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Abstract: Soils at primary explosives sites have been contaminated by high concentrations of anti-
mony (Sb) and co-occurring heavy metals (Cu and Zn), and are largely overlooked and neglected.
In this study, we investigated Sb concentrations and species and studied the effect of combined Fe-
and Fe–Al-based sorbent application on the mobility of Sb and co-occurring metals. The content
of Sb in soil samples varied from 26.7 to 4255.0 mg/kg. In batch experiments, FeSO4 showed ideal
Sb sorption (up to 97% sorption with 10% FeSO4·7H2O), whereas the sorptions of 10% Fe0 and 10%
goethite were 72% and 41%, respectively. However, Fe-based sorbents enhanced the mobility of
co-occurring Cu and Zn to varying levels, especially FeSO4·7H2O. Al(OH)3 was required to prevent
Cu and Zn mobilization. In this study, 5% FeSO4·7H2O and 4% Al(OH)3 mixed with soil was the
optimal combination to solve this problem, with Sb, Zn, and Cu stabilizations of 94.6%, 74.2%, and
82.2%, respectively. Column tests spiked with 5% FeSO4·7H2O, and 4% Al(OH)3 showed significant
Sb (85.85%), Zn (83.9%), and Cu (94.8%) retention. The pH-regulated results indicated that acid
conditioning improved Sb retention under alkaline conditions. However, no significant difference
was found between the acidification sets and those without pH regulation. The experimental results
showed that 5% FeSO4·7H2O + 4% Al(OH)3 without pH regulation was effective for the stabilization
of Sb and co-occurring metals in primary explosive soils.

Keywords: primary explosives site; heavy metal contamination; antimony; co-occurring metal;
Fe–Al-based amendment; immobilization

1. Introduction

Antimony (Sb) is an element of growing environmental concern because of the
widespread use and uncontrolled release of Sb compounds into the environment [1–4]. In
addition, antimony has a carcinogenic potential [5] and Sb(III) has been shown to poten-
tially cause lung cancer in female rats [6]. Background concentrations of Sb in soil tend to
be lower than 1 mg/kg [3]. However, the major smelting and general use of Sb has led
to severe site contamination, which poses a significant risk to the local environment [7–9]
and humans [10]. An increasing number of studies have shown that antimony pollution
is a global issue [11,12] because of its toxicity to humans and its role in causing liver,
skin, and respiratory and cardiovascular diseases [10]. Soil is an important medium for
Sb concentration and migration. In recent years, increased attention has been given to
Sb-contaminated soil in mining areas and shooting ranges [10,13–16]. However, few studies
have investigated Sb-contaminated soils by primary explosives because of confidentiality
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and sensitivity. A significant input of Sb into the environment occurs through the pro-
duction and use of primary explosives because Sb was historically used as a combustible
agent for classical primary explosives, which contain 33.4% Sb2S3 [17]. The weathering
and corrosion of combustion residue lead to the mobilization of metalloid Sb in anionic
form [18]. Primary explosives sites, which are often characterized by critical concentrations
of co-occurring copper (Cu) and zinc (Zn) [19–21], can be of particular environmental
concern because they represent hazardous multi-element contamination sources for sites
zones. The leachate of Sb and co-occurring metals from primary explosive production and
use areas poses a serious long-term threat to the environment and human health. Thus, the
immobilization or a reduction in the mobility and bioavailability of Sb and co-occurring
metals in primary explosives sites is critical.

Sb enters the soil environment primarily as Sb2S3 (stibnite) and Sb2O3 (senarmon-
tite, valentinite) [22]. Chemical/physical weathering and naturally occurring oxidation
and microbial processes are often responsible for converting primary Sb mineral phases,
predominantly sulfides and oxides, to secondary Sb minerals, which are soluble in soil
pore water and more mobile in the environment [23]. Most of the antimony is confined
to the top 30 cm layer of the soil and is bound tightly to soil-derived humic acid molar
mass fractions that are extracted from the top 10 cm layer [12]. The formation of stable sec-
ondary Sb minerals by precipitation and adsorption on metal oxyhydroxides (for example
Fe-based sorbents [24,25]) are the most prominent naturally occurring processes that can
control the mobility and transformation of Sb species in soil systems [26]. In the natural
environment, the mobility, bioavailability, and toxicity of Sb are primarily dependent on
its chemical speciation [3,27]. Antimony exists in a variety of oxidation states (−III, 0, III,
V), with oxidation states III and V being predominant in aqueous environments across a
wide pH range (4–10) [28]. In the natural environment, Sb(III) occurs primarily as Sb(OH)3
under anaerobic conditions between pH 2 and 10 [3,27], whereas Sb(V) is a predominant
species that exists as Sb(OH)6

