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• THg concentrations in salt slurry and
soils from the abandoned CAP were
highly elevated and varied widely.

• Hg2+ and Hg0 were main speciation of
Hg in the salt slurry and soils.

• The salt slurry were classed as hazard-
ous wastes with an average TSHg con-
centration of 140 μg/L.

• The salt slurry and soils are significant
Hg pollution sources to local
environment.
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Chlor-alkali plants (CAPs) are major consumers of mercury (Hg) and may be a source of severe Hg pollution to
the environment. In this paper, the total mercury (THg) concentrations and the speciation and mobility of Hg
were measured in salt slurry and soils collected from an abandoned CAP in Yunnan Province, China. THg concen-
trations in the salt slurry samples varied widely and ranged from 0.43 to 2640mg/kg; THg concentrations varied
vertically andwere lower towards the surface than deeper in theprofile. In the soils, a sample collected fromelec-
trolysis workshop had the highest THg concentration (3650 mg/kg). The main fractions of Hg in the salt slurry
and soils were Hg2+ and Hg0, which accounted for 47.4% and 22.9% of THg in the salt slurry and 28.0% and
43.8% of THg in the soils on average, respectively. The Hg0 concentrations decreased with depth in the soil pro-
files. The total soluble Hg (TSHg) concentrations in the salt slurry averaged at 140 μg/L and ranged from 0.77
to 564 μg/L. The salt slurry and soils at the study site were seriously contaminated with Hg, which could poten-
tially be released to the atmosphere or water bodies.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Mercury (Hg) is considered as a global pollutant (Driscoll et al.,
2013; Pacyna et al., 2016; Obrist et al., 2018). Gaseous elemental
mercury (GEM), the predominant form of atmospheric Hg, has long res-
idence time (0.5–2 years) in the atmosphere (Fu et al., 2012, 2015), and
can be transported for considerable distances from its source area
(Pacyna et al., 2016; Obrist et al., 2014; Horowitz et al., 2014). Methyl-
mercury (MeHg), the organic form of Hg, can bioaccumulate in the
aquatic food chain, where it poses serious health risks to humans
through consumption of seafood (Driscoll et al., 2013). Recent studies
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have confirmed that MeHg can be bioaccumulated in rice grain that
grown in Hg-polluted sites, and rice consumption represents the main
MeHg exposure pathway for inland population (Zhang et al., 2010a,
2010b; Feng et al., 2008; Li et al., 2015).

Atmospheric Hg originates from both natural (e.g., volcanoes, eva-
sion from soil and water, and wild fires) and anthropogenic sources
(e.g., fossil fuel combustion, artisanal and small-scale goldmining, med-
ical waste incineration, chlor-alkali plants and municipal waste)
(Pirrone et al., 2010; Streets et al., 2017; Esbrí et al., 2015; UNEP,
2013). Anthropogenic Hg emission accounted for about 30% of the
total amount of Hg release to the atmosphere worldwide; and China,
the largest emitter of Hg, accounts for about 1/3 of global emissions
(UNEP, 2013). In China, atmospheric Hg emission increased from
356 t in 2000 to approximately 530 t in 2014 (Zhang et al., 2015; Wu
et al., 2016), and the amount of Hg released to aquatic environments
in 2012was estimated at 98 t (Liu et al., 2016). Because of the rapid eco-
nomic development in China, the average concentration of GEM, at 2.86
± 0.95 ng/m3, was significantly higher than the background concentra-
tion in the Northern Hemisphere (1.5–1.7 ng/m3) (Fu et al., 2015; Tang
et al., 2018).

Chlor-alkali plants (CAPs) are the third largest industry user of Hg
worldwide (Esbrí et al., 2015). In chlor-alkali industry, chlorine and
caustic soda are produced in a reaction that is catalyzed by liquid Hg
(Tang et al., 2018). About 28 t of Hg was discharged from CAPs world-
wide in 2010 (UNEP, 2013). The Hg form emitted from chlor-alkali
plants is mainly gaseous Hg (Hg0 and Hg2+), and soil is themain recep-
tor (Gordeeva et al., 2017; Guédron et al., 2013). The net Hg deposition
flux to soils in the vicinity of CAPs was estimated at between 2356 and
8952 μg/m2 per year (Biester et al., 2002).

