Environmental Science and Pollution Research (2018) 25:24135-24142
https://doi.org/10.1007/s11356-018-2387-2

RESEARCH ARTICLE

@ CrossMark

Low-thermal remediation of mercury-contaminated soil and cultivation
of treated soil

Ting Zhao' - Zhi Yu'? . Junfang Zhang? - Liya Qu'? - Ping Li*

Received: 18 October 2017 / Accepted: 22 May 2018 /Published online: 12 June 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

In this study, low-thermal technology was used to treat the mercury contaminated farmland soil from a chemical plant in Guizhou
Province, China. A series of field planting experiments were also aimed at determining the content of total and methyl-Hg in crop
plants after thermal treatment. The results showed that the mercury concentration in soils was reduced about 70% from
255.74 mg/kg to 80.63 mg/kg when treated at 350 °C for 30 min in engineering-scale experiments, and the treated soil retained
most of its original soil. Organic-bound and residual mercury in treated soil were reduced by 64.1 and 56.4% by means of a
sequential extraction procedure, respectively. The total and methyl-mercury concentrations in crops decreased significantly, and
the degree of soil mercury accumulation to crop roots has been reduced significantly. The total Hg concentrations in potato and
corn were lower than the mercury tolerance limits for food in China, and the Hg concentration of radish was close to the limit. The
technology provides a more sustainable remediation method for treating mercury-contaminated farmland soil in future engineer-

ing applications.
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Mercury (Hg) is a persistent and biologically toxic heavy met-
al, which cycles through the environment in various forms
(Adriano 2001). Generally, the average background concen-
tration of mercury in soil ranges from 0.03 to 0.1 mg/kg with
an average value of 0.06 mg/kg. Anthropogenic activities,
including Hg mining, smelting, production, and application
processes, have mobilized increasing quantities of Hg and is
currently the source of an intense worldwide public health
concern (Horvat et al. 2003; Clarkson and Magos 2006;
Diez 2009; Palinka et al. 2010). More than 90% of Hg entered
terrestrial ecosystem (Fitzgerald 1995; Wang et al. 2003) in
which the soil was the largest Hg recipient. Several authors
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(Higueras et al. 2006; Millan et al. 2011; Schmid et al. 2003;
Sierra et al. 2012) measured total Hg concentrations in surface
soils ranging from 0.5 to 8889 mg/kg. In China, the mercury
concentrations in some soils are up to 232 times the maximum
mercury concentration allowed for soil in China (1.5 mg/kg,
National Standard GB15618-1995) (Jiang et al. 2006). The
bioavailability and toxicity of Hg in soils are strongly depen-
dent on its chemical speciation (Stein et al. 1996). Soluble Hg
salts can be directly taken up by plants and typically serve as
the substrate for Hg (II) reduction and methylation during
various biological and abiotic processes. Methyl-mercury on-
ly represents a small fraction of the total Hg in soils, whereas it
is a more toxic species and can be bioaccumulated in the food
chains (Qian et al. 2009; Akagi and Nishimura 1991).
Many soil remediation techniques, including
phytoremediation (Smolinska and Rowe 2015; Wang et al.
2011; Kiyono et al. 2013), stabilization/solidification (Piao
and Bishop 2006; Robles et al. 2014), soil washing (Sierra et
al. 2011), thermal treatment (Huang et al. 2011), electro-
kinetics (Shen et al. 2009), and so on, are applied on the Hg-
contaminated soils. Stabilization/solidification is the process
of converting Hg into chemical forms that are stable and high-
ly insoluble over wide ranges of pH and redox conditions in
soil. But this technology changes soil properties dramatically
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and makes the treated soil unsuitable for agricultural reuse.
Plants and soil require long-term monitoring for
phytoremediation (Rahimi et al. 2013). Soil washing (ex situ
technique) needs high construction costs of the cleaning in-
stallation and utilization (Wuana and Okieimen 2011).
Electro-kinetic remediation is applicable to different metals,
but any heterogeneity of the soil body decreases the effective-
ness of this method and considerable acidification of the
remediated soil is a side effect of this method (Tahmasbian
and Nasrazadani 2012). Thermal treatment, a kind of ex situ
remedial technology which involves heating to remove Hg
from soil through volatilization, has achieved an acceptable
decontamination level when mercury-contaminated soils are
treated at temperatures above 600 °C (Chang and Yen 2006;
Navarro et al. 2009). However, the high heating temperature
requires high-energy cost; moreover, it changes the physical
and chemical properties of soil, including increase in soil pH,
dehydration of silicate clay minerals, and reduction in the
content of organic carbon, thus making the soils unfavorable
for agricultural reuse (Kunkel et al. 2006).