- in aerated environments [29] and has a high affinity to amor-
phous and crystalline Fe-(hydr)oxides, with which it can form stable bidentate inner-sphere
complexes [30]. These interactions are favored by goethite in the pH range of 7.5–9.0, by
hematite at pH 8.5, by ferrihydrite in the pH range of 7.0–7.9, and by akaganeite in the pH
range of 9.5–10 [31]. However, Sb with different valence states has different properties; for
instance, Sb(III) can adsorb strongly on goethite over a wide pH range from 3 to 12, whereas
the maximum adsorption of Sb(V) occurs only below pH 7 [32]. These Fe-based metals
adsorb Sb strongly and act as oxidants to transform Sb(III) to Sb(V) [33,34]. Laboratory-scale
testing indicated that Fe2(SO4)3 may be applicable to Sb immobilization in soils [15]. The
sorption effect is based on the reaction of Sb(V) with the surface hydroxyl group of Fe-based
materials. However, the mobility of co-occurring Cu and Zn was enhanced after Fe-based
sorbent addition [15]. In the pH range of 5–9, co-occurring metals behave differently,
and are commonly present in soil solutions as cations at acidic and circumneutral pH or
as soluble soil organic matter (SOM)-metal(II) complexes at higher pH [31]. At neutral
and alkaline pH, substantial amounts of heavy metals are immobilized as Me-hydroxides,
Me-caralbonates or Me-hydroxycarbonates (Me indicates heavy metals). Soluble heavy
metals show a limited affinity for hydroxyl groups because of their cationic nature, but
they interact more strongly with negatively charged components [31]. Thus, the different
speciation, mobility, and bioavailability between Sb and co-occurring metals make the iden-
tification of suitable amendments challenging. Aluminum (hydr)oxides show important
sorption properties for Pb, Cd, and Zn [35]. Aluminum (hydr)oxides can be protonated,
which makes their surface positively charged and generates electrostatic interactive forces
with negatively charged Sb(V) [36]. Only a few amendments, which are based mostly on
Fe- and Al-containing materials, have been tested with variable success as Sb-immobilizing
agents. Limited studies have examined the mobility of Sb and co-occurring metals in soil
and the selection of ideal sorbents for their immobilization.

The focus of this work was on soil that was contaminated with Sb in primary explosives
production sites with the main goals being: first, to investigate the mobility and speciation
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of Sb in primary explosive sites; second, to evaluate the effect of the combined application
of Fe–Al mixed amendments for primary explosive sites using batch and column tests; and
third, investigate the pH effect on Sb immobilization.

2. Materials and Methods
2.1. Sb-Contaminated Soils and Adsorbents

Sb-contaminated soils were collected from primary explosives production workshops
from a primary explosives site in Heilongjiang, China. The specific coordinates have not
been provided because of the confidentiality and sensitivity of this military enterprise.
This site produced primary explosives for more than 60 years and remains operational.
Based on previous environmental site investigation by soil boreholes, it was found that
Sb was enriched mostly on the surface soil layer, and thus, nine soil samples (S1–S9) were
collected at the surface (0–20 cm depth). Samples were air-dried at room temperature,
crushed with a wooden roller and sieved through a 150-µm mesh, which is thought to
better estimate human exposure than bulk soil [37]. The samples were mixed and prepared
for soil analysis.

The soil sample with the highest concentration of Sb was used for soil immobilization
studies. Four adsorbents were used: ferrous sulfate (FeSO4·7H2O, powder); goethite
(HFeO2, powder); Fe0 (powder); and aluminum hydroxide (Al(OH)3, powder).

2.2. Soil Analysis

Soil physicochemical properties were measured on triplicate samples with three blanks.
Soil pH was measured in a 1:5 (w/v) soil/deionized soil suspension by using a pH meter
(PHSJ-4A, INESA Scientific Instrument Co., Ltd., Shanghai, China) after 1 h of equilibration
according to ISO10390:2005. After microwave-assisted digestion with HCl + HNO3 +
HClO4 (3:1:1) at 190 ◦C for 15 min, the mixture was cooled, filtered (<0.45 µm), and diluted
with ultrapure deionized water. Total Sb (Sbtot) concentrations were determined by hydride
generation atomic fluorescence spectrometry (HG-AFS) (AFS 9700, Titan Instrument Co.
Ltd., Beijing, China) [2]. The total contents of Fe, Mn, Zn, and Cu were determined by
using inductively coupled plasma atomic emission spectrometry (ICP-AES) (NexION300x,
PerkinElmer, Waltham, MA, USA) [38]. The modified European Community Bureau of
Reference (BCR) sequential extraction method [39] was used as a sequential extraction
process for Sb. Sb speciation in soil is divided into a soluble/exchangeable fraction (F1),
reducible fraction (F2), oxidizable fraction (F3), and residual fraction (F4) based on the BCR
technique [40]. The processes were as follows—step 1: 0.5 g soil + 20 mL of 0.11 mol/L
HAc was agitated continuously at ambient temperature for 16 h, and supernatant was
used to determine the acid-soluble fraction; step 2: the soil in step 1 + 20 mL of 0.5 mol/L
NH2OH·HCl was agitated at ambient temperature for 16 h, and the supernatant was used
to determine the reducible fraction; step 3: the soil in step 2 + 5 mL of 8 mol/L H2O2 was
agitated continuously at ambient temperature for 1 h, placed in a water bath at 85 ◦C for
1 h and treated with 25 mL of 1 mol/L NH4Oac for 16 h at ambient temperature, with
supernatant being used to determine the oxidizable fraction; step 4: the residual soil was
digested with aqua regia to obtain a residue fraction.

