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ABSTRACT: Mercury (Hg) contamination of paddy field poses a health risk to rice
consumers, and its remediation is a subject of global scientific attention. In recent
years focus has been given to in situ techniques which reduce the risk of Hg entering
the food chain. Here, we investigate the use of nanoactivated carbon (NAC) as a soil
amendment to minimize Hg uptake by rice plants. Application of 1−3% NAC to soil
(by weight) reduced Hg concentration in the pore water (by 61−76%) and its
bioaccumulation in the tissues of rice plants (by 15−63%), relative to the
corresponding control. Specifically, NAC reduced the Hg concentration of polished
rice by 47−63% compared to the control, to a level that was 29−49% lower than the
food safety value (20 ng g−1) defined by the Chinese government. The NAC induced
a change in Hg binding from organic matter to nano-HgS in the soil as a function of
soil amendment. This Hg speciation transformation might be coupled to the
reduction of sulfoxide to reduced sulfur species (S0) by NAC. The NAC amendment
may be a practical and effective solution to mitigate the risk of Hg transferring from
contaminated soil to rice grains at locations around the world.

■ INTRODUCTION

Mercury (Hg) is a persistent toxic element in soil and
sediment, which can bioaccumulate in both terrestrial and
aquatic food webs.1,2 Together with its methylated form
MeHg, Hg is ranked as a top six global pollutant with
remediation a key priority to mitigate ecological risk at
contaminated sites worldwide.3−5

The bioaccumulation of Hg in paddy field ecosystems has
become a critical environmental problem worldwide6 and is
particularly apparent in Asia where 1200 tons of Hg is
estimated to be released to the environment annually. Asia is
also a continent where over 600 million tons of rice is
produced annually7 and rice paddy fields can become
contaminated with Hg through irrigation with contaminated
river water, deposition of atmospheric Hg, and the application
of Hg-containing fertilizers and pesticides.8

Due to a lack of appropriate techniques and regulations, as
well as a lack of funding for environmental cleanup, poor
management of Hg-contaminated paddy fields can result in
rice crop Hg concentrations higher than the maximum
permissible level of Hg in food defined by governmental
organizations. Mercury remediation is expensive. Methods
such as capping with inert or active materials, excavation, soil
washing, and thermal desorption9,10 have been developed to
reduce the exposure risk of Hg in soils and sediments.
However, such methods have limited application to productive

agricultural soil due to high cost, and the degradation of soil
physical, chemical, and biological properties that can result
from remediation.11 Recent studies have shown that
immobilization is a better approach to manage the risk of
bioavailable Hg in paddy soil.12−14 Selenium compounds,12,15

elemental sulfur, and sulfate16 have been shown to immobilize
Hg when used as a soil amendment although their application
beyond laboratory scale is limited. The lack of any proven,
reliable, and high-efficiency immobilization technology remains
a key barrier for the use of such technology to manage the risk
of Hg in productive farmlands.
Activated carbon is an environmentally friendly alternative

soil amendment for Hg immobilization that is already widely
used in agronomy and industry.17 Activated carbon can be
used as a sorbent to immobilize or remove toxic elements and
organic pollutants from water, industrial effluents, and
soils.18,19 Also, activated carbon has previously been shown
to have good potential to reduce total dissolved Hg and MeHg
bioavailability in Hg-contaminated sediments.20 Possible
mechanisms are Hg sorption to functional groups on the

Received: September 20, 2019
Revised: January 3, 2020
Accepted: February 11, 2020
Published: February 11, 2020

Articlepubs.acs.org/est

© 2020 American Chemical Society
2698

https://dx.doi.org/10.1021/acs.est.9b05685
Environ. Sci. Technol. 2020, 54, 2698−2706