Although the technique of chlor-alkali catalyzed by Hg was aban-
doned in the early 90s, Hg still can be released from Hg-
contaminated salt slurry produced by the Hg-cell process
(Fernández-Martínez1 et al., 2016). Hg pollution resulted from the
production of CAPs has been studied extensively worldwide (Reis
et al., 2010; Ullrich et al., 2007; Wängberg et al., 2003; Bravo et al.,
2014). On average, the Hg consumption in alkali production in
China was between 300 and 500 g/t. The carbide-based polyvinyl
chloride (PVC) industry is the largest Hg user in China, and accounts
for 60% of Hg consumption (Pirrone et al., 2010; Lin et al., 2016). A
recent study estimated that 4.9 g of Hg was emitted from a PVC fac-
tory for every ton of PVC produced (Ren et al., 2014). However, few
Fig. 1. Spatial distribution of sampl
studies considered the speciation andmobility of Hg in the salt slurry
and surrounding soils at CAPs in China.

The aim of this study was to quantify Hg concentrations in the salt
slurry and soils in an abandoned CAP and assess the potential environ-
ment impacts. The vertical distribution of THg concentrations and Hg
speciation in the salt slurry and soils from the CAP were investigated.
Leaching experiments were carried out to estimate the possible envi-
ronmental impacts from the salt slurry and soils. The results from this
study can be used to support remediation of this CAP. Information
about Hg pollution to the atmosphere, groundwater, surface water,
and soils surrounding the CAP has been reported in a companion
paper (Song et al., 2018).

2. Materials and methods

2.1. Study site

The chemical plant covers an area of 40,000m2 (Fig. 1). As part of an
urban development project, the chemical plant will be converted to
commercial and residential area. The Local Environmental Protection
Bureau has drafted “plan of heavy metal pollution prevention” and the
land of the chemical plant will be remediated to reach the requirements
of urban construction land.

The chemical plant, established in 1958, was the largest chlor-alkali
and chemical operation in Yunnan province. It was also the only PVC
and chlorothalonil pesticide operation in Yunnan Province. The annual
production capacity is 30,000 tons of caustic soda with ion-exchange
membrane process and 30,000 tons of PVC. The chemical plant closed
in April 2011 because of environmental and safety concerns and the
out-of-date technology.

2.2. Sample collection

The study area includes a salt slurry heap, a calcium carbide slag
heap, chlor-alkali workshop, pesticide workshop, PVC workshop, and
other auxiliary workshops.

The area of most interest for this study was the salt slurry heap,
which extends over about 11,000 m2. A total of 33 profiles of salt slurry
were drilled and the drill sites were arranged at interval of 20m (Fig. 2).
Samples were collected from the upper (at the depth of 0–0.2 m), mid-
dle (0.8–1.5 m), and bottom (2.5–3.5 m) layer of the salt slurry profiles
ing sites in the chemical plant.



Fig. 2. Spatial distribution of sampling sites in the salt slurry heap.
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to examine the vertical variation in the Hg concentration. Soil samples
were collected at different depths and sampling continued until
groundwater was encountered. A portable X-ray fluorescence spec-
trometer (Niton XL3t600, Thermo Fisher Scientific, Massachusetts,
USA) was used to guide sampling by scanning the soil samples and
soil samples did not collect until low Hg concentration (b6 mg/kg)
which could not bemeasured. Five soil profiles at electrolysis workshop
(EW), nine profiles at pipe line area (PL), nine profiles at PVCworkshop,
five profiles at carbide slag heap (CS), four profiles at pesticide
workshop (PW) were drilled. A further eight profiles were collected
from other areas as contrast. In one salt slurry/soil profile, there
are several samples at different depths. The sampling sites were gener-
ally evenly distributed to ensure a representative picture of the Hg pol-
lution in the study area obtained. The salt slurry and soil samples were
dried at room temperature, and then ground to 200 mesh for further
analysis.
Table 1
Concentrations of major element oxides in the salt slurry (%).

