Early Cretaceous A RN
B Early-Middle Jurassic A = XR:: 0 100km
[ Late Permian i Qiangi’nan [ Triassic
[ Late Carboniferous- v [ Permian-coalfield
Early Permian = 500 1000km ) [ Permian-prediction area|
[ Early Carboniferous 105° [l carboniferous
w7 S
(©) 1@ e () [FmT N
Chimney R —— Chimney N
i - o
o)== | \ f
= o )
ol 7 s W el
A % il it \?ﬂ 14
Lump anthracite Combustion] ll‘sca;:"P"l:;“g"c | Flue gas |
~ chamber tube s parame'er\

Bottom ash

- meter |
- y Lo

Fig. 1. Distribution and formation ages of coal in China (a, modified from Dai and Finkelman, 2017) and Guizhou Province (b, modified from Annals of Coal Industry
of Guizhou Province, 1989), schematic diagram of sampling sites (b), and on-site sampling photos (c, d, e, f).
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where ijh and C?fal are the Hg content (pg/kg) in bottom ash and feed

coal, respectively; A,q is ash yield (%) of coal with the subscript “ad”
representing air-dried basis; and MCcy, is residential coal consumption
(ton) for Guizhou Province.

The isotope composition of total Hg in flue gas (§2°Hg”, A*°Hg")
can be calculated based on the three speciated Hg in flue gas as
expressed in Egs. (4) and (5):
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where §2°2Hg", 5202HgP, §2°2Hg?", and §2°2Hg" are the §2°?Hg values of
total Hg, HgP, Hg2+, and Hgo in flue gas emitted from RCC, respectively;
AYHgT, AY9°HgP, A'%°Hg?*, and A'°°Hg® are A'9°Hg values for total
Hg, HgP, Hg?", and Hg? in flue gas emitted from RCC, respectively; and
c cZt and CY,

Flue gas> “'Flue gas’®
Hg?*, and Hg' in flue gas from RCC, respectively.

The combustion process during RCC is not as complicated as that of
modern CFPPs which are installed with different APCDs for NOx, SO,
and PM (particulate matter) controls (Li et al., 2019a; Wu et al., 2016),
and most of the Hg in residential coal enters into the flue gas and is
discharged into the ambient air by venting pipes (Cui et al., 2019).
Hence, the Hg isotope mass balance can be evaluated by calculating the
Hg isotope composition of the feed coal and flue gas using Egs. (6)—(9):

ue gas A€ Hg concentrations (ug/m>) of HgP,
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where 62°2HgCoal and AlggchOal are values of feed coal for RCC; Ccoal
and Mcoal are Hg concentration (ug/kg) in feed coal and coal con-
sumption (kg) for the corresponding test, respectively; CF, . gas A0d Ve
¢as are the Hg concentration (pg/m®) in flue gas and sampling volume
(m3) of flue gas, respectively; A and T in the superscript stand for the
weighted average and total Hg, respectively; and i and j represent the
number of tests.

2.5. Statistics and data processing

In this study, the mean values of different groups were compared
with one-way analysis variance (ANOVA) and independent-samples T
tests in SPSS 21.0, where differences were significant at p < 0.05. Origin
2017 and CorelDRAW 2018 were used to draw the figures.
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3. Results and discussion
3.1. Fuel properties

The proximate analysis of coal in this study is shown in Table 1. Coal
samples from both XR and JS are classified into extra low ash coal (ash
yields < 10%) according to the Chinese national standard for coal
quality of ash (GB 15224.1-2018) based on their ash yield of 6.88% and
7.21%, respectively. The moisture in coal samples is very low
(1.61-2.49%), but the concentration of volatiles in coal from JS (13.28
+ 1.99%) is higher (p < 0.05) than that from XR (7.58 &+ 0.99%). The ash
yield in residential coal of this study is significantly lower (p < 0.01)
than that of coal from CFPPs in Guizhou (30.7-45.7%) (Li et al., 2019b;
Tang et al., 2016), and the heat value of residential coal in these two
areas (28-30 MJ/kg) (Cui et al., 2019) is also higher (p < 0.01) than that
used in CFPPs (17-20 MJ/kg) in Guizhou (Li et al., 2019b; Tang et al.,
2016), indicating that the quality of feed coal used for RCC is better
relative to that used for CFPPs in Guizhou Province.