D
ow

nl
oa

de
d 

vi
a 

C
H

E
N

G
D

U
 D

O
C

U
M

 A
N

D
 I

N
FO

 C
T

R
 o

n 
O

ct
ob

er
 1

9,
 2

02
0 

at
 0

8:
06

:5
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianxu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabry+M.+Shaheen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+W.+N.+Anderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Xing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shirong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jicheng+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinbin+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinbin+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo%CC%88rg+Rinklebe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.9b05685&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b05685?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b05685?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b05685?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b05685?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b05685?fig=agr1&ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b05685?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


carbon’s surface (e.g., thiols), and the formation of stable Hg
complexes.21 Activated carbon has a high sorption capacity for
dissolved organic matter (DOM), and this might explain
immobilization of Hg bound to soil DOM.22 Alternatively,
Hg(I) can precipitate on the surface of activated carbon.23 The
addition of activated carbon to soil may enhance the formation
of soil aggregates.24,25 The effect of activated carbon on soil
structure may have an impact on trace element bioavailability.
Nanoscaled activated carbon may be even more efficient in Hg
sorption because of their high surface area-to-volume ratio,
chemical reactivity, and unique functionalities.17 However,
despite the promise, the mechanism and large-scale feasibility
of using nanoactivated carbon (NAC) to remediate Hg-
contaminated soil has yet to be studied.
In the current work we have used nanoactivated carbon

(NAC; average diameter 40 nm) as an amendment to treat
Hg-contaminated paddy soil. We hypothesize that NAC may
decrease Hg bioavailability in the soil through adsorption and
precipitation, and enhanced formation of soil microaggregates,
as well as Hg accumulation by rice plants. To verify our
hypothesis, we aimed to (1) quantify the effect of NAC
amendment on rice plant growth, and pore water chemistry
(total dissolved Hg, dissolved organic carbon, pH, redox
potential and sulfate); (2) investigate the ability of NAC to
reduce pore water Hg concentrations and mitigate the
bioaccumulation of Hg by rice plants (root, stalk, leaf, and
grains); and (3) propose potential mechanisms of Hg
immobilization by NAC amendment using integrated spectro-
scopic and microscopic techniques. Specifically, we inves-
tigated changes of soil microaggregates constituents using
transmission electron microscopy coupled with energy
dispersive X-ray (TEM-EDX) spectroscopy. Also, we charac-
terized Hg and sulfur speciation in the soils using synchrotron-
based Hg L3-edge XANES and S K-edge XANES spectroscopy.
We used a combination of biogeochemical and spectroscopic
approaches to elucidate and determine the fundamental
mechanisms which control the speciation and immobilization
of Hg in nanoactivated carbon treated paddy soil.

■ MATERIALS AND METHODS

Sampling, Preparation, and Characterization of the
Studied Soil and Nanoactivated Carbon. A composite
bulk soil sample (500 kg) was collected from 0 to 20 cm depth
at random locations across 100 m2 of contaminated farmland
at Wanshan Hg mine (WSHM) in China. The farmland was
previously used for rice cultivation and had been ploughed
immediately prior to sampling. The soils were transported to
the laboratory where they were air-dried, crushed, and passed
through a 2 mm nylon sieve prior to use. The analytical
methods for soil pH, total Hg, carbon, nitrogen, sulfur, and
iron (Fe) contents, as well as Fe speciation are given in the
Supporting Information (SI, S1.1).28,29 The studied soil is
neutral (pH = 7.5 ± 0.2), with total carbon, nitrogen, sulfur,
and iron contents of 20, 2.1, 1.0, and 22 g kg−1, respectively (SI
Table S1). Iron speciation characterized by Fe L-edge X-ray
near edge structure (XANES) spectroscopy shows this element
to be mainly present as α-Fe2O3 (Figure S1). The average total
Hg concentration in the soil is 129 mg kg−1, which is 86 times
greater than the maximum allowable Hg concentration (1.5 mg
kg−1) for farmland defined by the Chinese government,26 and
is greater than the trigger point (1.5−10 mg kg−1) suggested by
Kabata-Pendias27 for remedial action.