This work proposed using low-thermal technology to treat
mercury-contaminated farmland soils at 350 °C for 30 min in
engineering-scale experiments. Besides, the field planting ex-
periment was conducted to investigate the content of total and
methyl-Hg in crop plants before and after thermal treatment.
The aim was to study the total Hg and methyl-Hg bioaccumu-
lation in crops after thermal treatment, while the results ob-
tained in this study were expected to provide an environmental
friendly technique for treating mercury-contaminated soil in
future engineering applications.

Materials and methods
Selection and low-thermal treatment of the study soil

The Qingzhen organic chemical plant, situated in the province
of Guizhou in Southwest of China (Fig. 1), used Hg as a
catalyst during the production of acetic acid in the period from
1971 to 1997 lasting for 26 years. More than 100 t of Hg was
released into the Baihua Lake and surrounding farmland. As a
result, the Hg concentration of the surrounding farmland was
24~347 mg/kg, and the pollution area was 117.4 ha in the
region (Qu et al. 2004). The mercury-contaminated soil was
selected to implement low thermal desorption of Hg, and the
treated soil was selected to implement the field planting ex-
periment. Test sites 1 and 2 were used as the soil before and
after thermal treatment, respectively.

As shown in Fig. 2, low thermal treatment was performed
in an engineering-scale combustor with a mercury vapor gas
treatment system. The combustor was developed on a scale of
150 kg/h. The combustor was 8-m long with an internal di-
ameter of 0.8 m and was heated by natural gas. At the internal
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of combustor, a rotating mixing shaft was set up, and in each
test, the mercury-contaminated soil was heated evenly under
the stirring shaft at 350 °C, and the average treatment time of
soil samples in the hot zone was about 30 min. During the
treatment, mercury vapor gas would flow into a cooler and
condense into liquid mercury at 25 °C, and the cooling water
would be used as circulating water. The liquid mercury was
collected in a tank, the vapor gas would flow through three-
stage-activated carbon adsorption tank to remove
uncondensed mercury vapor gas, and the mercury concentra-
tion in the exhaust gas met China Integrated Emission
Standard of Air Pollutants (12 pg/m®, National Standard
GB16297-1997). Condensed water was the soil moisture dur-
ing the treatment. At the end of the combustor, condensed
water and the soil after repair was collected.

Field planting of treated soils

The soils before and after the thermal treatment were used as a
comparison for the field planting experiment. For the treated
soil, in order to cut off mercury pollution from the underlying
soil, approximately 10-cm layer of clay was covered as the
isolation layer at the bottom of the ground. Subsequently, the
soil after thermal treatment was backfilled on the surface of
isolation layer, and the laying depth of soil was approximately
30 cm. According to local crop varieties and farming seasons,
celery cabbage (Brassica rapa pekinensis), napa cabbage
(Brassica campestris L.), radish (Raphanus sativus L.), potato
(Solanum tuberosum L.), corn (Zea mays L.), wheat (Triticum
aestivum L.) and rice (Oryza glaberrima) were cultivated in
the soils before and after thermal treatment in the period from
2016 to 2017.