2.3. Immobilization Experiment
2.3.1. Batch Experiments

Batch experiments and column leachate experiments were performed on the soils
that were most polluted with Sb (S9). Experiments were performed in a 50 mL centrifuge
tube with four grams of untreated soil or soil amendment mix (0%, 2%, 5%, and 10%
iron-based adsorbent; 0%, 2%, and 4% aluminum-based adsorbent) and the corresponding
volume of deionized water was treated with a Milli-Q water purification device (Millipore
Corp, Billerica, MA, USA) with a liquid-to-solid ratio of 10 (L/S). Centrifuge tubes were
shaken at 100 rpm/min for 10 days at room temperature (25 ± 1 ◦C) in an incubator shaker.
Based on the earlier sorption studies of Sb to Fe-based materials, 10 days reaction time was
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sufficient to reach equilibrium [15,41]. All experiments were performed in triplicate. After
reaction, the samples were centrifuged, and the supernatant was filtered with a 0.45 µm
filter membrane (PES, ReLAB). The filtrate was used for Sb, Cu, and Zn analysis.

2.3.2. Column Leachate Experiments

Column leachate experiments were carried out in triplicate with untreated soil and in
quintuplicate with 5% FeSO4 and 4% Al(OH)3 stabilized soil without or with pH regulators
(i) 4% sodium bisulfate and (ii) 4% sodium carbonate. Column leachate experiments, as
shown in Figure 1, were carried out in polyethylene columns (length 300 mm × internal
diameter 22 mm) packed with 160 g thoroughly mixed soil material of untreated soil
(Group A), stabilized soil + 4% NaHSO4 (Group B), stabilized soil (Group C), and stabilized
soil + 4% Na2CO3 (Group D).
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Double filter papers (0.45 um) and 50 mm long quartz sands were installed at the top
and bottom of the column for particle retention. Deionized water was added to the columns
in an upward flow direction at approximately 0.38 mL/min by a peristaltic pump over an
18-day period. The calculated pore volume (PV) in the soil column was 0.043 L, based on
an assumed soil porosity of 0.4 (total 550−600 PV) [15]. During the column experiment,
samples were collected regularly and filtered for immediate analysis.

3. Results and Discussions
3.1. Soil Characteristics and Risk

The main soil physicochemical properties are summarized in Table 1. All nine soil
samples were calcareous, with pH values varying from 7.69 to 8.37, which is consis-
tent with the local soil pH range [42]. The concentrations of Fe and Mn in the soil
were 2 × 104–3.22 × 104 mg/kg and 396–719 mg/kg, respectively. The total concentra-
tion of Sb, Cu, and Zn in the studied area varied from 26.73 to 4255, 24.29 to 312.3, and
67.62 to 1330 mg/kg, respectively. Antimony was the main contaminant in this primary
explosives site and was 0.34–211.8 times higher than the Chinese screening value of the
first land use category (20 mg/kg), based on the document of “Soil Environmental Quality
Risk Control Standard for Soil Contamination of Development Land”, which was issued by
the Ministry of Ecology and Environment of China. The highest concentration of Sb in soil
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sample S9 (4255 mg/kg) was 211.8 times and 105.4 times higher than the corresponding
risk screening value (20 mg/kg) and control value (40 mg/kg), respectively.

Table 1. Main physicochemical characteristics of soils.

Soil pH
Concentrations (mg/kg)

Mn Fe Cu Zn Sbtot

S1 8.37 ± 1.70 499 ± 66.54 32,200 ± 876.43 25.37 ± 0.17 71.19 ± 14.81 26.73 ± 2.31
S2 7.8 ± 0.27 573 ± 36.67 30,000 ± 156.47 24.29 ± 3.12 67.62 ± 0.52 61.32 ± 4.27
S3 8.11 ± 0.75 545 ± 20.82 28,900 ± 488.27 33.55 ± 1.57 83.80 ± 3.50 108.01 ± 6.43
S4 7.96 ± 0.19 413 ± 41.93 24,200 ± 893.30 232.85 ± 5.87 402.75 ± 95.65 216.60 ± 9.64
S5 7.69 ± 0.40 628 ± 16.05 31,200 ± 366.70 186.74 ± 2.75 868.02 ± 78.23 267.26 ± 172.5
S6 7.93 ± 1.41 396 ± 14.83 23,000 ± 259.53 103.76 ± 5.44 331.36 ± 11.83 512.09 ± 19.52
S7 8.15 ± 1.58 513 ± 37.53 25,000 ± 456.95 312.30 ± 14.83 981.60 ± 10.42 719.36 ± 23.34
S8 7.91 ± 0.08 554 ± 52.51 23,600 ± 99.28 35.26 ± 1.56 215.88 ± 7.25 953.91 ± 39.72
S9 8.25 ± 1.87 719 ± 189.57 20,000 ± 127.71 80.16 ± 3.05 1330.05 ± 36.67 4255.03 ± 231.50