3.2. Hg in solid and flue gas samples

The Hg content of solid samples (coal and bottom ash) and speciated
Hg concentration in the flue gas are illustrated in Table 2 and Fig. 2. Coal
samples from XR (112.20 + 10.60 pg/kg) have significantly higher Hg
contents than those from JS (30.40 + 3.00 pg/kg), but the Hg contents in
their bottom ash are comparable (0.70 versus 0.50 pg/kg). The Hg
content in XR coal is comparable with previously reported values at
Xingren Coalfield (142 + 43 pg/kg, N = 5, Dai et al., 2005), and
worldwide average Hg content (100 + 10 pg/kg, Ketris and Yudovich,
2009; Yudovich and Ketris, 2005), while the Hg content in JS coal is
significantly lower than that of the average value in Guizhou Province
(155 pg/kg, N =108, weighted mean, Li et al., 2013) and the mean value
of China (163 pg/kg, N = 1,666, Dai et al., 2012). The ER of Hg calcu-
lated using Eq. (1) is 99.95% and 99.78% for residential coal in XR and
JS, respectively, which is similar to a previously reported value
(99.63%) in Guizhou in 2011-2012 (Cui et al., 2019), indicating that
most of the Hg in coal is volatilized into ambient air during residential
combustion. Without APCDs installed with residential stoves, most Hg is
emitted into the atmosphere from the chimney with flue gas, and a small
portion of Hg may also be released into indoor air and impose direct
exposure to humans living in the room (Li et al., 2019c; Zhang et al.,
2019).

The total Hg concentration in the flue gas of coal from XR is 9.65 +
0.22 pg/m®, of which 95.97% is in the form of Hg® (9.26 + 0.27 pg/m®),
and 3.54% is in the form of Hg2+ (Table 2). Much lower concentrations
are found from the flue gas of JS coal (1.80 + 0.71 pg/m®), and Hg® and
Hg?* account for 74.63% and 20.44%, respectively. HgP concentrations
are small (<0.10 pg/mS) in the flue gas of both XR and JS (Table 2),
which may be related to the low ash yield in coals (6.88-7.21%,
Table 1). Total Hg in flue gas was found to be closely related to Hg
content in feed coal (Cui et al., 2019). In addition, the combustion status
in residential coal burning is very different from that in boilers of CFPPs,
with vigorous combustion for the latter involving pulverized coal and
injected air but tender combustion for the former with lump coal
burning. Thus, in the case of burning the same amount of coal and
similar coal quality, RCC products less PM into flue gas than industrial
boilers (Fig. 1e). In addition, the short venting time of flue gas through

Table 1
Proximate analysis of different fuels.

Region Coal type Proximate analysis (%, Mean+16, N = 2)

Mag Vad Aad
XR Lump anthracite 1.61 + 0.03 7.58 £ 0.99 6.88 + 0.65
JS Lump anthracite 2.49 +0.03 13.28 +1.99 7.21 £ 0.44

Note: M, moisture; V, volatile; A, ash; Subscript “ad”, air-dried basis.
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Table 2

Hg concentration and proportion in solid samples and flue gas of the RCC.

Samples Hg content Proportion (%) Hg content Proportion (%)
XR Flue Input/ JS Flue Input/
(Mean+1o, gas Output®  (Mean+1o, gas Output”
N=2) N=2)
Coal 112.20 + - 100.00 30.40 + - 100.00
(ng/ 10.60 3.00
kg)
Bottom 0.70 + 0.00 - 0.05 0.50 £0.00 - 0.22
ash
(ng/
kg)
Flue gas 0.05+0.01 0.49 0.49 0.09 +£0.03  4.93 4.92
HgP
(ng/
m®)
Flue gas 0.34 £ 0.04 3.54 3.53 0.37 £ 0.25 20.44 20.40
Hg?"
(ng/
m®)
Flue gas 9.26 + 0.27 95.97 95.93 1.35+0.33 74.63 74.46
Hg°
(ng/
m3)

»

, Based on the proportion of speciated Hg in flue gas.
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Fig. 2. Hg content in solid samples and speciated Hg in flue gas from RCC in XR
(a) and JS (b).