Sample collection

The surface soil samples (0~20 cm, n=12) were collected,
and all samples were a composite of at least five subsamples
to increase the spatial resolution of sampling. During our sam-
pling campaign, all collected soil samples were stored in the
sealed polyethylene bags to avoid cross contamination, and
then immediately shipped to the laboratory. All soil samples
were air-dried at room temperature, then ground with a glass
mortar, and passed through a 100-mesh sieve, and finally
stored in the polypropylene bags until analysis. During the
crop maturation period, the plant samples (n = 12) were col-
lected from a 1-m? area at each sampling site. Each plant
sample was a composite of at least ten crop plants to increase
the spatial resolution of sampling. After being cleaned with
tap water, the individual crop plants were separated into root,
stem, leaf, and edible parts. All samples were air-dried, ground
to a fine powder in a pre-cleaned food blender, and passed
through a 60-mesh sieve, and stored in polypropylene bags
until analysis.
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Table 1 Physicochemical properties of soils before and after the thermal treatment
Indicators pH SOM TN Alkalytic Available TK Readily available  Soil total

N P K porosity

(%) (g/kg) (mgkg)  (gke) (mghkg)  (gkg) (mg/kg) %
Before thermal 7.50+0.17 2698 3.33+0.66 100+£5.75 0.72+0.02 35.1+£0.76 12.3+£0.43 1053+193.5 76.31
treatment

After thermal treatment  7.61+0.02 26.88 2.82+0.17 114+585 0.77+0.04 85.6+1.39 12.1+0.71 471+16.0 63.15

All values are expressed as means + S.D. (n=12). SOM, soil organic matter; TN, total nitrogen; 7P, total phosphorus; 7K, total potassium

Analytical methods
Total Hg analysis

The Hg concentrations were measured with an atomic fluo-
rescence spectrometer (AFS) equipped with a flow hydrogen
generation system (AFS-640, Beijing Ruili Instrument Co.,
China). Quality control was exercised by using the method
blanks and certified reference materials. The standard soil or
vegetable samples were used to accomplish the quality
assurance/quality control (QA/QC). The average total Hg
concentration of the geological standard of GBW07429
was 0.096 £0.001 mg/kg, which was comparable with the
certified value of 0.094 £+ 0.004 mg/kg. The average total Hg
concentration of the geological standard of GBW100014
was 0.010£0.001 mg/kg, which was comparable with the
certified value of 0.011 +£0.002 mg/kg. Meanwhile, the re-
coveries on matrix spikes of total Hg in the soil and plant

samples were in the range of 91~107% and 95~106%,
respectively.

Methyl-mercury analysis

Methyl-mercury was measured using a combination technolo-
gy of purging and trapping gas chromatography-cold atomic
fluorescence (PT-GC-CAF). Quality control was exercised by
using the method blanks and certified reference materials. A
standard sediment sample ERM-CC580 and fish sample ERM-
CE464 were used to accomplish QA/QC, and the average
methyl-mercury concentrations of the geological standards of
ERM-CC580 and ERM-CE464 were 71 £4 pg/kg and 5.5+
0.17 mg/kg, which were comparable with the certified values
0f70.68 + 6.25 ng/kg and 5.13 + 0.34 mg/kg, respectively. The
repeatability of the same digested sample for methyl-mercury
determination was over 10%. Meanwhile, the recoveries on

Table 2 Residual mercury
speciation of soil before and after
thermal treatment
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Soil samples Item Total Fl1 F2 F3 F4 F5
Hg
Before thermal Means (mg/kg) 255.74 0.133 0.087 0.160  140.22  58.84
treatment Standard deviation 7.17 0.018  0.006  0.015 519 270
(mg/kg)
Minimum value 243.29 0.115 0.076 0.141 134.06 5539
(mg/kg)
Maximum 263.11 0.163 0.094 0.177 14629 6223
value(mg/kg)
Coefficient of 2.80 13.53 6.90 9.38 3.70 4.59
Variation (%)
After thermal Means (mg/kg) 80.63 0.204 0.052 0.131 37.62  24.83
treatment Standard deviation 291 0.019  0.009 0011 293 159
(mg/kg)
Minimum value 76.55 0.187 0.039 0.117 32.67 2212
(mg/kg)
Maximum 85.43 0.234 0.062 0.143 40.64 26.45
value(mg/kg)
Coefficient of 3.61 9.31 17.31 8.40 7.79 6.20
Variation (%)
Removal rate (%) 68.47  —53.38 40.23 18.13 73.17  57.80

