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Mercury (Hg) contamination in soil is a paramount concern to the environment and public health. Yet, eﬀective
in situ remediation technologies have been lacking. In this study, a novel thiol-functionalized graphene oxide/FeMn (SGO/Fe-Mn) composite was prepared and investigated for in situ immobilization of Hg in contaminated soil.
Batch tests showed that application of SGO/Fe-Mn at doses of 0.4% and 0.8% eﬀectively reduced H2O, H2SO4
and HNO3, CH3COOH, and CaCl2-extractable Hg by 90.3–98.9% and 96.5–98.9%, respectively, upon equilibrium after 72 d. An increasing of soil moisture content from 0 to 12.5% signiﬁcantly enhanced the immobilization eﬃciency from 75.0% to 97.6%. XRD, FTIR, and XPS analyses suggested that the composite mainly
immobilized Hg through surface complexation and chemical precipitation. Sequential extraction procedure
demonstrated that the composite promoted the conversion of more accessible Hg (exchangeable and carbonate
fractions) into the less accessible forms, i.e., oxides, organic matter, and residual fractions, resulting in substantially reduced environmental risk of Hg. The application of SGO/Fe-Mn enhanced soil cation exchange capacity, available N and K, and total organic carbon, and can be used to eﬀectively improve soil properties.
Moreover, immobilized Hg in soil by this composite remained stable over one year. The present study demonstrates the potential and viability of SGO/Fe-Mn for enhanced immobilization of Hg in soil and sediment.

1. Introduction
Mercury (Hg) is one of the most pervasive and toxic heavy metals in

⁎

the environment. It is generated from a variety of industrial sources
such as coal combustion, mining activities, chlor-alkali production, and
manufacture of compact ﬂuorescent lamps, cosmetic, insecticides, and
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Graphene oxide (GO) was obtained from Ailian Electronic Technology
(Tianjin, China). 3-mercaptopropyltrimethoxysilane (3-MPTS) and
ethanol were purchased from J&K Scientiﬁc (Beijing, China). Hg
(NO3)2·H2O was purchased from Aikeda Chemical Technology
(Chengdu, China). HNO3, H2SO4, CaCl2, FeSO4·7H2O, KMnO4, and
NH4OH (25% NH3 in H2O) were procured from Kutai Chemical Reagent
Technology (Guangzhou, China).

herbicides [1], leading to soil contamination by Hg in surrounding
areas. Soil Hg can be readily taken up by agricultural crops [1], and
accumulated along the food chain, posing potential threats to human
health. Exposure to Hg has been reported to cause various neurodegenerative diseases (i.e., Amyotrophic lateral sclerosis, Alzheimer’s
diseases, and Parkinson’s disease) [1,2], to damage the immune system
and kidneys [3], and to harm the cardiovascular and nervous systems
[4]. Apparently, Hg-contaminated soil requires substantial remediation
if the extent of contamination poses unacceptable risk to human health
or the environment.
Several remediation technologies have been developed for treating
Hg-contaminated soil, such as soil washing [5], thermal desorption
[6–8], electrokinetic remediation [9], and phytoextraction [10], which
aim to remove Hg from soil to achieve target cleanup thresholds.
However, these technologies are pegged with signiﬁcant drawbacks.
For instance, the chemical agents applied in soil washing may cause
potential adverse eﬀects, and wastewater thus produced must be further handled or treated. Reducing total concentrations of soil Hg can
also be quite costly. The recent trend has been shifting to reduction of
the physicochemical and/or bioavailable fractions of soil heavy metals.
In situ immobilization applies chemical agents to contaminated soil
to reduce the mobility, bioavailability, and potential toxicity of soil Hg
[1]. Thiol-functionalized sorbents are expected to exhibit fast sorption
kinetics, high sorption capacity, and strong binding aﬃnity for Hg as a
consequence of soft Lewis acid-base interaction [4]. He et al. [11] found
that sorption of Hg2+ to thiol-functionalized Zn-doped biomagnetite
particles equilibrated at 30 min, compared to 3–8 h for other commercial sorbents, at pH 8.0 in industrial wastewater. Niu et al. [12] demonstrated that thiol-functionalized polysilsesquioxanes had high selectivity for Hg2+ from aqueous solutions in the presence of Mn2+,
Cu2+, Pb2+, Co2+, and Ni2+, all at an initial concentration of
0.002 mmol L−1. Zhang et al. [13] applied thiol-modiﬁed zeolite (TFZ)
to immobilize Hg in solid wastes and observed signiﬁcantly lowered
toxicity characteristic leaching procedure (TCLP) leachable mercury
concentrations. As the TFZ dosage increased from 0% to 5.0%, the
TCLP-leachable mercury concentration was reduced from more than
2 mg L−1 to less than 0.1 mg L−1. O'Connor et al. [14] successfully
modiﬁed rice husk biochar with non-toxic elemental sulfur (S) and revealed that the S modiﬁcation increased the mercury uptake by 73%.
When S-modiﬁed biochar (dosages of 1%, 2%, and 5%, respectively)
was applied to treat Hg-contaminated soil (1000 mg kg−1), the TCLP
leachable Hg was dramatically decreased by up to 99.3% compared to
that of untreated soil. Our previous study developed a novel thiolfunctionalized graphene oxide/Fe-Mn (SGO/Fe-Mn) via an ammonium
hydroxide method and demonstrated its strong sorption aﬃnity and
high sorption capacity for both inorganic and oragnic Hg from aqueous
solutions. The maximum sorption capacity reached 233 mg g−1 for
Hg2+ and 36.7 mg g−1 for CH3Hg+, much greater than those of other
mercury sorbents [15]. Yet, the immobilization eﬀectivness and mechanisms of soil Hg by SGO/Fe-Mn as well as the long-term stability of
immobilized mercury have not been examined.
The present study was conducted to determine the feasibility of
SGO/Fe-Mn for immobilizing Hg in contaminated soil, and its objectives were to (1) test the eﬀects of treatment time, SGO/Fe-Mn dosage,
and soil moisture content on Hg immobilization eﬀectiveness; (2) probe
any change in soil-bound Hg speciation before and after treatment,
evaluate the enviromental risk, and explore the underlying immobiliation mechanisms; (3) assess the impacts of SGO/Fe-Mn on
physicochemical properties of soil; and (4) evaluate the long-term stability (over one year) of immobilized Hg in soil.