Major element oxide (n = 12) Mean SD Min Max

SiO2 3.32 1.80 1.15 7.46
Al2O3 0.24 0.06 0.15 0.37
Fe2O3 0.13 0.03 0.1 0.2
CaO 5.72 3.39 1.7 11.8
MgO 1.12 1.15 0.15 3.42
K2O 0.57 0.57 0.1 2.28
Na2O 0.17 0.13 0.021 0.54
MnO 0.02 0.01 0.01 0.03
TiO2 0.01 0.00 0.01 0.02
P2O5 0.04 0.01 0.029 0.05
BaO 79.0 11.3 58.0 91.0
SrO 0.55 0.23 0.26 1.12
LOI 8.92 5.35 3.23 19.8
Total 99.9 0.13 99.7 100.2
2.3. Analytical method

Major elements in the samples were determined by chemical analy-
sis, which conducted at State Key Laboratory of Ore Deposit Geochemis-
try, Institute of Geochemistry, ChineseAcademyof Sciences. The density
of the soil and salt slurry sampleswas determinedwith cutting ring. The
water contents were calculated based on the dry weight and the fresh
weight. The organic matter (OM) contents were determined by the po-
tassium dichromate volumetric method coupled with a water heating
technique. The pH was measured using a pH electrode at a solid:
water ratio of 1:2.5.

The total Hg (THg) concentrations in the salt slurry and soil samples
were determined with an Hg analyzer (RA-915+) coupled with pyro-
lyzer (PYRO-915+) (Lumex, St. Petersburg, Russia). In this setup, the
samples are decomposed thermally and the THg concentrations are de-
tected by Zeeman atomic absorption spectrometry (Sholupov et al.,
2004). Typical salt slurry and soil samples were selected for Hg specia-
tion analysis and leaching experiments. The Hg0 concentrations were
taken as the difference between THg concentrations before and after
heating for 24 h at 180 °C (Biester and Scholz, 1997; Wang et al.,
2011). The samples were leached with 1 N HCl using a liquid to solid
ratio of 10:1 at room temperature for 18 h. After filtration, the THg con-
centrationwere determined by cold vapor atomic absorption spectrom-
etry (CVAAS). This process liberates most of the Hg that is not bound in
HgS or Hg0 and, in this study, was defined as the Hg2+ concentration.
Concentrations of other Hg forms were obtained by subtracting the
Hg2+ and Hg0 concentrations from the THg concentrations.
Leaching experiments were carried out by shaking samples
(20 g) for 18 h in 200 mL of a diluted solution of HNO3 and H2SO4

(pH 3.20 ± 0.05), as outlined in HJ/T299–2007 (SEPAC, 2007a).
The Hg concentrations in the filtered solution were determined
using CVAAS and defined as total soluble Hg (TSHg) (Biester et al.,
1999).
2.4. Quality control

Methodblanks, blank spikes,matrix spikes, certified referencemate-
rials (CRMs), and blind duplicates were used to ensure the quality of the
analysis. The limit of detection (LOD) for THg, Hg2+, and Hg0 in solid
samples was 0.02 mg/kg and was 0.05 μg/L for TSHg in the leachates
from leaching experiments. The THg concentrations in GBW070009
and ERM-CC580 were 2.18 ± 0.08 and 130 ± 5.8 mg/kg, respectively,
which were perfectly consistent with the certified values of 2.2 ± 0.4
and 132± 2mg/kg. Recoveries for Hg2+ on blank andmatrix spikes av-
eraged at 98±3%and ranged from92% to 107%. The relative percentage
difference for THg, Hg0, Hg2+, and TSHg in the duplicate samples was,
on average, b7.7%.
2.5. Data analysis