F1, water-soluble fraction; F2, special absorbed fraction; /3, oxide-bound fraction; F'4, organic-bound fraction;
F5, residual fraction. n =12
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Table 3  Bioaccumulation of Hg in edible parts of crops

Crops Total Hg (mg/kg) Methyl-Hg (ng/kg) Tolerance
limit of total

Before thermal treatment After thermal treatment Before thermal treatment After thermal treatment Hg (China)

Celery cabbage 0.0621+0.0106 0.0585+0.0137 1.04+0.054 0.825+0.051 0.01

Napa cabbage 0.0780+0.0154 0.0707+0.0111 1.121+0.101 0.905+0.023

Radish 0.1072+0.0213 0.0171 £0.0042%* 0.916+0.021 0.113+0.012%*

Potato 0.0086 +0.0023 0.0042 £0.0012* 0.252+£0.053 0.245+0.049

wheat 0.0543+0.0122 0.0310£0.0069* 1.961+0.193 1.249 +0.087* 0.02

Rice 0.0660+0.0135 0.0305 +£0.0075* 14.52+1.39 6.48 +1.89%%*

Corn 0.0080 +0.0022 0.0045 +£0.0016* 1.939+0.478 0.925+0.216%*

Date in table are means + S.D. (n = 12). *Significant correlation at the level of P < 0.05, **Significant correlation at the level of P<0.01

matrix spikes of methyl-mercury in the soil and plant samples
were in the range of 94~110% and 93~107%, respectively.

Hg speciation analysis

To better understand the effect of low-thermal treatment on
the mercury-contaminated soil, sequential extractions of
soils before and after thermal treatment were conducted.
Mercury in soil samples before and after thermal treatment
were separated into soluble and exchangeable fraction (F1),
special absorbed fraction (F2), oxide-bound fraction (F3),
organic-bound fraction (F4), and residual fraction (F5)
(Biester and Scholz 1997). The concentrations of all Hg spe-
cies were measured with an atomic fluorescence spectrome-
ter (AFS).

Data analysis

The software package used to perform the statistical analysis
was SPSS 12.0 for Windows. One-Way ANOVA analysis of
total and methyl-Hg concentrations in soil, edible parts of
crops and other organs for the before and after thermal treat-
ments was also performed. Data were presented as mean and
standard deviation, and statistical significance was considered
at the 0.05 level.

Results and discussion
Changes in soil physicochemical properties

In this study, the Hg concentration of the soil was 255.74 +
7.17 mg/kg before the thermal treatment and 80.63 +
2.91 mg/kg after the thermal treatment. The physicochem-
ical properties of soils before and after the thermal treat-
ments are listed in Table 1. Soil pH values remained near
neutral (pH 7.6) and SOM (soil organic matter) remained
near 26.88% when treated at 350 °C for 30 min. There was

no significant difference in pH and SOM between treated
soil and background soil. The main reason is that the high
concentration of refractory organic matter in study soil was
attributed to the organic chemical plants. Previous re-
search has shown that the pH value of treated soil was
always kept lower than the pH value of the background
soil regarding soil pH variation with temperature (Sierra
et al. 2016). The change in pH was attributed to the dis-
placement of H* from exchange sites of clay and OM by
base cations released by heating effect. SOM is mineral-
ized releasing CO, that is easily transformed in HCO5
(Terefe et al. 2008).