residential vent pipes is not conducive for HgP formation. Although the
total Hg concentration is much different between XR and JS, their Hg"
concentrations are comparable (0.34 pg/m> versus 0.37 pg/m>). This
phenomenon may be related to the limited oxidizing substance (e.g.,
chlorine, oxygen or metal oxides) in flue gas (Zhang et al., 2016; Zhou
et al, 2015). A previous study indicated that Hg® accounts for
83.0-96.1% of the total Hg emissions from RCC in Guizhou (Cui et al.,
2019), which is comparable to the proportion of Hg® in this study
(95.97% for XR and 74.63% for JS). However, more Hgo (>70%) is
oxidized in the flue gas duct of CFPPs before entering wet flue gas
desulfurization due to oxidation by catalysts of selective catalytic
reduction for NOx and other oxidants in flue gas or PM (Yang and Pan,
2007; Zhang et al., 2016). As a result, a lesser portion of Hg® was dis-
charged from CFPPs in Guizhou (average 63.29%, N = 14), achieving a
high Hg removal efficiency (average 95.7%) after the combination of
APCDs for NOx, PM, and SOy (Guizhou Environmental Monitoring
Center Station and Institute of Geochemistry, 2016; Li et al., 2019b).
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3.3. Hg isotope composition in feed coal and flue gas

Hg isotopes of bottom ash were not analyzed because of the low Hg
concentration (0.50-0.70 pg/kg). The Hg isotopes of coal and flue gas
samples in this study showed negative 5?°?Hg values (Fig. 3a, Table 3).
Most residential coal in Guizhou Province is anthracite formed in the
Late Permian (Fig. 1b and c), and the Hg isotope composition in coal is
controlled by terrestrial plants and crustal rocks (Sun et al., 2016a). The
6202Hg of coal from XR is —1.59 =+ 0.23%o, similar to previously reported
values in Guizhou (—1.27 £ 0.65%0, N = 14) (Biswas et al., 2008; Sun
et al., 2014; Yin et al., 2014). The 6202Hg value in XR coal (—1.59 +
0.23%o) might be related to hydrothermal alteration (~0%o) during the
coal forming process (Lefticariu et al., 2011). The §2°2Hg of coal from JS
is —2.99 + 0.85%o, which is much lower than previously reported values
in this area (Biswas et al., 2008; Sun et al., 2016a; Yin et al., 2014) and is
probably inherited from the original nature of plants (—3.16%o to
—2.43%0 for 52°2Hg) in the coal-forming areas in Southwest China
(Wang et al., 2020a). A recent study showed that Late Permian coals in
eastern Yunnan Province neighboring to western Guizhou also have
notable negative 52°?Hg signals (—3.43%o to —4.34%) and low Hg
contents (8-58 ng/g) (Zheng et al., 2020), which are similar to the coals
of JS in this study.

Near zero A199Hg was observed for coals from XR (—0.05 + 0.01%o)
and JS (0.12 £ 0.03%o) (Fig. 3b), which is similar to the average value of
Guizhou coal (A'*°Hg = 0.03 + 0.09%0, N = 14, 10) reported previously
(Biswas et al., 2008; Sun et al., 2014; Yin et al., 2014). The high oxygen
content (up to 30%) in atmospheric environment in the Late Permian
induced more wild fires than during the other periods (Scott and
Glasspool, 2006), and the fire-related organic Hg loss in swamps
increased the A199Hg value of the resulting coals (Sun et al., 2016a),
which have a circum-zero A'°°Hg, which is ~0.2%o higher than the
A'°Hg of coals formed during the other periods (Sun et al., 2014,
2016a). In addition, the hydrothermal alteration of coal would also
result in a positive A®°Hg than that not having been alternated (Sun
et al., 2016a; Zheng et al., 2018). However, the insignificant difference
between the A'®°Hg value of this study (—0.05%0—0.12%c) and other
ranks of coal in Guizhou or other parts of the world (Sun et al., 2014,
Fig. 4a) might be due to the small sample numbers or small wild fire/-
hydrothermal alteration effect in the study areas.