2.2. Preparation of g-spiked soil and soil analysis
A Hg-free surface soil (0–30 cm) was collected from campus of
Nankai University, Tianjin, China. The latitude/longitude of the site
was 117.34/38.99. Before use, the samples were air-dried, sieved
through a 10-mesh screen, and washed three times with tap water to
remove suspended colloids and water leachable compositions. The
washed soil was then air dried and stored in a sealed plastic barrel. To
facilitate the subsequent Hg immobilization tests, mercury was loaded
to the soil following previously reported procedure by Gong et al. [16].
In brief, 5.0 kg of pretreated soil was mixed with 10 L of 160.0 mg L−1
Hg(NO3)2 in a closed polyethylene container for 90 d. After 24 h of
gravity settling, the supernatant was discarded and the Hg-laden soil
was air-dried for 7 d. The air-dried soil was then digested per US Environmental Protection Agency (EPA) Method 3050B and analyzed for
aqueous mercury concentration. The ﬁnal mercury content in the soil
was determined to be 195.0 mg kg−1.
Soil analysis was performed by Guangzhou Chemical Union Quality
Technology Company. Soil pH was measured in a 1:1 soil:water mixture
following the Agricultural Standard of China (NY/T 1377-2007). The
chemical compositions of Hg-laden soil was characterized by X-ray
ﬂuorescence (XRF) spectrometry (XRF-1700, Shimadzu, Japan). The
available N, P, K, and cation exchange capacity (CEC) of soil were
tested following the Environmental Protection Standards of China (NY/
T 53-1987, HJ 632-2011, NY/T 87-1988, and NY/T 1121.5-2006, respectively). Soil texture was determined following the laser diﬀraction
method using a laser diﬀractometer (Mastersizer 2000, Malvern, UK),
which measures within a size range of 0.02–2000 μm. The total organic
carbon was determined by a TOC analyzer (SSM-5000A, Shimadzu,
Japan).
2.3. Preparation and characterization of SGO/Fe-Mn composite
SGO/Fe-Mn was prepared following our previously reported
method [4,17]. The details are provided in the supplementary information (SI). SGO/Fe-Mn before and after reaction with Hg-laden soil
were characterized. SGO/Fe-Mn before reaction was collected directly.
SGO/Fe-Mn after reaction with soil was prepared by mixing 0.8 g SGO/
Fe-Mn with 100.0 g soil (i.e., 0.8% dosage) at a moisture content of
25 ± 2% for 72 d. The mixture was freeze-dried under vacuum at
−60 °C (FD5-3 freeze-dryer, SIM, California, USA) for 48 h, and then
collected for characterization tests. The structure and surface morphology was analyzed by a JSM-6400 scanning electron microscopy
(SEM) (JEOL, Tokyo, Japan). Fourier transform infrared (FTIR) analysis
was carried out by a FTS-6000 spectrometer (Bio-rad, California, USA).
The crystalline compositions was identiﬁed by X-ray powder diﬀraction
(XRD) using a D/max-2500 powder diﬀraction meter (Rigaku, Osaka,
Japan) with a Cu Kα radiation. Surface elemental compositions were
analyzed by X-ray photoelectron spectroscopy (XPS) using a PHI-5000
Versaprobe II spectrometer (ULVAC-PHI, Chigasaki, Japan).
2.4. Immobilization of mercury in soil by SGO/Fe-Mn