Regarding the available P and the readily available K dif-
ferences between treated soil and background soil, the avail-
able P increased approximately 1.5 times, and the readily
available K was reduced by 60.4%. During the thermal treat-
ment process, the available P and the readily available K mi-
grated and transformed with changes in temperature and mois-
ture (Zhang et al. 2012). When temperature was increased, the
fixed P was released and transformed into the soluble P, the
readily available K was transformed into the fixed K.
However, the other physicochemical indicators were not much
affected. Overall, the result indicated that the 350 °C-treated
soil retained most of its original soil physiochemical proper-
ties, suggesting the treated soil may be suitable for reuse on
agricultural land.

Changes in soil mercury speciation

As shown in Table 2, the summed values of Hg concentrations
in all Hg species were generally lower than the total Hg con-
centrations directly measured for all soil samples, and the
extraction rate was approximately 78.0%. 40.33% of F2,
18.13% of F3, 73.17% of F4, and 57.80% of F5 were removed
when soil sample was treated at 350 °C for 30 min. The
organic-bound and residual fractions were still the two main
chemical species of Hg in soil after thermal treatment.
However, the soluble and exchangeable fraction increased

@ Springer
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Fig. 3 Total mercury distribution in different organs of crops

by 53.38% observably in soil after the thermal treatment due
to the gaseous Hg settled back into the soil with a change in
temperature during the low-thermal treatment process.
Previous research has shown a significant increase of soluble
and exchangeable Hg concentration at 220 and 280 °C (Sierra
etal. 2016). Some authors measured that the cultivation of the
study soils heated to those temperatures would be a risk due to
the fact that crops could uptake this Hg (Millan et al. 2013;
Sierra et al. 2012). Thus, the field planting experiment was
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conducted to investigate the exposure risk of total Hg and
methyl-Hg in treated soil and the effect on crops.

Bioaccumulation of total and methyl-Hg in crops

The primary risk of Hg exposure to terrestrial vertebrates,
including humans, is through the ingestion of contaminated
food and agricultural products (Doty 2008). The statistical
summaries of the total and methyl-Hg concentrations in the
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edible parts of crops are listed in Table 3. Results showed that
the Hg concentration in the edible part of radish was signifi-
cantly reduced by 84.05% (p <0.01) after thermal treatment.
Moreover, the Hg concentrations in the edible parts of potato,
wheat, rice, and corn decreased significantly (p < 0.05). At the
same time, no significant (p > 0.05) differences were observed
between Hg concentrations in the edible parts (leaves) of cel-
ery cabbage and napa cabbage before and after thermal treat-
ment. Recent studies have shown that the ability of different
crops to absorb Hg in soil follows the order: leaf vegetables >

root vegetables > fruit vegetables (Huang et al. 2011;
Lindberg et al. 1979). This suggested that the mercury in leaf
vegetables was still mainly from the soil because the Hg con-
tent of treated soil was still up to 80.63 mg/kg.

In this study, the Hg concentrations of potato and corn were
lower than the Hg tolerance limit for food in China. After
thermal treatment, the Hg concentration of radish was close
to the limit (GB 2762-2012). Potatoes are rich in selenium,
and studies have shown that selenium concentrations in the
potato plants show unimodal curve change in the whole cul-
tivation process. The selenium content of leaf, stem, and tuber
organs in the whole growth period averaged 0.137, 0.063, and
0.031 mg/kg, respectively, and the selenium concentrations
ranged between 0.025 and 0.042 mg/kg in tuber during the
harvest period (Xing et al. 2012). At the same time, selenium
has an inhibitory effect on Hg toxicity in plants (Wang et al.
2002; El-begearmi et al. 1977).

The mean methyl-Hg concentration of the soil was 174.2 +
6.14 ug/kg and 21.9+1.01 pg/kg before and after thermal
treatments, respectively, showing that the removal rate of
methyl-Hg in soil reached 87% after thermal treatment. In this
case, the methyl-Hg concentration was significantly reduced
by 87.66% in radish and 55.3% in rice (p <0.01). Moreover,
the methyl-Hg concentrations in wheat and corn decreased
significantly (p <0.05). On the other hand, the means were
not significant (p >0.05) in other edible parts of crops be-
tween before and after thermal treatments.