After combustion, the majority of Hg in feed coal was volatilized into
the flue gas (Table 3), resulting in §2°?Hg variation in different speciated
Hg. For speciated Hg in flue gas in XR, Hg® (62°2Hg = —1.38 + 0.25%o) is
isotopically heavier than Hg?" (52°?Hg = —2.32 + 0.27%0) and HgP
(6202Hg = —2.77 + 0.24%o), but the difference is insignificant between
Hg?* and HgP. However, there is no significant difference in 52°Hg
between Hg® (—2.82 + 0.39%c), Hg?" (—3.01 + 0.36%0), and HgP
(—2.94 =+ 0.33%o) in flue gas in JS. The A'°’Hg values of HgP and Hg®
fluctuate around zero, with range of —0.13%0-0.11%o at these two sites.
A°Hg values for Hg?' in flue gas are —0.28 + 0.01%o and —0.40 +
0.08%o in XR and JS, respectively (Fig. 3, Table 3), which are signifi-
cantly different (p < 0.01) from HgP and Hg® in flue gas and coals in this
study. The possible mechanisms are discussed in Section 3.5 below.

3.4. Hg isotope mass balance

The high emission ratio (99.78-99.95%) of Hg in the residential
stove indicates that almost all Hg in coal enters the flue gas during
combustion. Thus, the Hg isotope mass balance is evaluated by
comparing Hg isotopes in coal and flue gas. Based on Egs. (6)-(9) and
the data in Table 3, the weighted average Hg isotope composition of coal
and total Hg in flue gas are illustrated in Fig. S2. Taking 52°?Hg as an
example, the weighted average 52°>Hg of coal from XR (—1.55%o) and JS
(—3.07%o) are statistically identical to those of their corresponding flue
gas (—1.47%o for XR and —3.00%o for JS) (Table S2). The disparity of the
weighted average A!®°Hg between coal and total flue gas is 0.05%o—
0.14%o, which is statistically insignificantly different considering that
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Fig. 3. Hg isotope composition of 62°2Hg (a) and AlggHg (b) in coal and flue gas from the RCC.
Table 3
Hg isotope composition (%o) in solid samples and flue gas of the RCC.
Region Samples 5'%Hg 1o 52%°Hg 10 521Hg 16 52%Hg 1o A'°Hg 1o A%Hg 1o A%'Hg 1o
XR Coal —0.45 0.05 -0.76 0.09 -1.20 0.16 -1.59 0.23 —0.05 0.01 0.04 0.03 —0.01 0.02
N=2) Bottom ash - - - - - - - - - - - - - -
Flue gas Hg0 —0.44 0.05 —0.68 0.14 —1.00 0.15 —1.38 0.25 —0.09 0.01 0.02 0.01 0.04 0.04
Flue gas Hg27 -0.87 0.08 -1.11 0.14 —1.88 0.21 —2.32 0.27 -0.28 0.01 0.05 0.00 —-0.14 0.00
Flue gas HgP —0.82 0.08 -1.38 0.14 -2.15 0.18 —-2.77 0.24 —0.12 0.02 0.02 0.03 —0.06 0.01
JS Coal —0.63 0.18 —-1.42 0.43 —-2.23 0.59 —-2.99 0.85 0.12 0.03 0.08 0.00 0.02 0.05
N=2) Bottom ash - - - - - - - — — _ _ _ _ _
Flue gas Hg0 —0.60 0.10 -1.35 0.19 -2.09 0.31 —2.82 0.39 0.11 0.00 0.07 0.00 0.03 0.01
Flue gas ng‘ -1.16 0.17 -1.48 0.20 —2.55 0.25 -3.01 0.36 —0.40 0.08 0.03 0.02 -0.28 0.03
Flue gas HgP —0.86 0.06 -1.43 0.17 —2.28 0.26 —2.94 0.33 -0.13 0.03 0.05 0.01 —-0.07 0.01

*, No isotope data for bottom ash because of the low Hg content (<0.7 pg/kg).

Fig. 4. Comparison of the Hg isotope composition of
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the 26 analytical uncertainty is 0.09% for A'°’Hg. These results indicate
that Hg isotopes in RCC are basically in balance.

3.5. MDF of Hg isotopes

Variations in §2°2Hg signals between feed coal and Hg in flue gas are
0.21%o and 0.17%. for XR and JS, respectively, indicating that the Hg
MDF is small during the combustion process in the residential stove.
However, a negative shift of 6202Hg from HgO to Hg2+ in flue gas was
observed, especially in XR (variation of 0.94%., from —1.38%o to
—2.32%0), indicating that Hg MDF may have occurred during the
oxidation process (Hg’—~Hg?"), which resulted in Hg?" being isotopi-
cally lighter than Hg®. Similar to RCC, CFPPs also present lighter Hg2"
than Hg® in flue gas from the electrostatic precipitator outlet and wet
flue gas desulfurization outlet (52°2Hg?" - §2°2Hg® = —0.75% to
—0.88%0) (Tang et al., 2017). The §?°?Hg value of HgP in XR (-2.77 +

2018); Precipitation in background China: Tibetan
Plateau (Yuan et al., 2015).