2. Materials and methods

Batch immobilization experiments were carried out in 500-mL
polyethylene bottles containing 400.0 g of Hg-laden soil with the addition of various dosage of SGO/Fe-Mn, namely, 0.4% and 0.8% by dry
weight. 135 mL of deionized (DI) water was added to the mixture to
keep a moisture content of 25 ± 2%. The bottles were then sealed and

2.1. Materials
All chemicals used in this study were of analytical grade or higher.
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stored in the dark at room temperature (25 ± 2 °C). At predetermined
time intervals (1, 3, 7, 13, 21, 29, 72, 222, and 365 d), 2.0 g of soil (dry
weight) was collected and tested for leaching toxicity as described in
Section 2.5. All experiments were conducted in triplicates. Control tests
were carried out in the absence of SGO/Fe-Mn under otherwise identical conditions.
To evaluate the eﬀects of soil moisture content on mercury immobilization via SGO/Fe-Mn, various moisture contents (0, 7.0%,
14.0%, 25.0%, 32.0%, 40%, 62.5%, and 80.0%) were obtained by
adding diﬀerent volumes of DI water into the mixture of 1.6 g SGO/FeMn and 400.0 g Hg-laden soil (i.e., 0.4% dosage of SGO/Fe-Mn).

RAC =

2.8. Analytical methods
Mercury concentration in the aqueous solution was determined
using an atomic ﬂuorescence spectrometer (AFS-933, Titan
Instruments, Beijing, China) following the Environmental Protection
Standard of China (HJ694-2014). The detection limit was
0.04 μg Hg L−1. pH was measured using a PB-10 pH meter (Sartorius,
Gottingen, Germany).

Standard batch leaching tests were performed by mixing 2.0 g (dry
weight) of the untreated and treated sample with 20 mL H2O, 20 mL
H2SO4 and HNO3 solution, 40 mL CH3COOH solution, and 20 mL CaCl2
solution, respectively, in 42 mL polyethylene centrifuge tubes to investigate the role of SGO/Fe-Mn in controlling the mobility of mercury.
H2O is used as a washing solution to simulate the process in which the
samples are leached by surface water or groundwater (HJ 557-2010,
China). The mixture of concentrated H2SO4 and HNO3 at a mass ratio of
2:1 in DI water (pH = 3.20 ± 0.05) is used to simulate the process in
which the samples are leached by acidic rain (HJ/T 299-2007, China).
The CH3COOH solution following the method HJ/T 300-2007 of China
is to simulate the process in which the samples are leached under the
inﬂuence of landﬁll leachate. 5.7 mL of glacial acetic acid was added to
500.0 mL of DI water, followed by the addition of 64.3 mL of
1.0 mol L−1 NaOH and the dilution to 1.0 L, resulting in a ﬁnal pH of
4.93 ± 0.05. CaCl2 solution (0.01 mol−1) prepared according to the
approach by Cao et al. [18] is to assess the bioavailability of mercury in
the soil. In all cases, the tubes were sealed and agitated on an end-overend rotator at 40 rpm at room temperature (25 ± 2 °C) for 8 h,
18 ± 2 h, 18 ± 2 h, and 24 h, respectively. After centrifuging at
4000 rpm for 10 min, the supernatant was ﬁltered through 0.22 μm
PTFE ﬁlters and analyzed for mercury concentration in the ﬁltrates. The
immobilization eﬃciency was calculated via equation (1) [19]:
⎜

(2)

The RAC value indicates the proportion of EX and CB fractions
with < 1.0% of the total metal being safe for the environment,
1.0–10.0% being low risk, 11.0–30.0% being medium risk, 31.0–50.0%
being high risk, and > 50.0% being highly dangerous to ecological
environment, i.e. very high risk [24].