The studied nanoactivated carbon (product No. MH-C-40)
was purchased from Nanjing Emperor Nano Materials Co.,
LTD in China. The analytical methods for total carbon, and
specific surface area of the nanoactivated carbon (NAC), as
well as electron microphotograph are given in the SI (S1.2).
Total carbon content of the NAC is 99.5%, and its specific
surface area is 500 m2 g−1 (Table S2). An electron
microphotograph of the NAC is shown in the SI (Figure
S2). According to the producer, the diameter of particle size of
the NAC ranged between 20 and 50 nm with an average of 40
nm, and its density is 3.02 g m−3.

Pot Experiment. Plastic pots (volume, 5L) were purchased
for rice incubation and cleaned with 5% HNO3 and purified
water prior to use. Pots were divided into three groups, with
three replicates in each group. Pots in the first group were filled
with 3600 g of field soil (Control); pots in the second group
were filled with 3564 g of field soil and 36 g of nanoactivated
carbon (1% NAC); pots in the third group were filled with
3492 g of field soil and 108 g of nanoactivated Carbon (3%
NAC). To mix NAC and soil, preparations were transferred
into a 10-L plastic bag, and manually shaken for 20 min before
pot filling. The soil became weakly dark and no visual NAC
aggregates were observed after shaking. All pots were randomly
arranged, irrigated with purified water (total Hg < 0.02 ng L−1)
at the Guizhou Rice Research Institute, and flooding was
maintained at 3 cm in depth during an equilibration period of
5 days.
Rice seedlings (30-day old) with similar biomass and length

were selected from a rice seedling incubation paddy field at the
Guizhou Rice Research Institute (GRRI). Two seedlings were
transplanted into each pot, and these were maintained for 120
days. To support plant growth, urea (CON2H4) was supplied
to each pot at a dose of 56 mg kg−1, 70 mg kg−1, and 56 mg
kg−1 prior to transplanting, at the tillering stage, and at the
panicle stage, respectively, as recommended by the researchers
from GRRI. Purified water was regularly supplied to each pot
to maintain the depth of overlying water at 3 cm throughout
the rice growing season.

Sample Collection, Preparation, And Analysis. About
100 mL of pore water in each pot was collected on days 5, 30,
50, 70, 80, 100, and 118 after transplanting using a passive pore
water sampler (pore size Φ = 10-μm; Daxiong Monitor Co.,
Shenzhen, China). Each bulk sample was divided into three
subsamples for total dissolved Hg, sulfate, and dissolved
organic carbon (DOC) analysis. Rice plants and their paired
soil samples were collected on Day 120, and stored in 10L
nylon bags and 500 mL Ziplock bags, respectively. Whole rice
plants were pulled from the pots; soil attached to the roots was
collected by hand (with rubber gloves) and sealed in 1L
Ziplock bags. In the laboratory, rice plants were cleaned with
running tap water, and thereafter with deionized water. Each
rice plant was separated into root, stalk, leaf, and panicle
sections using stainless-steel scissors. Root sections were
further cleaned with 0.01 M ethylenediaminetetraacetic acid
(EDTA) and deionized water.
All plant tissues were freeze-dried by a lyophilizer (Fd-1−50,

Boyikang Co., Beijing, China) at −50 °C and 12 Pa for 96 h.
The dried panicle was divided into the hull, bran, and polished
rice. Plant tissues were crushed to powder using an electrical
microcrusher (IKA-Werke GmbH & Co., Staufen, Germany).
Soil samples were kept at −18 °C prior to freeze-drying using a
lyophilizer (Fd-1−50, Boyikang Co., Beijing, China) at −50 °C
and 12 Pa for 192 h. Each sample was subsequently
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homogenized using an agate mortar. The microcrusher and
agate mortar were carefully cleaned after processing each
sample to avoid any cross-contamination. Processed soil and
plant samples were stored in a refrigerator at +4 °C prior to
being analyzed for Hg concentrations. The methods for total
dissolved Hg, sulfate, DOC, oxidation−reduction potential
(ORP), and pH analysis for pore water samples are described
in the SI (section S1.3). The methods for plant total Hg
analysis are shown in the SI (section S1.4).30 The methods for
recording plant biomass are described in the SI (section S1.4).
Mercury L3-Edge and Sulfur K-Edge X-ray Absorption