For the statistical analysis, SPSS19.0 for windows was used. The THg
concentrationwere describedwith themean±SD (standard deviation)
and descriptive statistics. The statistical tests were considered statisti-
cally significant if p b 0.05. The relationships between Hg0, Hg2+ and
THg was evaluated with Pearson correlation analysis.
3. Results and discussion

3.1. Major elements

Major elements in the salt slurry are listed in Table 1. The salt slurry
contained BaO, CaO, MgO, and K2O. The main component was BaO,
which accounted for as much as 79%. Barium chloride is added to pre-
cipitate sulfate during the chlor-alkali production process, leaving high
BaO concentrations in the salt slurry.

The basic properties of samples from different areas of the site are
listed in Table 2. The salt slurry and carbide slagwere alkaline, reflecting
the high concentrations of alkaline materials such as Ca, Mg, and K. The
density of salt slurry is 1.20 g/cm3, and the carbide slag is very light
(with a density of 0.92 g/cm3 on average).



Table 2
Properties of samples from different areas.

Site Matrix n Density (g/cm3) Water content (%) OM (%) pH

SS Salt slurry 18 1.20 ± 0.29 16.3 ± 6.92 1.28 ± 0.95 9.05 ± 1.02
SS Soil 23 1.14 ± 0.19 17.5 ± 5.94 1.36 ± 1.37 7.49 ± 0.98
PL Soil 9 1.07 ± 0.21 13.9 ± 4.12 1.75 ± 1.86 8.45 ± 1.22
CS Carbide slag 2 0.92 ± 0.01 21.4 ± 1.80 3.62 ± 0.21 10.5 ± 0.05
PVC Soil 10 1.11 ± 0.25 13.1 ± 11.4 2.62 ± 5.54 8.49 ± 0.96
EW Soil 9 1.15 ± 0.20 17.7 ± 4.27 3.22 ± 2.88 7.64 ± 1.03
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3.2. THg concentrations

THg concentrations in the samples from different areas are listed in
Table 3. The THg concentrations in the salt slurry samples were very
high, and geometric mean of THg concentration reached 114 mg/kg.
Overall, the THg concentrations in the salt slurry samples were uneven
distributed, highly variable, and did not fit either a normal or lognormal
distribution. The THg concentrations in the salt slurry samples ranged
from 0.43 to 2640 mg/kg, and the THg concentrations in 75% (56/75)
of the samples exceeded risk intervention values of soil contamination
of development land (33 mg/kg) (MEEC, 2018). In Hg-cell chlor-alkali
industry, liquid Hg is used as catalyst to produce chlorine and caustic
soda, and most of the Hg is remained in solid waste.

The baseline THg concentration in soil in Yunnan Province is
0.058 mg/kg (EMSC, 1990). While THg concentrations in soil samples
from underneath and around the salt slurry heap were high, with geo-
metric mean of 1.63 and 2.83 mg/kg, respectively. The elevated THg
concentrations in soil samples around the salt slurry heap may result
from rainfall leaching and atmospheric deposition. The THg concentra-
tions in 16% (14/87) of soil samples exceeded risk screening values of
soil contamination of development land (8 mg/kg) (MEEC, 2018). The
THg concentrations in soil samples from EWwere high and had a geo-
metricmeanof 4.85mg/kg. The samplewith the highest THg concentra-
tion (3650 mg/kg) was from the EW, which shows massive Hg release
during electrolysis process of chlor-alkali production. Other areas
were also pollutedwithHg, details of which are listed in Table 3. This in-
dicated severe Hg pollution in the soils may cause the groundwater pol-
lution and pose potential risks to human health.

The THg concentrations in the salt slurry varied with depth (Fig. 3).
The lower THg concentrations in the upper layer (Table 4) may be re-
lated to improvements of the production process, which the ion-
exchange membrane technique replaced the Hg electrolytic method in
1991. The salt slurry is, on average, 2.71 ± 0.67 m thick, and covers an
area of about 11,000 m2. Combining the basic information about the
salt slurry, such as the density and the water content, and it estimated
that the salt slurry contained about 3.41 ± 1.95 tons of Hg.
Table 3
THg concentrations in the samples from different areas of the study sites (mg/kg).