2.5. Leaching tests

M⎞
Immobilization efficiency of mercury(%) = ⎛1 −
× 100%
M0 ⎠
⎝

EX + CB
× 100%
EX + CB + OX + OM + RS

3. Results and discussion
3.1. Characterization of SGO/Fe-Mn
Pristine GO shows a typical wrinkled and sheet-like structure
(Figs. 1A and B). Fe-Mn oxide appeared as aggregated ﬂocs (Fig. 1C).
SGO/Fe-Mn exhibits a sheet-like multilayer structure with a large
number of wrinkles on the surface (Figs. 1D, E, and F). Fe-Mn oxides are
clearly distributed on the surface, interlayer, and edge of GO (Figs. 1E
and F) via the interactions between Fe-Mn oxides and functional groups
(e.g., hydroxyl, carboxyl, and epoxy) of GO [4,17], resulting in reduced
particle size of Fe-Mn. It is noteworthy that Fe-Mn oxide particles with
sizes < 20 nm mainly distributed on the SGO/Fe-Mn surface, whereas
those at 50 nm largely spread at the edges. This pattern is consistent
with the distribution of functional groups of GO, which are mainly situated at the edges [4,17].
3.2. Immobilization of Hg-contaminated soil by SGO/Fe-Mn and governing
factors
The eﬀect of SGO/Fe-Mn amendments on mercury mobility and
bioavailability was examined by extraction with H2O, H2SO4 and
HNO3, CH3COOH, and CaCl2, respectively, with leachable Hg concentrations at 150.0, 160.0, 108.0, and 207.0 μg L−1 in untreated soil,
respectively. Under all amendment scenarios, the Hg immobilization
eﬃciency was rapidly enhanced as reaction time increased to 13 d, and
then gradually increased afterwards until reaching equilibrium at 72 d
(Fig. 2). Therefore, 72 d was used in the following tests to ensure the
immobilization equilibrium.
As the immobilization time was extended from 0 to 13 d, increasing
the SGO/Fe-Mn dosage from 0.4% to 0.8% enhanced the Hg immobilization eﬃciency (Fig. 2). For instance, the H2SO4 and HNO3
leachable mercury concentration was reduced by 70.8% with 0.4%
SGO/Fe-Mn after 13 d. As the SGO/Fe-Mn was increased to 0.8%, the
removal percentage reached 94.0%, i.e., a 23.2% enhancement. Evidently, higher dosage of SGO/Fe-Mn provided more sorption sites for
mercury, resulting in less leachability. Upon equilibrium at 72 d, the
mercury immobilization eﬃciencies were 90.3%, 95.0%, 97.9%, and
98.9%, respectively, with the addition of 0.4% SGO/Fe-Mn per the four
kinds of leaching tests. When the dosage was increased to 0.8%, the
immobilization eﬃciencies were 96.5%, 97.5%, 98.1%, and 98.9%,
respectively. Based on the t-tests, the diﬀerences between the equilibrium mercury immobilization eﬃciencies with 0.4% and 0.8% SGO/
Fe-Mn via the H2O extraction method were statistically signiﬁcant with
a p value of 0.01 at the 0.05 level of signiﬁcance, whereas the diﬀerences via the H2SO4 and HNO3, CH3COOH, and CaCl2 leaching methods
were not statistically signiﬁcant with p values of 0.15, 0.79, and 0.99
(> 0.05), respectively. This phenomena can be explained by the fact

⎟

(1)

where M and M0 are the mercury mass (mg) in the leaching supernatants of the treated and untreated soil, respectively.
2.6. Sequential extraction of soil-sorbed Hg
A modiﬁed sequential extraction procedure (SEP) developed by
Tessier et al. [20] was employed to quantify the relative availability of
Hg based on fractions of various operationally deﬁned Hg species
(Table S1). The ﬁve fractions have been deﬁned as exchangeable (EX),
carbonate-bound (CB), Fe-Mn oxides-bound (OX), organic materialbound (OM), and residual (RS) fractions [20], and the relative availability follows the order of EX > CB > OX > OM > RS [19].
2.7. Risk assessment code
Risk assessment code (RAC) is a commonly used method for soil risk
evaluation of heavy metals [21,22]. EX and CB fractions have the
highest bioavailability and the greatest potential to cause secondary
environmental pollution. OX and OM fractions are considered as potentially bioavailable states which undergo leaching at very rigorous
conditions (e.g., highly acidic or oxidizing conditions) [21]. RS fraction
is the most stable state. Heavy metals can be remained in the crystal
structure and are not easily leached [21]. RAC value is deﬁned as the
fraction ratio of EX and CB to the sum of EX, CB, OX, OM, and RS based
on Tessier’s SEP as described in Section 2.6 [21,23]:
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Fig. 1. SEM images of GO (A, B), Fe-Mn oxides (C), and SGO/Fe-Mn (D, E, F).