Near Edge Structure (XANES) Spectroscopy. Mercury L3-
Edge XANES Spectroscopy. About 0.1 g freeze-dried soil
powder from the control and 3% NAC treatment was pressed
into a thin pellet (Φ = 1 cm) using a manual hydraulic press
(FW-4, Tianguang instrument, China) for analysis. The Hg
reference compounds cinnabar (α-HgS), metacinnabar (β-
HgS), Hg bound to organic matter (Hg(SR)2), and nano-HgS
were analyzed to investigate the oxidation state of Hg in the
experimental samples. Methods for the synthesis of Hg(SR)2
and nano-HgS have been documented previously.14 The
sample pellets and all Hg reference compounds were mounted
on Kapton tape, and their Hg L3-edge XANES spectra were
obtained at the 1W1B EXAFS station of the Beijing
Synchrotron Radiation Facility (BSRF) with 2.5 GeV electron
energy, 250 mA electron current, and energy resolution (ΔE/
E) of 1−3 × 10−4. The details for collection of spectra are
described in the SI (section S2).
Sulfur K-Edge XANES Spectroscopy. Sulfur reference

compounds, including elemental S (S0), calcium sulfate
dihydrate (CaSO4 ·2H2O), sodium dodecyl sulfate
(NaC12H25SO4), sodium thiosulfate (Na2S2O3), Phenyl
sulfoxide (C12H10S), L-cystine (C6H12N2O4S), and L-methio-
nine (C5H11NO2S), were analyzed using medium X-ray
beamline 4B7A at the BSRF. The details for collection of
spectra are described in the SI (section S2).
Transmission Electron Microscopy Coupled with Energy

Dispersive X-ray (TEM-EDX) Spectroscopy. Soil powders from
the control and 3% NAC treatment were dispersed with 50%
ethanol, mounted in a carbon-covered copper grid, and
analyzed using an analytical transmission electron microscope
(Tecnai G2 F20 S-TWIN TMP, FEI Co., America) operated at
200 kV. Identification of soil minerals, and NAC particles in
the soil microaggregates was made with the assistance of
energy dispersive X-ray (EDX) spectroscopy and selected area
electron diffraction.
Data Quality Control and Assurance. Quality control

for the Hg concentration in soil and plant biomass was
monitored using certified soil and plant reference materials
(GBW 070009 (soil) and GBW10020 (plant)) obtained from
the Institute of Geophysical and Geochemical Exploration,
China. Mercury recovery ranged from 90% to 102% for the
plant and 92% to 106% for the soil. The analysis of plant and
soil replicates showed that the relative percentage difference
between replicates was <8% and <10%, respectively. Quality
control for pore water samples was achieved by analyzing
blanks, and samples spiked with Hg(II) standards (ICP-MS
Standard, 10 mg L−1 Hg in nitric acid).
All data were plotted using Origin 15.0 software (Origin Lab

Co., U.S.A.). Statistical analyses were performed using SPSS
22.0 (SPSS Inc., U.S.A.). Analysis of variance (ANOVA), and
the least significant difference (LSD) tests were used to
compare the treatment means at a significance level of 5% (P <

0.05, indicated by different lower-case characters in the
figures). Partition coefficients (Kd, L kg−1) were calculated as
the ratio of THg concentration in soil (mg kg−1) to that in
pore water (mg L−1)31 (eq 1).

= ×− − −K soil THg (mg kg )/pore water THg (mg L ) 10d
1 1 6

(1)

Plant Hg concentration was calculated by the summarization of
Hg concentrations of root, stalk, and leaf. Bioaccumulation
factor (BAF) is defined as the ratio of plant Hg concentration
(mg kg−1) to soil total Hg concentration (mg kg−1).32