Total Hg distribution in crop plants

The statistical summaries of total mercury concentrations in
different organs of crops are shown in Fig. 3. The root of
radish was regarded as main edible part, in which the mercury
content was about 5~40% of other crop roots. Mercury distri-
bution in the radish plant was in the following order: leaf>
stem > root, and mercury content of leaf and stem were sig-
nificantly decreased after the remediation treatment. Besides,
mercury distributions in other crops were mainly in the fol-
lowing order: root > leaf > stem, and the roots were suffered
serious persecution from soil Hg. However, after the thermal
treatment, mercury contents of all roots were significantly
decreased two~five times and other organs were not signifi-
cantly different. Total Hg concentrations of plant roots were

higher than total Hg concentrations of ground parts of the
plant (Godbold 1991). Many studies showed that the root
Hg concentrations of plants were related to the soil Hg con-
centrations (Frescholtz et al. 2003; Ericksen et al. 2003;
Millhollen et al. 2006). Overall, the degree of soil mercury
accumulation to crops roots had been significantly reduced
after the thermal treatment.

Conclusion

In this study, approximately 70% Hg was removed from the
contaminated soil by the low-thermal technology, and the
treated soil retained most of its original soil physiochemical
properties. The organic-bound and residual fractions of Hg
were reduced by 73.17 and 57.80%, respectively. Especially,
the removal rate of methyl-Hg in soil reached 87%. However,
the soluble and exchangeable fraction increased by 53.38%
observably in soil after the thermal treatment. The field exper-
iment shows that the total and methyl-Hg concentrations of
crops decreased significantly, and the degree of soil mercury
accumulation to crops roots have been reduced significantly.
The Hg concentrations of potato and corn were lower than the
Hg tolerance limits for food in China, and the Hg concentra-
tion of radish was close to the limit (GB 2762-2012), thus the
treated soil was suggested to cultivate tuber, high strain and
root vegetable crops.

In conclusion, the low-thermal technology provides a more
sustainable remediation method for treating mercury contam-
inated farmland soil in future engineering applications, but it
is very essential to have a long-term monitoring on the culti-
vation of treated soil.

Funding information This work was supported by the National Natural
Science Foundation of China (No. 41463013) and the Qiankehe of China
[2016] Zhicheng No. 2804.

References

Adriano DC (2001) Mercury. In: Springer (ed) Trace elements in the
terrestrial environments, New York, pp 411-458

Akagi H, Nishimura H (1991) Speciation of Mercury in the Environment.
Advances in Mercury Toxicology. Springer, US, pp.53—76

Biester H, Scholz C (1997) Determination of mercury binding forms in
contaminated soils: mercury pyrolysis versus sequential extractions.
Environ Sci Technol 31:233-239

Chang TC, Yen JH (2006) On-site mercury-contaminated soils remedia-
tion by using thermal desorption technology. J Hazard Mater 128:
208-217

Clarkson TW, Magos L (2006) The toxicology of mercury and its chem-
ical compounds. Crit Rev Toxicol 36:609—662

Diez S (2009) Human health effects of methyl mercury exposure. Rev
Environ Contam Toxicol 198:111-132

Doty SL (2008) Enhancing phytoremediation through the use of trans-
genics and endophytes. New Phytol 179(2):318-333

@ Springer



24142

Environ Sci Pollut Res (2018) 25:24135-24142

El-begearmi MM, Sunde ML, Ganter HE (1977) A mutual protective
effect of mercury and selenium in Japanese quail. Poult Sci 56(1):
313-322

Ericksen JA, Gustin MS, Schorran DE, Johnson DW, Lindberg SE,
Coleman JS (2003) Accumulation of atmospheric mercury in forest
foliage. Atmos Environ 37:1613-1622

Fitzgerald WF (1995) Is mercury increasing in the atmosphere? The need
for an atmosphere mercury network (AMNET). Water Air Soil
Pollut 80(1-4):245-254