concentrations decreased to 99.7 μg L−1 and 91.8 μg L−1, respectively,
below the permissible threshold.
A series of batch immobilization tests were carried out at soil
moisture contents varying from 0 to 80.0% (i.e., 0%–128.0% of the
water holding capacity) to investigate the soil moisture eﬀect on mercury immobilization by 0.4% SGO/Fe-Mn (Fig. 3). As the moisture increased from 0 to 6.0% and further to 12.5%, the mercury immobilization eﬃciency rose signiﬁcantly from 75.3% to 95.9% and
further to 97.6%. Based on the t-tests, the diﬀerences between the immobilization eﬃciencies of mercury at soil moisture contents of 6.0%
and 12.5% were statistically signiﬁcant with a p value of 0.03 at the
0.05 level of signiﬁcance. When the moisture content varied from

that mercury was transformed from the more available mercury fractions (EX and CB fractions) to the less available forms (OX, OM, and RS
fractions) with the application of SGO/Fe-Mn over time as described in
section 3.3.
It should be noted that the H2SO4 and HNO3 method (HJ/T2992007) has been applied as a standard method for classifying hazardous
wastes including mercury. The H2SO4 and HNO3 leachable mercury of
the untreated soil (160.0 μg L−1) exceeded the threshold (100.0 μg L−1)
of identiﬁcation standard for hazardous wastes of China (GB 5085.32007). When treated with 0.4% and 0.8% of SGO/Fe-Mn, the H2SO4
and HNO3 leachable mercury was reduced by 37.7% (after 3 d) and
42.6% (after 7 d), respectively, i.e., the leachable mercury

Fig. 2. Eﬀects of remediation time and SGO/Fe-Mn dosage on mercury immobilization.
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treatment are compared in Fig. 5. No obvious diﬀraction peaks are
observed for SGO/Fe-Mn (Fig. S1), revealing that SGO/Fe-Mn existed in
an amorphous form. The co-existing of Fe oxides and Mn oxides as well
as thiol-modiﬁcation may restrain the formation of crystals [4,17,28].
The main compounds in the Hg-laden soil (Fig. 5A) include silicon
oxide (SiO2, PDF#85-0458), adularia (K4Al4Si12O32, PDF#71-0956),
calcium aluminum silicate (Ca3Al6Si2O16, PDF#23-0105), lepidocrocite
(γ-FeO(OH), PDF#44-1415), goethite (α-FeO(OH), PDF#02-0272),
HgO (PDF#05-0596), HgSO4 (PDF#74-2315), Hg3(PO4)2 (PDF#010852), and HgS (PDF#03-0424) (Fig. 5A). Upon SGO/Fe-Mn addition,
the peaks at 21.22° (d = 4.18 Å), 27.05° (d = 3.29 Å), 50.53°
(d = 1.80 Å), and 28.49° (d = 3.13 Å) were enhanced (Fig. 5B), indicating the increase of SiO2, K4Al4Si12O32, Ca3Al6Si2O16, α-FeO(OH),
and HgS. Meanwhile, the peak intensities of HgO, HgSO4, and
Hg3(PO4)2 were weakened. These observations might be attributed to
surface complexation and chemical precipitation between mercury and
SGO/Fe-Mn.
The chemical compositions and oxidation states of SGO/Fe-Mn and
the soil before and after 0.8% SGO/Fe-Mn treatment were characterized
by XPS (Figs. 6, S2, and S3). For Hg-contaminated soil, the peaks of C1s
(Fig. 6A) at 284.6, 286.3, and 289.5 eV were ascribed to CeC/C]C,
CeO, and C]O, respectively [4,15,29–31]. The Fe2p peaks (Fig. 6B) at
711.5, 712.3, 714.1, 720.0, and 726.5 eV were characteristic peaks of
FeO, Fe2O3, FeOOH, Fe3+ 2p3/2 satellite peak, and Fe2p1/2, respectively
[4,15,17,32]. The O1s binding energies (Fig. 6C) at 531.7, 532.5, and
533.3 eV were representative of O2−, eOH, and H2O [33]. The Si2p
binding energies (Fig. S3H) around 102.7 and 103.4 eV represented
SieO and CeOeSi/SieOeM (M]Si or metal), respectively [4,34,35].
Upon SGO/Fe-Mn treatment, for C1s (Fig. 6D), CeC/C]C functional group increased from 38.8% to 47.5%, and CeO group decreased
from 47.1% to 38.7%, which was related to surface complexation between SGO/Fe-Mn and mercury [4,36]. For Fe2p (Fig. 6E), the percentage of FeOOH and Fe2O3 were increased by 9.6% and 5.1%, respectively, whereas FeO were decreased by 6.9%, indicating the
occurrence of the redox reactions. FeOOH and Fe2O3 were reported to
form the charge distribution multi-site complexation with mercury
[4,17,37]. For O1s (Fig. 6F), oxide oxygen (O2−) and hydroxyl (eOH)
were the main forms of oxygen in the soil. The addition of SGO/Fe-Mn
increased the hydroxyl group by 6.2% and reduced the oxide oxygen by
5.8% in soil. Our previous studies revealed that FeOOH and MnOOH
were the main metal compounds in SGO/Fe-Mn, providing abundant
hydroxyl functional groups, which can promote the surface complexation with mercury [4,15]. The S2p binding energies of SGO/Fe-Mn (Fig.
S3D) at 164.3, 163.2, and 168.3 eV were representative of S2p1/2
(eSH), S2p3/2 (CeS), and oxidized sulfur (e.g., thiosulfate and sulﬁte),
respectively [4,35,38]. The S2p was not observed in the soil before and
after treatment (Figs. S3E, F), probably because of the low dosage of
SGO/Fe-Mn. Similarly, the Mn2p peaks (Fig. S3A) at 641.1, 642.5,
644.7, 647.5, and 653.9 eV were ascribed to Mn2+ for MnO, Mn3+ for
MnOOH, Mn4+ for MnO2, Mn2+ 2p3/2 satellite peak, and Mn2p1/2,
respectively [4,32,39], while no Mn2p was discovered in the soil before
and after treatment (Fig. S3B, C). After the SGO/Fe-Mn amendments,
Si–O–metal in the soil were slightly increased by 0.9% (Fig. S3H, I),
which might be due to the adsorption of mercury onto SiO2 [40].
The SEP is largely applied to investigate metal distribution among
soil fractions, which can oﬀer an indication of metal bioavailability and
mobility in soil. The sequential Hg extraction from the soil before and
after SGO/Fe-Mn treatment are compared in Fig. 7. For the untreated
soil, the mercury species of EX, CB, OX, OM, and RS accounted for
18.5%, 8.9%, 0.5%, 68.2%, and 4.0%, respectively. The application of
SGO/Fe-Mn at rates of 0.4% and 0.8% resulted in a substantial shift in
mercury speciation from more easily available species (i.e., EX and CB)
to much less available species (i.e., OX, OM, and RS) over time. For
instance, with the addition of 0.4% SGO/Fe-Mn, the EX and CB fractions decreased from 18.5% and 8.9% for untreated soil to 1.4% and
0.5% after 42 d, and further to 0.4% and 0.2% after 72 d, respectively.