■ RESULTS AND DISCUSSION
Effect of NAC on Plant Biomass. Addition of 3% NAC

significantly increased the dry weight and length of both the
stem and leaf of rice plants compared to the control (Figures 1

and S3). However, NAC did not cause a significant change to
the root dry weight or root volume of rice plants, relative to the
control (Figures 1 and S3). These observations suggest that
the addition of NAC at a dose of 3% has a beneficial effect on
plant growth. Increased above-ground biomass yield of rice
plants after treatment with NAC may indicate that the NAC
can act as a fertilizer synergist, reducing nutrient losses,
improving nutrient availability, and stimulating plant growth,
as has been shown in previous studies.17,33

Effect of NAC on DOC, Sulfate, Oxidation−Reduction
Potential, and pH in the Pore Water. Figure 2-A shows the
concentration of DOC in the pore water for all treatments
throughout the rice growing season. The pore water DOC
concentration in the control soil ranged from 9.3 to 49 mg L−1;
however, this was reduced by 9−70% and 8−86% following
addition of 1% and 3% NAC, respectively with a function of
the treatment rate of NAC (Figure 2-A). Adsorption of DOC
by NAC might be responsible for the reduced DOC
concentration in the pore water.34 The reduction decreased
after day 80, and we hypothesize this was a function of
saturation of the DOC adsorption sites on NAC surface.

Figure 1. Dry weight of root, stalk, and leaf; differences at P < 0.05
tested by least significant difference in one-way analysis of variance in
each biomass parameter between control and nanoactivated carbon
(NAC) treatments are indicated by different small-case letters on each
bar. Error bars denote standard deviation from means of three
replicates (1SD).
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The concentration of sulfate in the pore water was
significantly reduced in all the soils with time (Figure S4).
This decrease for the three treatments could be a function of
the microbially mediated sulfate reduction, particularly under
low oxidation reduction potential (ORP) values (−389 mV to
−122 mV) after 70 days (Figure S5).35 Thus, the sulfate
concentration correlated positively with ORP (Figure S6). The
pH of soil pore water in the three treatments ranged from 7.4
to 8.1, and showed a gradual decrease throughout the rice
growing season (Figure S7).
Effect of NAC on Hg Concentrations in the Soil and

Pore Water, and on Hg Partitioning and Bioaccumula-
tion. A minor decrease of total Hg concentration in the NAC-
amended soil may be explained through dilution of the Hg
concentration by NAC (Figure S8-A). Also, the volatilization
of Hg through inducing Hg(II) reduction might contribute to
this reduction.20,36 Addition of NAC to soil led to a clear
decrease in the Hg concentration in the pore water for both
the 1% and 3% treatments relative to the control, throughout
the rice growing season (Figures 2-B and S8-B). A positive
correlation between Hg and DOC in the pore water
demonstrates a closely biogeochemical association of these
parameters37,38 (Figure S9). Most Hg is likely bound to DOC
in the pore water; the decreased DOC concentration by NAC
amendment might also lead to a reduction of Hg concentration
(Figure 2-A), as the removal of DOC by NAC would also
remove the associated Hg complexes. Both 1% and 3% NAC
addition increased Hg partitioning to bulk soils (Kd) relative to
the control. The Kd value for the control soil was 11 × 103 L
kg−1 and this increased to 22 × 103 L kg−1for the 1%
treatment, and 36 × 103 L kg−1 for the 3% treatment indicating
that NAC promoted retention of Hg on soil solid phase
constituents (Figure S8-C).
The Hg concentration in the root, stalk, leaf, bran, hull, and

polished rice of rice plants growing in soil amended with NAC
decreased significantly by 48−56%, 17−39%, 39−52%, 47−
55%, 15−39%, and 47−63%, respectively, relative to the
corresponding controls (Figures 3 and S8-D). Soil amendment
with NAC significantly decreased the BAF of Hg by rice tissues
compared to the control (Figure S8-E). The Hg concentration
both in rice tissues and pore water showed the greatest
reduction as a function of NAC, and this was more
pronounced for 3% NAC treatment (Figures 2 and 3). The
Hg concentration in rice tissues was correlated positively with
the Hg concentration in the pore water (Figure S10-A), and
thus the reduced Hg concentration in rice tissues can be