Frescholtz TF, Gustin MS, Schorran DE, Fernandez GCJ (2003)
Assessing the source of mercury in foliar tissue of quaking aspen.
Environ Toxicol Chem 22:2114-2119

Godbold DL (1991) Mercury-induced root damage in spruce seedlings.
Water Air Pollution 56(1):823-831

Higueras P, Oyarzun R, Lillo J, Sanchez-Hernandez JC, Molina JA, Esbri
IM, Lorenzo S (2006) The Almadén district (Spain): anatomy of one
of the world’s largest Hg-contaminated sites. Sci Total Environ
356(1-3):112-124

Horvat M, Nolde N, Fajon V, Jereb V, Logar M, Lojen S, Jacimovic R,
Falnoga I, Qu L, Faganeli J, Drobne D (2003) Total mercury, meth-
ylmercury and selenium in mercury polluted areas in the province
Guizhou, China. The Sci Total Environ 304:231-256

Huang Y, Hseu Z, Hsi H (2011) Influences of thermal decontamination on
mercuryremoval, soil properties, and repartitioning of coexisting
heavy metals. Chemosphere 84:1244—1249

Jiang G, Shi J, Feng X (2006) Mercury pollution in China. An overview
of the past and current sources of the toxic metal. Environ Sci
Technol 40(12):3673-3678

Kiyono M, Oka Y, Sone Y, Nakamura R, Sato MH, Sakabe K, Pan-Hou H
(2013) Bacterial heavy metal transporter MerC increases mercury
accumulation in Arabidopsis thaliana. Biochem Eng J 71(1):19-24

Kunkel AM, Seibert JJ, Elliott LJ, Kelley R, Katz LE, Pope GA (2006)
Remediation of elemental mercury using in situ thermal desorption.
Environ Sci Technol 40:2384-2389

Lindberg SE, Jackson DR, Huckabee JW, Janzen SA, Levin MJ, Lund JR
(1979) Atmospheric emission and plant uptake of mercury from
agricultural soils near the Almaden mercury mine. J Environ Qual
8(4):572-578

Millan R, Esteban E, Zornoza P, Sierra MJ (2013) Could an abandoned
mercury mine area be cropped? Environ Res 125:150-159

Millan R, Schmid T, Sierra MJ, Carrasco-Gil S, Villadéniga M, Rico C,
Sanchez Ledesma DM, Diaz Puente FJ (2011) Spatial variation of
biological and pedological properties in an area affected by a met-
allurgical mercury plant: Almadenejos (Spain). Appl Geochem
26(2):174-181

Millhollen AG, Gustin MS, Obrist D (2006) Foliar mercury accumulation
and exchange for three tree species. Environ Sci Technol 40(19):
6001-6006

Navarro A, Cafiadas I, Martinez D, Rodriguez J, Mendoza JL (2009)
Application of solar thermal desorption to remediation of mercury
contaminated soils. Sol Energy 83(8):1405-1414

Palinka LA, Sholupov SE, Mashyanov NR, Durn G (2010) Global mer-
cury emissions to the atmosphere from anthropogenic and natural
sources. Atmos Chem Phys Discuss 10(13):5951-5964

Piao H, Bishop PL (2006) Stabilization of mercury-containing wastes
using sulfide. Environ Pollut 139(3):498-506

Qian J, Zhang L, Chen H, Niu Y (2009) Ming Hou distribution of mer-
cury pollution and its source in the soils and vegetables in Guilin
Area, China. Bull Environ Contam Toxicol 83(6):920-925

@ Springer

Qu L, FuS, Liu P (2004) A study on the soil improvement polluted by
mercury. Journal of Guizhou Normal University (Natural Sciences)
22:49-51 (in Chinese)

Rahimi M, Farhadir R, Mehdizadeh R (2013) Phytoremediation: using
plants to clean up contaminated soils with heavy metals. Int J Agri
Res Rev 3:148-152