Fig. 3. Eﬀects of soil moisture content on mercury immobilization.

12.5% to 50.0%, the mercury immobilization eﬃciency remained
constant at 97.6–98.1%. Once the soil moisture content reached 62.5%
(i.e., 100.0% of water holding capacity), the immobilization eﬃciency
raised to 100.0% (p < 0.01). Immobilization of mercury in soil via
SGO/Fe-Mn consists of the following steps: (i) desorption of mercury
from the contaminated soil into the interstitial water, and (ii) adsorption of desorbed mercury onto SGO/Fe-Mn [25]. Soil moisture can
promote the complete mixture between SGO/Fe-Mn and soil and is
conductive for mercury to migrate and bind onto SGO/Fe-Mn.

3.3. Mercury immobilization mechanisms by SGO/Fe-Mn
FTIR analysis of SGO/Fe-Mn and Hg-laden soils before and after
treatment are showed in Fig. 4. For SGO/Fe-Mn, the peaks at 682, 885,
1025, 1105, 1234, 1405, 1588, 1722, 2181, 2560, 3212, and 3448
cm−1 were ascribed to the vibrations of CeS, SieO, CeO, SieC,
CeO–C, eOH, C]C, C]O, C^C, eSH, eOH, and eOH/SieOH groups,
respectively [4,17,26]. For Hg-laden soil before treatment, the characteristic peaks at 785, 991, 1440, 1630, sand 3620 cm−1 were corresponded to CeH, SieO, eOH, H2O, and eOH, respectively
[4,17,26,27]. Upon SGO/Fe-Mn treatment (0.8% dosage), the FTIR
spectra of soil showed similar absorption band to the soil before
treatment. Yet, the band of eOH at 1440 and 3620 cm−1 increased by
13.6% and 29.4%, respectively, which might be due to the addition of
SGO/Fe-Mn, resulting in an increase in the hydroxyl content, promoting
the complexation between eOH groups and mercury.
XRD patterns of the soil before and after 0.8% SGO/Fe-Mn

Fig. 4. FTIR analysis of SGO/Fe-Mn and Hg-laden soil before and after treatment.
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Fig. 5. XRD patterns of Hg-laden soils before (A) and after treatment (B).