directly linked to the reduced Hg concentration in the pore
water. A negative linear correlation between Ln(BAF) and
Ln(Kd) suggests the partitioning of Hg into the soil solid phase
inhibited Hg bioaccumulation (Figure S10-B). The potential
for a dilution effect of Hg within the increased biomass
promoted by NAC should also be considered. However, we
estimate this effect to be minor relative to the change in soil
chemistry because NAC addition decreased rice plant Hg
accumulation, as shown by a significantly lower Hg mass in the
treated rice plants as compared to control (Figure S8-F). Our
work shows that NAC addition decreased Hg bioavailability,
enhanced its partition to the solid phase, and reduced its
bioaccumulation by rice plants.

Photomicrographs of Soil Particles Show NAC
Amendment Affect the Soil Constituents Assemble.
We observed chlorite-nanomagnetite-organic matter, chlorite-
quartz-organic matter, and mica-organic matter microaggre-
gates, within the control soil (Figure 4-A−C); Energy
dispersive X-ray spectroscopy analysis showed that Hg
presented in the organic matter matrix in those micro-
aggregates, but its intensity was not high (Figure S11).
Amendment of soil with NAC affected the soil constituents:

Figure 2. Concentration of dissolved organic carbon (DOC) (A) and dissolved total Hg (THg) (B) in the pore water in control and nanoactivated
carbon (NAC) treatments throughout the rice growing season. Error Bars denote standard deviation from means of three replicates (1SD).

Figure 3. Mercury concentrations in the root, stalk, leaf, hull, bran,
and polished rice. Significant differences tested by least significant
difference in one-way analysis of variance between different rice
tissues at P < 0.05 among control and nanoactivated carbon (NAC)
treatments are indicated by different lower case letters. The red
dashed line is the maximum allowable total Hg concentration (20 ng
g−1) in rice grain set by the Chinese government. Error Bars denote
standard deviation from means of three replicates (1SD).
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NAC-chlorite-nanomagnetite, NAC-chlorite-organic matter,
and NAC-nanomagnetite microaggregates were observed
within the amended soil (Figures 4-D−F). Energy dispersive
X-ray spectroscopy analysis showed that Hg presented in the
organic matter matrix in NAC-chlorite-organic matter micro-
aggregates as Hg−S clusters (Figure S12). Given that NAC
had a close association with Hg-containing soil constituents
(e.g., organic matter), Hg−S clusters presented in the NAC
microaggregates, and it is likely that NAC might have
facilitated immobilization of Hg by forming Hg−S clusters.
Impact of NAC on Sulfur and Mercury Speciation. The

appearance of Hg−S in the microaggregates of treated soil
indicated that S was likely involved in Hg speciation
transformation processes. Sulfur speciation in the control and
NAC treated-soil was further analyzed to understand NAC-
induced changes in the speciation of sulfur in the soil. Two
distinct energy edge features at 2.4762 (Figure 5-A; black
arrow) and 2.4828 keV (Figure 5-A; blue arrow), were
observed for spectra of the control soil, corresponding to the
spectral signature of sulfoxide, and ester-sulfate sulfur.39 A
distinct energy edge feature at 2.4726 keV (Figure 5-A, red
arrow) in the 3% NAC-treated soil was observed, which
matches the spectral signature of elemental S.39 However, this
signature was not observed in the spectra of control soil. The
linear combination fitting of the control soil showed that sulfur
speciation predominately occurred as sulfoxide (92%), sulfate
(1%), cystine (4%), and methionine (3%) (Figure 5-B,-D).
However, in the NAC-treated soil, sulfur speciation predom-

inately occurred as sulfoxide (74%), sulfate (5%), and
elemental S (22%) (Figure 5-C,-E).
Sulfur presented as sulfoxide in both the control and NAC-

treated soil, which is in line with results from a previous
study.40 The elemental sulfur detected in the NAC-treated soil
might have occurred as zerovalent sulfur, coexisting with
polysulfides (Sn