The BCR method is used extensively as a sequential extraction process for heavy
metal [38]; thus, BCR sequential analysis was used to measure the main contaminant (Sb).
The fraction of Sb in the primary-explosives-contaminated soil in Figure 2 followed the
order (average values): F4 fraction (38.05–94.22%) > F2 fraction (0.01–31.80%) > F3 fraction
(0.32–21.55%) > F1 fraction (0.76–12.92%). The F4 fraction of the heavy metals is considered
to be associated with stable minerals with the lowest mobility [40]; thus, Sb in S2 soil
sample was the most stable. As a result, S2 may pose least risk. The F4 fraction of Sb was
slightly different in S1, S2, and S3, and decreased significantly in the other soils, especially
in S9 (only 38.05%). The Sb of the F1 and F2 fractions can be combined as directly available
fractions [43] with a direct toxicity [44] because the Sb in these two fractions is highly mobile
when environmental conditions (such as pH and Eh) change. The F3 fraction of Sb is easily
mobilized and transformed into the F1 and F2 fractions, and potential eco-toxicity should
not be ignored [44]. The total concentrations of F1, F2, and F3 fractions are a bioavailable
fraction because of their direct and potential eco-toxicity [40]. Figure 2 shows that Sb
had the highest proportion of F1 + F2 + F3 phase (61.95%) in S9, which indicates that S9
had a high migration potential and the greatest biological impact [36]. The amount of
exchangeable Sb is negatively correlated with the concentration of Fe (r = −0.867, p < 0.01)
for all soil samples.
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3.2. Batch Experiments
3.2.1. Changes in pH and Sb Fractions

We evaluated the application of ferrous sulfate (FeSO4·7H2O), goethite (HFeO2), and
Fe0 at three different percentages (2%, 5%, and 10%), as potential amendments for the
remediation of Sb and soil contaminated with co-occurring metals. To obtain stabilizing
results, Al(OH)3 was applied (0%, 2%, and 4%) as combined amendments with Fe-based
amendments. As shown in Figure 3, after the equilibration period of 10 d, FeSO4·7H2O
addition significantly decreased the water extract pH (21%, 24%, and 28% decreased
at 2%, 5%, and 10% amendment percentages, respectively) compared with the control,
whereas HFeO2 and Fe0 had little effect on the water extract pH. This behavior is a result
of the hydrolysis reaction of FeSO4 (Fe2+ + 2H2O
 Fe(OH)2 +2H+) in the pore water of
soil [45,46]. The application of Al(OH)3 increased the water extract pH in a small range
(less than one unit) regardless of the combined application with FeSO4·7H2O, HFeO2, or
Fe0. This slight increase in pH is attributed mainly to the weak alkalinity of Al(OH)3 and
partial dissolution of amendments and adsorption/precipitation [47].

Sequential BCR extraction procedures were used for 5%Fe + 4%Al-based modified
soils (with the best modified result) and are presented in Figure 4. The Sb proportions of F1,
F2, F3, and F4 fractions in the control soil were 8.7%, 4.5%, 27.0%, and 59.7%, respectively.
The F1 fraction [40] decreased significantly in modified soils compared with the control.
Approximately 66.67%, 44.44%, and 66.67% reductions (vs. control) were observed for
FeSO4 + Al(OH)3-, goethite + Al(OH)3-, and Fe0 + Al(OH)3-modified soil, respectively.
This result is important because this fraction of Sb has the most biological impact with a
direct toxicity [44]. With F1, F2 fractions are considered the most available to soil biota and
the most easily leached to groundwater [43]. However, only FeSO4 + Al(OH)3 addition
reduced the F2 fraction from 5% to 1%, despite a decrease in soil pH. The decrease in soil
pH was likely caused by an increase in exchange sites (Fe/Al oxides and oxyhydroxides),
which has a great affinity for Sb [48]. Fe–Al-based amendment additions induced a shift of
F1, F2, and F3 fractions towards to F4 fraction, which was more strongly retained by the Fe
and Al (hydr)oxides [29,49] by adsorption. The concentration decrease in the F1, F2, and F3
fractions resulted in a subsequent low bioavailability and eco-toxicity [40]. However, this
result was not clear for the goethite- and Al(OH)3-modified soil with only a 2% bioavailable
fraction shift to a stable residual fraction. FeSO4 + Al(OH)3 addition caused a significant
increase in F4 (71%) compared with goethite + Al(OH)3 and Fe0 + Al(OH)3 groups, which
could explain its high sorption capacity of Sb [50]. Overall, the BCR extract results showed
that the combined addition of 5%FeSO4 and 4%Al(OH)3 induced a significant redistribution
of Sb with a reduction in its more labile and bioavailable fraction and an increase in the
residual fraction.

3.2.2. Effects of Fe- and Al-Based Sorbents on Sb

The results of the batch experiments (Figure 3) showed that the leachate concentration
of Sb in the control groups exceeded 14 mg/L, which is higher than the fifth category
water limit (0.01 mg/L) of the “Standard for groundwater quality” issued by the General
Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic
of China (AQSIQ, 2017). This result proved a high liquidity of antimony in primary-
explosives-contaminated soils and occurs mainly because of the high percentage of soluble
fraction (11.03%) and reducible fraction (30.12%) of Sb in S9 (Figure 2). Thus, it is necessary
to immobilize or reduce the mobility and bioavailability of Sb in explosives-contaminated
soils to reduce plant and human bioavailability and Sb leachate in groundwater [51].
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Figure 3. pH and Sb and co‐occurring heavy metals concentration in water extracts (a,b—FeSO4 + 