Fig. 6. C1s (A, D), Fe2p (B, E), and O1s (C, F) spectra of Hg-laden soils before and after treatment.

and 5.6% for 0.4% SGO/Fe-Mn to 1.1%, 91.9%, and 6.6% for 0.8%
SGO/Fe-Mn, respectively. It should be pointed out that the changes of
mercury species after 72 d for the two dosages (0.8% and 0.4%) were
not statistically signiﬁcant (p values were 0.11, 0.06, 0.06, 0.38, and
0.67, respectively, based on the t-tests for EX, CB, OX, OM, and RS
fractions).
SGO/Fe-Mn was rich in eSH, eOH, and O]CeO functional groups,
which had strong binding ability to mercury (stability constants were
22.1, 10.6, and 9.7, respectively) [15,31,41–43]. These active sites can
immobilize mercury via surface complexation [4,17] and chemical
precipitation of HgS, resulting in a conversion of mercury speciation
from more easily available species (EX and CB fractions) to less available species (OX, OM, and RS fractions).

3.4. Risk assessment code
Fig. 7. Eﬀects of treatment time (42 and 72 d) and SGO/Fe-Mn dosage (0.4%
and 0.8%) on mercury speciation in soil.

The risk levels of mercury in contaminated soil before and after
SGO/Fe-Mn treatment are compared (Table S2). The contaminated soil
with a RAC value of 27.4% was under medium risk. After 42-d treatment, the RAC value was decreased to 1.9% and 1.7% at SGO/Fe-Mn
dosages of 0.4% and 0.8%, respectively, denoting a low risk. As the
incubation time continued, after 72 d, the soil was no risk (RAC was
0.7% and 0.6% with the addition of 0.4% and 0.8% SGO/Fe-Mn, respectively). It is clear that the addition of SGO/Fe-Mn reduced the risk
of mercury in contaminated soil.

Meanwhile, the OX, OM, and RS fractions increased from 0.5%, 68.2%,
and 4.0% for untreated soil to 0.8%, 91.7%, and 5.6% after 42 d, and
further to 0.6%, 92.9%, and 5.8% after 72 d, respectively. As the dosage
of SGO/Fe-Mn was increased to 0.8%, the EX and CB fractions was
decreased whereas OX, OM, and RS fractions was increased. After 42-d
treatment, the EX and CB fractions decreased from 1.4% and 0.5% for
0.4% SGO/Fe-Mn to 0.2% and 0.2% for 0.8% SGO/Fe-Mn, respectively.
Meanwhile, the OX, OM, and RS fractions increased from 0.8%, 91.7%,
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evaluate heavy metals remediation technologies. The eﬀect of SGO/FeMn on the immobilization of mercury was examined by monitoring the
levels of H2O, H2SO4 and HNO3, CH3COOH, and CaCl2 extractable
mercury over one year. Following the application of SGO/Fe-Mn at
dosages of 0.4% and 0.8%, the Hg concentration in four leaching solutions were reduced by 99.4%–99.9% (0.8% SGO/Fe-Mn) and
99.3%–99.9% (0.4% SGO/Fe-Mn) after one year (Table 2), compared to
96.5%–98.9% (0.8% SGO/Fe-Mn) and 90.3%–98.9% (0.4% SGO/FeMn) upon equilibrium after 72 d. Correspondingly, the leaching concentrations of mercury decreased from 2.0–5.3 μg L−1 (0.8% SGO/FeMn) and 2.3–14.5 μg L−1 (0.4% SGO/Fe-Mn) after 72-d treatment to
0.2–0.9 μg L−1 (0.8% SGO/Fe-Mn) and 0.2–1.0 μg L−1 (0.4% SGO/FeMn) after 365-d treatment. Clearly, over one year, the H2SO4 and HNO3
leachable mercury concentration met the third-level quality standard of
1.0 μg L−1 for mercury in groundwater (GB/T 14848-2017, China). The
observations proved that SGO/Fe-Mn can facilitate long-term immobilization of mercury in soil.

Table 1
Physicochemical properties of Hg-laden soils before and after treatment with
SGO/Fe-Mn.

pH
CECa (mol kg−1)
Available N (mg kg−1)
Available P (mg kg−1)
Available K (mg kg−1)
TOCb (mg kg−1)
Sand (%)
Silt (%)
Clay (%)

Hg-laden soil

SGO/Fe-Mn treated soil

8.9
0.9
24.4
4.3
121.9
6400.0
34.4
51.6
14.0

8.3
1.2
37.8
4.2
155.9
7200.0
–
–
–

Note: Hg-laden soil was treated with 0.8% (w/w) SGO/Fe-Mn for 72 d.
–: Not detected.
a
CEC: Cation exchange capacity.
b
TOC: Total organic carbon.