ID Description Matrix n Geomean Mean SD Min Max

SS Salt slurry Salt slurry 75 114 430 530 0.43 2640
SS Soil under salt

slurry
Soil 58 1.63 6.55 20.7 0.15 151

SS Soil around salt
slurry

Soil 29 2.83 22.5 62.6 0.21 289

EW Electrolysis
workshop

Soil 22 4.85 199 773 0.09 3650

PVC PVC workshop Soil 44 0.69 18.4 69.7 0.06 422
PL Pipeline area Soil 38 0.94 4.37 9.72 0.02 40.3
PW Pesticide workshop Soil 17 0.26 1.14 3.51 0.05 14.7
CS Carbide slag Carbide

slag
20 1.07 11.3 32.9 0.09 145

O Other area Soil 36 0.66 5.50 18.1 0.02 107
3.3. Hg speciation

The portion of Hg speciation in salt slurry and soil samples are
showed in Fig. 4. The Hg2+ concentrations in the selected salt slurry
samples ranged from 0.57 to 1170 mg/kg and averaged 204 mg/kg.
The Hg2+ was the main form of Hg in the salt slurry samples and
accounted for 47.4% of THg on average. The Hg2+ and THg concentra-
tions in the salt slurry samples were significantly correlated (r = 0.99,
p b 0.01). The average of Hg2+ concentrations in selected soils was
9.23 mg/kg with a range of 0.01–383 mg/kg, and Hg2+ accounted for
22.9% of THg on average. Significant correlation (r = 0.998, p b 0.01)
was also observed between the Hg2+ and THg concentrations in the
soil samples. The percentages of Hg as Hg2+ was significantly higher
in the salt slurry than in the soil samples (p b 0.01). Compared with
Hg0, Hg2+ can leach bywater or rainfall and it is easier to be utilizedmi-
croorganism than Hg0.This shows that Hg in the salt slurry is more ac-
tive than in the soils. The continuous release of Hg from salt slurry via
leaching and erosion by rainwater resulted in Hg contamination in the
groundwater and surrounding soils. In a companion paper, 46.4% (32/
69) of dissolved Hg concentrations in groundwater within the CAP
exceeded national limit (1 μg/L), and 28.6% (8/28) of THg concentra-
tions in surrounding soils exceeded the second-grade national limit of
China (0.5 mg/kg) (Song et al., 2018).

Comparison of the results from this studywith those of other studies
showed that the Hg2+ concentrations in the salt slurry samples were
comparable with those in mine wastes from Hg mines in Texas, USA
Fig. 3. Vertical distribution of the THg concentrations in the salt slurry profiles.

Table 4
THg concentrations at different depths in salt slurry (mg/kg).

Depth n Geomean Mean SD Min Max

Upper 25 14.8 164 384 0.43 1460
Middle 25 309 581 609 7.53 2640
Bottom 25 322 545 485 7.67 1990



Fig. 4. Triangular chart showing portion of Hg speciation in salt slurry (A) and soils (B).
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(1.5–2100mg/kg, with a mean of 180mg/kg) (Gray et al., 2006), mine-
waste calcine and soil in HgMines, Southwest Alaska (0.01–483mg/kg)
(Gray et al., 2000) and much higher than those in calcines and waste
rocks in China Hg mines (0.002–8.33 mg/kg) (Li et al., 2013).