ATH; c,d—Goethite + ATH; e,f—Fe0 + ATH). 
Figure 3. pH and Sb and co-occurring heavy metals concentration in water extracts
((a,b)—FeSO4 + ATH; (c,d)—Goethite + ATH; (e,f)—Fe0 + ATH).
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The amendment additions did not change the total Sb concentrations. However,
Fe-based amendments prevented Sb mobility and reduced Sb bioavailability by a strong
preference of Sb binding to Fe hydroxides [52]. FeSO4·7H2O possessed the strongest sorp-
tion properties for Sb with 85.64%, 97.21%, and 98.50% sorptions with 2%, 5%, and 10%
additions, respectively (Figure 3a). The sorption property was enhanced by the addition of
various concentrations of FeSO4·7H2O. The sorption increased gradually with an increase
in FeSO4·7H2O concentration from 0% to 10% and was moderate with FeSO4·7H2O concen-
trations from 5% to 10%. The amendments of Fe0 and HFeO2 showed a lower Sb sorption
compared with FeSO4·7H2O. The sorption increased gradually with an increase in Fe0 or
HFeO2 concentration from 0% to 10%; 10% Fe0 was retained up to 72.34% Sb (Figure 3c),
and the HFeO2 only retained up to 41.05% Sb (Figure 3e). In the severely Sb-contaminated
primary explosives site, FeSO4·7H2O was more effective for Sb immobilization than Fe0 or
HFeO2. The results are consistent with the immobilization of Fe-based amendments for Sb
in shooting range soil [15]. On the basis of the thermodynamics principle, Sb(V) should be
the main form in oxic environments [15,53]. In addition, widely distributed dissolved iron
in the environment impacts rapid Sb(III) oxidation [54]. Ferric ion and iron oxyhydroxides
in the environment are strong Sb adsorbents [30]. Sb(III) can be oxidized simultaneously
into Sb(V) once adsorbed on the iron oxyhydroxide surface [54]. The immobilization mech-
anism of iron oxide for Sb(V) was summarized as direct precipitation, co-precipitation,
and adsorption [55,56]. The direct precipitation mechanism could lead to secondary Fe–Sb
mineral tripuhyite (FeSbO4) formation, which is an important and ultimate sink for Sb
in an environment with a low solubility (log Kso = −13.41) [57]. Sb(V) adsorption was a
predominant mechanism, and co-precipitation was important in FeSO4·7H2O-modified
soil [58]. FeOOH adsorption and the hydrolysis product of Fe(II) and Fe(III), rather than
co-precipitation, was predominant in the coagulation mechanism [30]. The Fe(II) in the solu-
tion was oxidized rapidly to Fe(III), which improved the antimony removal efficiency [46].
Fe(II) oxidation and ferric-hydroxide formation may lead to an increase in the adsorption
between ferric flocs and Sb [59,60]. FeSO4·7H2O addition can reduce the soil solution pH,
and at pH < 7, iron oxide showed a strong affinity to Sb. When pH < 3, this level [H+]
could inhibit the extent of Fe(II) and Fe(III) hydrolysis, which limited the Sb(V) immo-
bilization efficiency. For pH 3–6, the isoelectric point of FeSO4-produced iron flocs was
7.5. Iron flocs with a positive charge had a better capture of negatively charged Sb(OH)6

-

at a weak acid condition and for pH 5 to 6 [58]. As a result, FeSO4·7H2O amendment
could promote Sb(V) immobilization by reducing the soil solution pH. The maximum Sb(V)
adsorption on HFeO2 existed below pH 7 [32] and was considered pH-dependent [61].
In this study, the soil extract solution pH exceeded 7; thus, HFeO2 immobilized Sb in
these primary-explosives-contaminated soils to a certain extent. When in contact with
oxygenated water, Fe0 converts to activated Fe0 that contains ferrihydrite and goethite,
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which are distributed on the surface [4]. The large surface coverage makes activated Fe0 to
be recognized as a suitable adsorbent for Sb adsorption and immobilization [62]. However,
the immobilization efficiency of Fe0 for Sb was lower than that for FeSO4·7H2O. According
to batch experiments of Fe-based amendments, FeSO4·7H2O was most appropriate for high
concentrations of Sb-contaminated soil.

Al(OH)3 addition slightly increased Sb mobility regardless of FeSO4-, goethite-, or
Fe0-modified soils by increasing the soil pH [58]. The sorption of Sb in FeSO4- and Al(OH)3-
modified soil decreased slightly from 85.82% to 67.77% in 2% FeSO4, from 97.09% to 94.69%
in 5% FeSO4, and from 98.60% to 93.88% in 10% FeSO4 with Al(OH)3 addition from 0%
to 4%. Approximately 2.47–21.03% reductions were observed with Al(OH)3 addition. Sb
sorption in goethite- and Al(OH)3-modified soil decreased from 14.09% to 10.68% in 2%
goethite, from 15.91% to 11.02% in 5% goethite, and from 41.04% to 24.55% in 10% goethite
with an Al(OH)3 addition from 0% to 4%. Approximately 24.19–40.20% reductions were
observed. However, a change in sorption was not clear for Fe0- and Al(OH)3-modified
soil, even with substantial amounts of Al(OH)3 [48]. In the Fe–Al mixed-addition cases, a
reduction in sorption may have resulted from the change in pH [63]. Al(OH)3 shows a lower
adsorption efficiency than iron oxides, especially in neutral and alkaline environments [64].
However, FeSO4- and Al(OH)3-modified soil still showed a more efficient sorption, which
is attributed to the ion-exchange ability of Fe–Al double hydroxides and SbO3

− adsorption
on the FeO(OH) surface [65].