Robles I, Lakatos J, Scharek P, Planck Z, Hernandez G, Solis S, et al
(2014) Characterization and remediation of soils and sediments pol-
luted with mercury: occurrence, transformations, environmental
considerations and San Joaquin's Sierra Gorda Case

Schmid T, Millan R, Vera R, Tallos A, Recreo F, Quejido AJ, Sanchez
DM, Fernandez M (2003) The distribution of mercury in a charac-
terized soil affected by mining activities, in: ConSoil 8th
International FZK/TNO. Conference on Contaminated soil (ed),
Gent, Belgium

Shen Z, Zhang J, Qu L, Dong Z, Zheng S, Wang W (2009) A modified
EK methodwith an I /I? lixiviant assisted and approaching cathodes
to remedy mercury contaminated field soils. Environ Geol 57(6):
1399-1407

Sierra C, Menéndezaguado JM, Afif E, Carrero M, Gallego JR (2011)
Feasibility study on the use of soil washing to remediate the As-Hg
contamination at anancient mining and metallurgy area. J Hazard
Mater 196:93-100

Sierra MJ, Milla nR, Loépez FA, Alguacil FJ, Canadas I (2016)
Sustainable remediation of mercury contaminated soils by thermal
desorption. Environ Sci Pollut Res 23:4898-4907

Sierra MJ, Rodriguez-Alonso J, Millan R (2012) Impact of the lavender
rthizosphere on themercury uptake in field conditions. Chemosphere
89(11):1457-1466

Smolinska B, Rowe S (2015) The potential of Lepidium sativum L. for
phytoextraction of Hg-contaminated soil assisted by thiosulphate. J
Soils Sediments 15(2):393-400

Stein ED, Cohen Y, Winer AM (1996) Environmental distribution and
transformation of mercury compounds. Crit Rev Environ Sci
Technol 26(1):1-43

Tahmasbian I, Nasrazadani A (2012) Soil electerokinetic remediation and
its effects on soil microbial activity-a review. Afr J Microbiol Res 6:
2233-2238

Terefe T, Mariscal-Sancho I, Peregrina F, Espejo R (2008) Influence of
heating on various properties of six Mediterranean soils. A labora-
tory study. Geoderma 143:273-280

Wang D, Shi X, Wei S (2003) Accumulation and transformation of atmo-
spheric mercury in soil. Sci Total Environ 304:209-214

Wang J, Feng X, Anderson CWN, Qiu G, Ping L, Bao Z (2011)
Ammonium thiosulphate enhanced phytoextraction from mercury
contaminated soil - Results from a greenhouse study. J Hazard
Mater 186(1):119-127

Wang LX, Hu XR, Tan ZY (2002) Correlations between mercury and
selenium in organisms. Chongqing Environmental Science 24(2):
73-75

Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: a
review of sources, chemistry, risks and best available strategies for
remediation. Isrn Ecology 2011:1-20. https://doi.org/10.5402/2011/
402647

Xing HF, Gao BD, Fan MS, Bai YS (2012) Studies on the effects of
selenium (Se) absorption, distribution and selenium (Se) reaction
of potato. Acta Agriculturae Boreali-Sinica 27(6):213-218 (in
Chinese)

Zhang X, Li F, Xu D (2012) Removal of POPs pesticides from soil by
thermal desorption and its effect on physicochemical properties of
the soil. Chin J Environ Eng 6(4):1381-1386


https://doi.org/10.5402/2011/402647
https://doi.org/10.5402/2011/402647

	Low-thermal remediation of mercury-contaminated soil and cultivation of treated soil
	Abstract
	Materials and methods
	Selection and low-thermal treatment of the study soil
	Field planting of treated soils
	Sample collection
	Analytical methods
	Total Hg analysis
	Methyl-mercury analysis
	Hg speciation analysis

	Data analysis

	Results and discussion
	Changes in soil physicochemical properties
	Changes in soil mercury speciation
	Bioaccumulation of total and methyl-Hg in crops
	Total Hg distribution in crop plants

	Conclusion
	References