0.24%o) is lighter than those of Hg® (—1.38 = 0.25%c) and Hg?" (—2.32
+ 0.27%o), suggesting that Hg® in the flue gas of XR is probably mainly
absorbing Hg?" in flue gas.

3.6. MIF of Hg isotopes

The Hg isotope MIF is generally caused by the nuclear volume effect
(NVE) or magnetic isotope effect (MIE). NVE has been observed in
liquid-vapor evaporation (Estrade et al., 2009; Ghosh et al., 2013), dark
Hg?* reduction (Zheng and Hintelmann, 2010), Hg>"-thiol adsorption
(Wiederhold et al., 2010), and atmospheric oxidation (Sun et al.,
2016b), with A1 Hg/A%° Hg ratios of 1.5-1.9. MIE has been observed
during Hg photochemical reactions (such as Hg?" photoreduction or
methylmercury (MeHg) photodegradation), with A1?°Hg/A20'Hg ratios
of 1.0-1.36 (Bergquist and Blum, 2007). In CFPPs, negative A!'°°Hg
(—0.30%o for Hg® and -0.46%o for Hg?") with A'*°Hg/A% Hg of ~1 was
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observed in flue gas (mostly composed of Hg® and Hg?"), which was
believed to be inherited from fueled coal (A199Hg = —0.34%0) (Tang
etal., 2017), and a A199Hg/A2°1Hg of ~1 was observed for world coals
(Sun et al., 2016a). However, in this study, the differences in Hg con-
centration and MIF between Hg? (1.35-9.26 pg/m>, A1>°Hg = —0.09%o—
0.11%0) and Hg?* (0.34-0.37 pg/m®, A*°Hg = —0.28%o to —0.40%o) in
flue gas from residential stoves indicate that negative A'°’Hg and
A®Hg of Hg?" in the flue gas would not be inherited from the resi-
dential coals, but are related to the oxidation or transportation processes
in the combustion chamber or smoke channel.

The chlorine (CI) contents in coal from China and the world are 255
pg/g (N = 812) (Dai et al., 2012) and 180 pg/g (Ketris and Yudovich,
2009), respectively, and at these levels Cl in coal promotes Hg® oxida-
tion in flue gas during some combustion processes, such as in CFIBs or
CFPPs (Galbreath et al., 2005; Zhou et al., 2015). During coal combus-
tion, Cl on the active sites directly oxidized Hg0 into HgyCly or HgCly,
which are then transferred from active sites into the gas phase (Wang
et al., 2020b). Based on the results of Sun et al. (2016b), Hgo—Cl
oxidation resulted in a A'®°Hg/A?'Hg ratio of 1.88 + 0.17, which is
comparable with the A'%°Hg/A2 Hg of Hg?" in the present study (1.76
+ 0.42), indicating that the negative MIF in Hg?' is related to the
oxidation of Cl in the RCC. This study highlights the difference in Hg
transformation between RCC and CFPPs. The absence of significant
Hg-MIF in boilers of CFPPs may be explained by the higher temperature
(800-1400 °C) (Li et al., 2019b), which can reduce the NVE fraction-
ation factor for Hg’~HgCl, (Yang and Liu, 2015). Moreover, the high
contents of oxidants (oxygen, bromine, metal oxides, etc.) in flue gas of
CFPPs can accelerate the oxidation of Hg® (Galbreath et al., 2005; Yang
and Pan, 2007; Zhang et al., 2016), resulting in limited extent of Hg-MIF
as most of Hg? in flue gas of CFPPs is rapidly oxidized.