2−), sulfanes (H2Sn), hydropolysulfides
(HSn

1−), polythiosulfates (SnO3
2−), and polythionates

(SnO6
2−)41 present on the surface of soil minerals (e.g., ferric

(hydr)oxides).42−44 The NAC had low sulfur content, and thus
the input of S0 through NAC addition might have been small.
The decrease of sulfoxide and increase of elemental S
(Valence: 0) in the NAC treated soil as compared to the
control may suggest the occurrence of sulfur redox reactions in
the flooded paddy soil amended with NAC.45 Sulfoxide may
have accepted electrons to be reduced to S0 in the treated soil;
quinone groups of activated carbon might have acted as
electron donors in this redox process.46,47 A prerequisite for a
redox reaction is a reductant and an oxidant in contact with
each other. As shown in Figure 4-E, organic matter was in
closely association with NAC in the soil microaggregates. It is
possible that the reducing conditions (down to −389 mV) in
the flooded soil of this study, and the abundance of sulfur with
organic matter and minerals (e.g., chlorite and nanomagnetite),
might facilitate a redox reaction between sulfur compounds
and NAC. It appears that the formation of NAC-micro-
aggregates is important for sulfur redox reaction since NAC
can act as electron donors for sulfur compounds (e.g.,
sulfoxide).
The zerovalent sulfur (polysulfides as well) might react with

Hg complexes (e.g., Hg(SR)n) complex to form Hg polysulfide
complexes (Hg(Sn)SH

−),48,49 which can be further converted
to HgxSy compounds via molecular aggregation.50 We
characterized the Hg speciation in the soils by Hg L3-edge
XANES spectroscopy to verify the above hypothesis (Figure

Figure 4. Transmission electron microscopy (TEM) images of
microaggregates from the control (A, B, C) and soil treated with 3%
nanoactivated C (D, E, F). Minerals, organic matter, and nano-
activated carbon were identified according to elemental compositions
obtained by energy dispersive X-ray (TEM-EDX) spectroscopy and
selected area electron diffraction. Particles circled by dashed lines with
blue color are nanoactivated carbons (nC), with dark green color are
chlorites (cH), with pink color are nanomagnetites (nM), with orange
color are feldspars (fE), with olivedrab color are micas (mI), with
yellow color are organic matter (oM), and with lime green are quartz
(qZ).

Figure 5. (A) The normalized sulfur K-edge spectra of reference
compounds (elemental S (S0), calcium sulfate dihydrate (CaSO4·
2H2O), sodium dodecyl sulfate (NaC12H25SO4), sodium thiosulfate
(Na2S2O3), Phenyl sulfoxide (C12H10S), L-cystine (C6H12N2O4S), and
L-methionine (C5H11NO2S)) and two soil samples (control and
nanoactivated carbon (NAC)-treated soil); (B, C) linear combination
fitting results for control and treated soil, spectrum of control and the
treated soil was indicated with black and orange color and the
reconstructing spectrum was indicated by dash line with green color;
and (D, E) pie chart shows the relative proportion of different S
compounds in both control (upper apart) and the treated soil
(bottom part).
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6). Mercury was predominantly present as α-HgS, nano-HgS,
and Hg(SR)2 both in the control and treated-soil, with

calculated proportions of 23%, 48%, 29%, and 28%, 66%, and
5%, respectively (Figure 6).
The addition of NAC changed the distribution of Hg among

its chemical fractions in the soil; the proportion of nano-HgS
increased by about 18%, while Hg(SR)2 decreased by about
24% in the NAC-treated soil compared to the control. These
findings suggest that the NAC addition induced the conversion
of partial Hg(SR)2 to nano-HgS supporting our hypothesis that
NAC-induced sulfur speciation transformation affected Hg
speciation in the soil. Nano-HgS has lower mobility and
bioavailability relative to Hg(SR)2 (Hg bound to soil organic
matter) in the environment.51 The immobilization of Hg to
nano-HgS in the soil solid phase might have therefore reduced
the Hg mobility in the pore water.
The sorption of mercuric ions by NAC through micro- and

macropores is well-recognized.36 We expect a minor role of
this mechanism in our study because we assume the activated
sites of NAC might be occupied by nanomagnetite and
chlorite, as shown in photomicrographs (Figure 4). Fur-
thermore, DOC was able to block activated sites of NAC,34 as
indirectly shown by the decreased DOC concentration in the
pore water of the treated-soil (Figure 2-A).
Environmental Implications. Global efforts to remediate

mercury have increased since the implementation of the
Minamata Convention on Mercury in 2017, which aims to
exclude Hg from food webs to minimize its negative effect on
ecosystems. Mercury-contaminated paddy fields in many
developing countries (e.g., China, Indonesia,52 Brazil,53