3.5. Eﬀect of SGO/Fe-Mn amendment on soil properties
4. Conclusions
Chemical compositions of the Hg-laden soil were analyzed by XRF.
SiO2 (58.9%), Al2O3 (17.2%), CaO (9.1%), Fe2O3 (6.9%), K2O (3.2%),
MgO (2.0%), Na2O (1.0%), and trace amounts of other oxides (the total
amount < 1.8%) were detected (Table S3). The Hg content in the soil
was determined to be 0.0189% (i.e., 189.0 mg kg−1) according to XRF
analysis, which was consistent with our results per US EPA Method
3050B analysis (195.0 mg kg−1).
Selected physicochemical properties of soils are listed in Table 1.
The soil texture conformed to the class of silty loam (34.4% sand,
51.6% silt, and 14.0% clay). It was alkaline (soil pH = 8.9) with CEC of
0.9 mol kg−1. The contents of TOC, available N, P, and K were 6400.0,
24.4, 4.3, and 121.9 mg kg−1, respectively. Upon 72-d treatment with
0.8% SGO/Fe-Mn, there was a slight decrease of 0.6 units in soil pH
(soil pH = 8.3 after treatment), which can be attributed to the reaction
between mercury and thiol and carboxyl functional groups on the
surface of SGO/Fe-Mn [4]. It should be noted that the alkaline pH after
SGO/Fe-Mn amendment was beneﬁcial to chemical precipitation of
mercury [4,17,44]. Soil CEC is associated with the negative charge in
soil colloid, aﬀecting the bioavailability of heavy metals [45]. Higher
CEC favored stabilization of mercury in soil. The application of SGO/FeMn increased CEC by 0.3 mol kg−1 due to the abundant functional
groups (e.g., thiol, carboxyl, and hydroxyl groups) existing on the
surface, edge and interlayer [4]. The increase of TOC content from
6400.0 to 7200.0 mg kg−1 indicated that SGO/Fe-Mn introduced
carbon source into the soil, which can promote the complexation of
metal ions [44]. Furthermore, after SGO/Fe-Mn treatment, the contents
of available N and K were increased by 13.4 and 34.0 mg kg−1, respectively, which suggested an improved soil fertility. During the preparation of SGO/Fe-Mn, ammonium hydroxide and KMnO4 were applied, resulting in retained N and K in the SGO/Fe-Mn. The application
of SGO/Fe-Mn exhibited negligible eﬀect on soil available P.

This work investigated the immobilization eﬀectiveness and mechanisms of SGO/Fe-Mn for in situ remediation of mercury-contaminated soil. The immobilization was tested using various leaching
conditions, namely, H2O, H2SO4 and HNO3, CH3COOH, and CaCl2 solutions to simulate surface water or groundwater, acidic rain, landﬁll
leachate, and bioavailable mercury, respectively. SGO/Fe-Mn at dosages of 0.4% and 0.8% eﬀectively immobilized mercury in the soil, the
leachability were signiﬁcantly reduced by 90.3–98.9% and
96.5–98.9%, respectively, upon equilibrium within 72 d. Increasing the
soil moisture content from 0% to 12.5% signiﬁcantly enhanced the
immobilization eﬃciency from 75.0% to 97.6%. Further increasing the
moisture content to 62.5% improved the immobilization eﬃciency to
100.0%. SEP revealed that the more available mercury fractions (EX
and CB) were transformed to the less available forms (OX, OM, and RS)
with the application of SGO/Fe-Mn, and the environmental risk of Hg in
the soil was greatly reduced. Surface complexation and chemical precipitation were dominant immobilization mechanisms. The addition of
SGO/Fe-Mn also increased soil cation exchange capacity, available N
and K, and total organic carbon, and can be used as an eﬀective way of
improving soil properties besides remediating Hg-contaminated soil.
The immobilized mercury remained stable over one year. This study
provides compelling evidence that SGO/Fe-Mn are promising for in situ
immobilization of mercury in soil.
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3.6. Long-term stability of SGO/Fe-Mn-immobilized Hg in soil
Long-term eﬀectiveness and performance are important criteria to

Table 2
Immobilization eﬃciencies and leaching concentrations of mercury in soil after 365-d treatment with SGO/Fe-Mn.
Extraction agent

H2O
H2SO4 + HNO3
CH3COOH
CaCl2

Soil treated with 0.4% SGO/Fe-Mn

Soil treated with 0.8% SGO/Fe-Mn
−1

Immobilization eﬃciency (%)

Leachable mercury concentration (μg L

99.3
99.5
99.7
99.9

1.0
0.8
0.3
0.2

789

)

Immobilization eﬃciency (%)

Leachable mercury concentration (μg L−1)

99.4
99.6
99.7
99.9

0.9
0.7
0.3
0.2
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