3.7. Implications

Without APCDs in RCC, the Hg atmospheric emission ratio (99.87 +
0.09%) is very high compared to the other coal-dominated anthropo-
genic Hg emission sources, such as CFPPs in Guizhou, which have at-
mospheric emission ratios of less than 5% or even 1% (Guizhou
Environmental Monitoring Center Station and Institute of Geochemistry,
20165 Li et al., 2019b; Tang et al., 2016). Based on Eq. (2), the emission
factors (mg Hg/ton coal) of RCC are 112.15 mg Hg/ton coal and 30.33
mg Hg/ton coal for residential coal from XR and JS, respectively
(Table S3). For Guizhou Province, the EF of the RCC source is 154.79 mg
Hg/ton coal according to the weighted average (regional reserves) Hg
content in Guizhou coal (155 pg/kg) (Li et al., 2013), which is approx-
imately 5-160 times higher than the EF of 14 CFPPs in Guizhou (range:
0.94-32.98 pg Hg/kg coal; average 8.22 + 10.48 pg Hg/kg coal) (Li
et al., 2019b; Tang et al., 2016; Guizhou Environmental Monitoring
Center Station and Institute of Geochemistry, 2016). Therefore,
951-1468 kg Hg is estimated to be emitted from RCC into the atmo-
sphere annually in the past decade (Table S4) based on Eq. (3) and the
coal consumption by RCC in Guizhou during 2007-2017 (Bureau of
statistics of Guizhou Province, 2013, 2015, 2019).