3.2.3. Effect of Fe- and Al-Based Sorbents on Zn and Cu

FeSO4·7H2O amendment addition to the soil resulted in a high concentration decrease
in Sb; however, higher concentrations of Zn and Cu were detected in the soil extract
solution, especially for Zn (Figure 3). Zn release increased gradually with an increase
in FeSO4·7H2O concentration from 0% to 10%. After FeSO4·7H2O addition, the highest
leachate concentration of Zn was 34.57 mg/L, which was 181.94 times the original soil
leachate concentration (0.19 mg/L). Similar promotion leachate effects of FeSO4·7H2O were
found for Cu. The leachate concentration of Cu was 0.84 mg/L with 10% FeSO4·7H2O
addition, which was 21 times the leachate concentration compared with the original soil
(0.04 mg/L). FeSO4·7H2O addition decreased the water extract pH by the hydrolysis
of FeSO4 [45,46]. The acid environment promoted Zn and Cu release, which resulted
in a high leachate concentration of Zn and Cu [66,67]. In contrast to FeSO4, goethite
and Fe0 application significantly reduced the concentration of Zn and Cu. No further
reduction was caused by goethite and Fe0 addition. As shown in Figure 3, the maximum
adsorption efficiencies of Zn and Cu were 72.60% and 68.05%, respectively, in goethite-
treated soil. The maximum adsorption efficiencies of Zn and Cu were 61.29% and 63.31%,
respectively, in Fe0-modified soil. Zn and Cu fixation by goethite could be attributed
mainly to metal diffusion into the structural lattice of goethite by the following reactions:
≡Fe-OH + Me2+ + H2O
 ≡Fe-O-MeOH2

+; ≡Fe-O-MeOH2
+ + Me2+ + 2H2O
 Fe-O-

MeOH2
+ + Me(OH)2(s) + 2H+ [68]. With Al(OH)3 addition, the Zn and Cu concentration

in the leachate decreased significantly, especially in FeSO4·7H2O-treated soil. Al(OH)3
(4%) decreased the extractable Zn by 99.72%, 83.47%, and 96.26% in FeSO4·7H2O, goethite,
and Fe0-modified soil, respectively (Figure 3), whereas 4% Al(OH)3 addition decreased the
extractable Cu by 96.11%, 83.61%, and 93.21% in FeSO4·7H2O, goethite, and Fe0-modified
soil, respectively. The reduction in extractable Zn and Cu in Fe–Al-based modified soil
may indicate that Al(OH)3 was important in Zn and Cu immobilization. These results
are similar to those reported previously [36] and are somewhat expected in Fe–Al-based
modified soil, where a substantial amount of the Sb and co-occurring metals are likely to
form stable surface complexes or precipitates with iron and aluminum hydroxide [36]. In
soil that is amended with 5% ferrous sulfate and 4% aluminum hydroxide, the leachate
concentrations of Sb, Zn, and Cu decreased significantly, and the maximum stabilization
efficiencies were 94.69%, 74.17%, and 82.15%, respectively. Goethite (10%) and aluminum
hydroxide (2%, pH = 8.36) addition yielded a 32.60% stabilization efficiency of Sb and an
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decreases of 87.45% and 93.73% in Zn and Cu, respectively. The mixture of 10% Fe0 and
2% aluminum hydroxide (pH = 8.74) stabilized Sb, Zn, and Cu in soil with efficiencies of
75.00%, 94.01%, and 94.14%, respectively. For high Sb contamination and light pollution
with Zn and Cu, 5% FeSO4·7H2O and 4% Al(OH)3 addition was shown to be the most
suitable amendment course.