The Hg0 concentrations in selected salt slurry samples ranged from
0.02 to 196 mg/kg and averaged at 51.9 mg/kg. The Hg0 concentrations
in selected salt slurry samples accounted for 28.0% of the THg on aver-
age. The average of Hg0 concentrations in selected soils was
55.6 mg/kg with a range of 0.01–2570 mg/kg, and the portion of Hg0

as THg in soils was 43.8% on average. The Hg0 concentrations in 14.0%
(8/57) of the selected soils samples exceeded the screening level of
Hg0 in residential soil of 11 mg/kg set by US Environmental Protection
Agency (2018); and the Hg0 concentrations in 7.0% (4/57) of the
soils exceeded that threshold for industrial soil of 46 mg/kg, also
recommended by US Environmental Protection Agency (2018). The
percentage of Hg as Hg0 was significantly higher in soils than in salt
slurry (p b 0.01). The Hg0 concentrations in soil varied with depth
(Fig. 5) and were highest in the upper layer and decreased as the
depth increased. In the CAP, Hg contaminated wastes can be point
sources of atmospheric Hg (Zhu et al., 2018). This shows that the Hg0

in the soil samples originated from atmospheric deposition of emitting
from production process or salt slurry. Soils can also re-emit Hg0 to
the atmosphere under certain environmental conditions as secondary
Fig. 5. Vertical distribution of the Hg0 concentrations in the soil profiles.
pollution source, posing a threat to the local environment and contrib-
uting to global atmospheric cycling of Hg.

TheHg0 concentrations in the salt slurry and soil sampleswere com-
parable to those in soils fromWanshan Hgmines, where the concentra-
tions ranged from 7.47 to 443.8 mg/kg (Wang et al., 2011). The average
contributions of Hg0 to THg in the salt slurry (28.0%) and soil samples
(43.8%) in this study were also comparable to those in contaminated
soils in Wanshan Hg mine (where the contributions ranged from
10.1% to 76.4%) (Wang et al., 2011), Oak Ridge in the USA (10–30%)
(Liu et al., 2006), and sediments of Haihe River, China (23.7–65.8%)
(Shi et al., 2005).

3.4. Leaching experiment

The TSHg concentrations in leachates of selected salt slurry and
soils samples were variable (Fig. 6). The mean of TSHg concentra-
tions was as high as 140 μg/L (with a range of 0.77–564 μg/L).
About 88.2% (15/17) of the samples had TSHg concentrations that
exceeded Grade V (1 μg/L), outlined in the National Surface Water
Quality Standard of China (GB3838–2002) (SEPAC, 2002). Of the 17
samples, 5 (or 29.4%) had TSHg concentrations that exceeded 100
μg/L and met the criteria for hazardous solid wastes outlined in
GB5085.3–2007 (SEPAC, 2007b). The highly elevated TSHg concen-
trations indicated that large amounts of water-soluble Hg com-
pounds were produced during the electrolysis process and were
retained in the solid waste. These solid wastes are a significant
source of Hg to the groundwater.
y = 0.15x + 52.4
R² = 0.42, p<0.01 
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Fig. 6. The relationship between the TSHg in leachates and THg in corresponding samples.
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Total soluble Hg accounted for only a small portion (0.01–1.46%) of
THg in the selected samples. The TSHg in the leachateswas significantly
correlatedwith the THg in the solid samples (r=0.42; p b 0.01) (Fig. 6).
Based on the results, nearly 50% of the salt slurry samples could be clas-
sified as hazardous solid waste. The salt slurry in the study site must be
appropriately treated to reduce the potential risks to the environmental
and human health.

4. Conclusions

Salt slurry and soils collected from an abandoned CAP had high THg
concentrations. Because of usage of liquid Hg as catalyst for chlor-alkali
production, THg concentrations in salt slurry and soils at SS and EW
were significantly elevated. The THg concentrations were highest in
the middle of the salt slurry profiles (and were lower in the upper
layer), reflecting a change in the manufacturing process. The Hg0 con-
centrations were highest in the upper layer of salt slurry and soil pro-
files, which indicated atmospheric Hg deposition. The high Hg2+

concentrations in the salt slurry may cause serious Hg contamination
of surface water and groundwater. Because of the high TSHg concentra-
tions, the salt slurry and soils could be classified as hazardous wastes.
The Hg contaminated salt slurry and soils are needed to be properly
treated to reduce the potential environmental and human health risks.
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