RCC emissions have already caused some typical prevalent endemic
diseases from exposure to arsenic (As), fluorine (F), and other poten-
tially toxic trace elements (Finkelman and Centeno, 2020), indicating
that RCC emissions have profound impacts on the regional atmospheric
environment and human health. Tian et al. (2013) showed that RCC was
the largest SO; contributor to some highly popularized areas in Guizhou
Province in 2010, and contributed 50.7% of the total SO, emissions. Our
on-site measurements also indicate that SO, emissions are one of con-
cerning problems (Table S5). For Hg, Cui et al. (2019) estimated that the
total Hg emissions from RCC in Guizhou were 48.9 tons between 1990
and 2016, with an annual Hg emission amount of 1.2-2.3 tons/yr, and
serious atmospheric Hg contamination from uncontrolled coal burning
has also been reported in other parts of China (Cao et al., 2021; Liang
et al., 2014); especially in winter, more consumption of residential coal
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significantly increases atmospheric Hg concentrations compared with
summer (Feng et al., 2003; Fu et al., 2011; Fu and Feng, 2015). In
comparison, atmospheric Hg emissions from CFPPs in Guizhou Province
are only ~0.5 tons/yr according to a recent on-site sampling study using
OHM at 14 CFPPs (Guizhou Environmental Monitoring Center Station
and Institute of Geochemistry, 2016; Tang et al., 2016). In summary, Hg
emissions from RCC have great impacts on atmospheric Hg in Guizhou
Province and even on the regional atmosphere because 85% of such
emissions are in the form of Hgo, which can be transported for long
distances. Although prevalent endemic diseases caused by RCC have
been alleviated in recent decades (Finkelman and Centeno, 2020), the
impact of RCC on atmospheric Hg pollution deserves further study.
Using Eqgs (4), (5), (8) and (9), the weighted average 6202Hg and
A'°Hg of total flue gas from the residential stove are estimated to be
—1.47 4+ 0.26%0 and —0.10 + 0.01%o for XR, and —3.00 + 0.38%. and
0.01 + 0.02%o for JS, respectively (Table S2). Significant differences in
Hg isotope signatures were observed between atmospheric Hg emissions
in XR and JS, but these values are consistent with the Hg isotope com-
positions of their coals (Fig. 3). Nevertheless, to reduce the uncertainty
and obtain more accurate mean Hg isotope signatures from RCC in
Guizhou, more field studies should be carried out. The Hg isotope
compositions of important anthropogenic sources, including cement
plant, CFPPs, sphalerite, Hg ore, coal, and gold ore, are illustrated in
Fig. 4a. The 522Hg of Hg emissions from RCC (—2.23%o, averaged be-
tween cases of XR and JS) is comparable to that of cement plants (—2.03
+ 0.31%o0) (Li et al., 2021) but is significantly lighter (p < 0.05) than
those of stack emissions of CFPPs in Guizhou and other places in China
(1.07 + 0.95%o for Hg®, -0.44 + 0.40%. for Hg?*, and —0.38 + 0.38%s for
precipitation, Fig. 4b) (internal unpublished data; Huang et al., 2018;
Tang et al., 2017), sphalerite (—0.47 + 0.46%o, 16, N = 102) (Yin et al.,
2016), Hg ore (—0.55 + 0.52%o, 16, N = 70) (Cooke et al., 2013; Feng
et al., 2013; Stetson et al., 2009; Wiederhold et al., 2013; Yin et al.,
2013), and gold ore (—0.98 + 0.44%o, P10-P90, N = 9) (Smith, 2010).
The §2°2Hg values of total gaseous mercury (TGM) in atmospheric and
total Hg in precipitation in Guizhou Province (Fig. 4b) are —0.61 +
0.25%0 (16, N = 32) and —1.19 4 0.79%0 (16, N = 25) (Yu et al., 2016;
Wang et al., 2015; Yuan et al., 2018), respectively, which are signifi-
cantly negative than those in the U.S. (0.10 + 0.38%o for TGM, 16, N =7
and —0.33 + 0.23%o. for precipitation, 16, N = 20, respectively (Gratz
et al.,, 2010), and slightly negative than that of precipitation from
background area in China (Tibetan Plateau, —0.56 + 0.12%o, 2SD, N =
4) ( Yuan et al., 2015). Values of 62°2Hg in the above-referenced at-
mospheric samples are more positive than those of atmospheric emis-
sions from RCC in Guizhou (Fig. 4b) but are negative than those of
CFPPs, sphalerite, Hg ore, and gold ore (Fig. 4a). These results indicate
that RCC has a great negative-shifting impact on the §2°Hg of atmo-
spheric Hg. For MIF, A'°°Hg of atmospheric Hg in Guizhou (0.04 +
0.08%o, 26, N = 32) (Yu et al., 2016) and anthropogenic Hg sources (e.g.,
cement plants and RCC) (Li et al., 2021; this study) are all near zero,
except for some CFPPs (—0.27 + 0.22%o for Hg2+, —0.41 + 0.44%o for
Hg® (internal unpublished data; Tang et al., 2017) and precipitation
samples (0.53 + 0.28%o for Guizhou) (Yuan et al., 2018; Wang et al.,
2015), and 0.30 4= 0.13%o for U.S. (Gratz et al., 2010) because the redox
chemistry process can cause significant MIF (Kwon et al., 2020; Tang
et al., 2017; Gratz et al., 2010; Wang et al., 2015; Yuan et al., 2018).
Cases with no significant MIF may be due to the lack of redox reactions
because these samples are mainly composed of Hg® (Kwon et al., 2020).
Based on the Hg isotope compositions in residential coal, atmo-
spheric Hg emissions from RCC can be effectively distinguished from
other anthropogenic sources. It should be noted that atmospheric Hg
emissions in earlier years from many large combustion units (such as
CFPPs or CFIBs) without efficient APCDs should have isotope composi-
tions similar to those from RCC emissions found in the present study;
that is, Hg in coal is mostly emitted into the atmosphere, and 52°?Hg
values are significantly negative than those of sphalerite, Hg ore, gold
ore, and modern CFPPs (Fig. 4a). Such knowledge is of great significance
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for retrieving historical Hg pollution data.
4. Conclusions

Atmospheric emission and isotope signatures of speciated Hg in RCC
in rural areas of Guizhou Province, Southwest China were characterized
by analyzing the Hg content and Hg isotope composition of onsite solid
and flue gas samples. The total Hg concentration in flue gas is 1.80-9.65
pg/m>, which is closely related to the Hg content in feed coal, and
mainly in the form of Hg’ (74.63-95.97%), followed by Hg?"
(3.54-20.44%), and with very low levels of HgP (0.49-4.93%). The
amount of atmospheric Hg emissions from this source is estimated to be
1,468 kg in 2017 in the whole province. A weak shift of MDF (0.17%o—
0.21%o for 6202Hg) and a near zero shift of MIF were found between feed
coal and Hg® in flue gas. Significant Hg isotope shifts from Hg® to Hg?*
up to —0.94%0 and —0.51%o for 52°Hg and A'°°Hg, respectively, were
observed, which are probably related to oxidization by atomic chlorine.
Hg emissions from RCC have a more negative 52°?Hg value than those of
modern CFPPs and metal smelting; thus, this source sector has a
negative-shifting impact on the isotope composition of atmospheric Hg.
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