Philippines,54 Cambodia,55 India,56 Thailand,57 and Tanza-
nia58) have attracted global concern because of recorded
health issues in populations which consume contaminated rice
grain. A key constraint on progressing mercury remediation,
and mitigating exposure pathways and risk is the lack of
reliable, affordable technology.59,60 In the current work we
have found for the first time that amendment of soil with

nanoactivated carbon (NAC) can reduce the Hg concentration
in soil pore water and its uptake by Oryza sativa L.
Our work shows that the Hg concentration in edible grain

(polished rice) decreased to less than 20 ng g−1 (d.w), the safe
level of Hg in foodstuffs, after soil amendment. The NAC
affected the soil microaggregates, and redox reactions of sulfur
and Hg compounds, and it promoted Hg immobilization under
anaerobic conditions. Amendment of NAC to paddy soil could
be a promising approach for reducing the risk of Hg uptake
from paddy fields, and the subsequent transfer of Hg into the
food chain. Rice biomass was not affected by the amendment,
and there was no reduction in yield. Therefore, from an
agronomic perspective, the amendment could be readily
integrated with current farming systems. Soil amendment
with NAC has no apparent impact to rice growth, and in this
sense is preferable to conventional methods which destroy soil
chemical, physical and biological properties (e.g., soil washing,
stabilization/solidification, thermal desorption, and vitrifica-
tion). A key advantage of the amendment is that the costs of
production and use are low. A cost-effectiveness analysis of
using NAC for Hg-contaminated farmlands remediation is
displayed in the SI (section S3). Activated carbon is a
commercially available product made from waste material, and
a sufficient amount is available to treat the large scale of
contaminated paddy soils. Our results support the technical
feasibility of using NAC as a soil amendment for the
remediation of Hg-contaminated paddy soils worldwide,
especially in developing regions (e.g., Guizhou in China)
where large contaminated paddy fields are under cultivation
and need urgent, effective, remedial intervention. Our findings
provide mechanistic insight in future research toward the use
of NAC to immobilize Hg in anaerobic environments.
Further studies are necessary to upscaling of our method to

field. For example, the stability of NAC-microaggregates in
changing environments (e.g., redox fluctuations), the mecha-
nisms of NAC-induced redox changes in sulfur chemistry in
soils, the long-term stability of NAC immobilized Hg,
determining an optimal application form and rate of NAC,
and the effect of NAC on Hg0 emission from soils.
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discussion for cost-effectiveness analysis for nano-
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by X-ray absorption near edge structure (XANES)
spectroscopy, TEM image of NAC, the length of root
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water, the relationship between Kd and BAF, EDX

Figure 6. (A) The normalized Hg L3-edge XANES spectra of
reference compounds (α-HgS, β-HgS, Hg(SR)2, and nano-HgS) and
two soil samples (control and nanoactivated carbon (NAC)-treated
soil); and linear combination fitting results for both control and NAC-
treated soil. (B) Pie chart of the relative proportion of different Hg
compounds in both control and the treated soil.
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spectra for the soil microaggregates, identification of
Hg−S clusters in 3% nanoactivated carbon treatment
using transmission electron microscopy coupled with
energy dispersive X-ray (TEM-EDX) spectroscopy, and
results of comparison of soil total Hg content, pore
water total dissolved Hg, soil/water partition coefficients
(Kd), plant tissue Hg contents, BAF, plant tissues Hg
mass, between control and nanoactivated carbon (NAC)
treatments (PDF)
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