3.3. Column Experiments
3.3.1. Column Experiments for Sb Immobilization

In column experiments, the initial Sb concentration in leachate of untreated soil was
16.5 mg/L, which exceeds the GB/T 14848—2017 (Standard for Groundwater Quality) type-
V leachate limit (0.01 mg/L) (AQSIQ, 2017) (Figure 5a). When the pore volume reached
3.7, the concentration of Sb in leachate increased substantially to a peak of 17.73 mg/L.
Similar leachate results were found in shooting range soil [15]. Okkenhaug et al. [15]
assumed that this initial increase in Sb occurred because of the depletion of H+ in the soil
during leachate, which induced a decrease in the positive surface charge of minerals such
as iron oxyhydroxides. Consequently, the sorption capacity of negatively charged anions
decreased. In this study, no significant pH increase was recorded. Sb mobilization may have
increased in untreated soil through the depletion of organic and inorganic components and
through the partial dissolution of reducible and oxidizable fractions [1,69]. After an initial
increase, the Sb concentration decreased exponentially up to a PV of 74.4. At this stage, the
pH decreased rapidly to 7.03. Subsequently, the pH stabilized at ~7. As a result, the Sb
concentration stabilized at 0.99 mg/L. The trend in Sb leachate was consistent with the pH
trend, which meant that Sb dissolution was affected by soil pH [70]. Hockmann et al. [71]
found a similar effect for Sb in large-range soil under large seepage conditions. The initial
Sb concentration of leachate in a 5% FeSO4·7H2O- and 4% Al(OH)3-modified column was
0.024 mg/L, which was 675 times lower than that of untreated soil, and the stabilization
efficiency was 99.86%. The pH was adjusted to 3–10 by the addition of pH regulators,
NaHSO4 or Na2CO3. The leachate concentration of Sb in the stabilized soil is shown in
Figure 5a. The leachate concentrations of Sb in descending order was as follows: Group A,
Group D, Group B, Group C. Group D showed a high initial Sb concentration (16.82 mg/L)
compared with Group B (0.29 mg/L) and Group C (0.02 mg/L) as a result of the rapid
increase in pH that was induced by large amounts of OH−, which decreased the positive
surface charge of iron and aluminum oxyhydroxide. Consequently, Group B decreased the
retention capacity of negatively charged anions [67,72]. The leachate concentration of Sb
in Group B decreased to levels similar to Group C with an increase in PV and a decrease
in pH.

The calculation results of the cumulative leachate amount of Sb in the dynamic process
of each group are shown in Figure 5b. When the PV reached 223.3, the total amounts of
Sb that was leached in Groups A, B, C, and D were 577.61, 79.75, 81.71, and 101.01 mg/kg,
respectively. Soils that were amended with FeSO4·7H2O mixed with Al(OH)3 showed
a good Sb stabilization effect [36], with stabilization efficiencies of 86.19%, 85.85%, and
82.51% in Groups B, C, and D, respectively. Group B decreased the soil pH significantly,
but did not increase the retention effect of Sb. The pH of Group C was consistent with
untreated soil when the PV reached 37.2. The 5% FeSO4·7H2O and 4% Al(OH)3 mixed
addition showed the best stabilization performance of Sb with less pH disturbance.
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Figure 5. Changes in leachate concentration and accumulation of heavy metals in column experi‐

ment: (◆) untreated soil, (●) Fe–Al‐stabilized soil with acidification, (□) Fe–Al‐stabilized soil, () 

Fe–Al‐stabilized soil with alkalization (a,c,e—Sb, Zn, Cu concentration in leachate respectively; b,d, 

f—total leaching amount of Sb, Zn, Cu/ weight of soil). 

Figure 5. Changes in leachate concentration and accumulation of heavy metals in column experi-
ment: (�) untreated soil, (•) Fe–Al-stabilized soil with acidification, (�) Fe–Al-stabilized soil, (B)
Fe–Al-stabilized soil with alkalization ((a,c,e)—Sb, Zn, Cu concentration in leachate respectively;
(b,d, f)—total leaching amount of Sb, Zn, Cu/ weight of soil).

3.3.2. Column Experiments for Zn and Cu Immobilization

The initial Zn (0.056 mg/L) and Cu (0.067 mg/L) concentrations in the leachate of
untreated soil in Figure 5c,e, exceeded the GB/T 14848–2017 (Standard for Groundwater
Quality) (AQSIQ, 2017) type-I and -II leachate limit, respectively. As shown in Figure 6c–f,
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the leachate concentration of Zn and Cu decreased significantly when PV < 74.4, showed a
slower decrease and tended to stabilize when PV ≥ 74.4. The final leachate concentration
of Zn and Cu stabilized at ~0.009 and 0.0035 mg/L, which was 6.2 and 19.1 times lower
than that of the initial concentration, respectively. The initial Zn and Cu concentrations
in the leachate of soil, amended with 5% FeSO4·7H2O and 4% Al(OH)3, were 7.83 and
0.069 mg/L, which were 139 and 1.04 times higher than those of untreated soil, respectively.
After Fe–Al-based adsorbent addition, the soil became transitory acidic, which promoted
Zn and Cu leachate [66]. A significant increase in the leachate concentration of Zn and Cu
was observed in stabilized soil with acidification, but a significant decrease in the leachate
concentration of Zn and Cu was observed in stabilized soil with alkalization, which was
the result of the surface charge variation in minerals that were induced by pH and the
positively charged property of Zn and Cu [67]. For PV ≥ 74.4, the leachate concentrations
of Zn and Cu in the three groups of modified soil were consistent with untreated soil as the
pH eventually equilibrated.
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Figure 6. Leach solution pH with change in PV.

The calculation results of the cumulative leachate amounts of Zn and Cu in the
dynamic process of each group are shown in Figure 5d, f. The total leachate amount of
Zn in Groups A, B, C, and D was 2.88, 44.37, 11.34, and 1.19 mg/kg, respectively. The
amount of released Zn increased slowly when PV ≥ 74.4 and depended on the soil pH [73].
The total amounts of Cu leached in Groups A, B, C, and D were 1.27, 2.02, 1.55, and
1.23 mg/kg, respectively. The highest release resulted in Fe–Al-stabilized soil with the
acidification group. In the four groups, even a moderate change in pH could induce
persistent Cu release.

3.3.3. pH Effects on Sb and Co-Occurring Heavy Metals Immobilization

The initial leachate pH for a 5% FeSO4·7H2O + 4% Al(OH)3 addition with or without
a pH regulator differed significantly from the pH of the control groups; however, pH
differences between the groups decreased to PVs up to 55.4 (Figure 5). The initial pH values
of Groups A and D were 8.05 and 9.30; these values decreased with an increase in PV,
and the pH of the column leachate tended towards stability when the PV reached 74.4. In
contrast, the initial pH values in the leachate of Groups B and C were 3.70 and 3.30, which
increased with the increase in PV to 37.2 and 74.4. The dynamic column experiment results
show that the leachate solution pH stabilized at 6–8. The addition of 5% FeSO4 and 4%
Al(OH)3 without a pH regulator had less effect on the final column soil pH.

The change in pH with PV affected Sb, Zn, and Cu stabilization in the soil. Sb
could be amended by Fe–Al-based mixed amendments in a wide pH range (pH = 3–10)
by strong binding to Fe oxyhydroxides as inner-sphere surface complexes [74] and the
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optimization pH range for adsorption was less than 7. This result agreed with the findings
of Leuz et al. [32], who found that H+ could increase the positive surface charge of iron
oxyhydroxides and enhance the sorption capacity of Sb(OH)6

-. However, when the pH
exceeded 8, Sb(V) desorption was observed in the study of Leuz et al. [32]. This desorption
reaction occurred mainly because the surface electronegativity of alkaline soil exceeded
that of acidic soil, and it had a strong repulsive force to the anion Sb(OH)6

-, which was
not conducive to adsorption [75]. Therefore, the retention and stabilization efficiency of Sb
decreased with an increase in pH. In contrast to Sb, the stabilization efficiency of Zn and Cu
in soil increased significantly with an increase in pH. The stabilization of Zn and Cu under
alkaline conditions was better than that under acidic conditions. This reduced retention
effectiveness in acidic conditions could be caused by the following: First, H+ replaces Zn2+

and Cu+ in the complex that is formed by the adsorption reaction, which induces Zn and
Cu ions to migrate into the soil pore water [76]. Second, the partial dissolution of the
sorbent, especially Al(OH)3, in the soil leads to reduced sorption sites and potentially a
lower retention of Zn and Cu. However, because of limited Sb sorption capacity, the partial
dissolution of Al(OH)3 had little effect on Sb adsorption under acidic conditions [4]. This
pH contrast between Sb stabilization and co-occurring metals highlights the immobilization
advantages of FeSO4-mixed Al(OH)3 addition.

4. Conclusions

This work shows that the studied Fe–Al-based amendments are suitable for the si-
multaneous stabilization of Sb and co-occurring metals, such as Cu and Zn in primary
explosives-sites soil that is contaminated with a high concentration of Sb. Experimen-
tal results show that FeSO4·7H2O had an ideal retention of Sb and Al(OH)3 and could
prevent Cu and Zn mobilization. Batch and column leachate results showed that a
5% FeSO4·7H2O + 4% Al(OH)3 application mixed with soil could immobilize Sb and retain
co-occurring metals in highly contaminated Sb soils. The results of pH-regulated column
tests indicated that acid conditioning favored Sb retention. Amendment addition had
a positive impact on Sb retention and reduced the labile fractions of Sb. However, the
retention behavior and mechanism, ion-exchange mechanism involved in these processes,
and possible changes in remediation effect with time must be determined from further
experiments. Amendment selection for primary-explosives-contaminated soils is based
primarily on its ability to reduce the concentration of labile Sb, Cu, and Zn. In contrast,
additional effects, such as the impact of amendments on the soil microbial abundance, com-
munity, diversity, and soil functionality are often neglected. Hydrolytic reactions of iron
salt can cause soil acidification, and consequently limit site utilization. Sulfate addition to
soil from FeSO4·7H2O likely had a substantial influence on the microbial community. These
changes may affect key soil ecosystems and result in an ecological risk in the amended soil.
The soil ecological risk must be investigated further after the addition of these efficient
chemical amendments.

Author Contributions: Conceptualization, T.X.; writing—original draft preparation, N.W. and Y.J.;
writing—review and editing, N.W.; validation, F.X., resources, C.Z. and Z.W.; supervision, D.Z.; fund-
ing acquisition, N.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [Beijing Municipal Natural Science Foundation] grant num-
ber [8204063].

Acknowledgments: This work was supported financially by Beijing Municipal Natural Science
Foundation (8204063). The authors acknowledge the support of the Beijing Municipal Research
Institute of Eco-Environment Protection, Beijing Institute of Mineral Resources and Geology, Beijing
Normal University, and Technical Centre for Soil, Agriculture and Rural Ecology and Environment,
Ministry of Ecology and Environment. These four institutions support resource sharing and an
experimental platform. We thank Laura Kuhar, from Liwen Bianji (Edanz) (www.liwenbianji.cn/; 28
January 2022), for editing the English text of a draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

www.liwenbianji.cn/


Int. J. Environ. Res. Public Health 2022, 19, 1979 14 of 16

References
1. Hu, X.; Kong, L.; He, M. Kinetics and mechanism of photopromoted oxidative dissolution of antimony trioxide. Environ. Sci.

Technol. 2014, 48, 14266–14272. [CrossRef]
2. Kong, L.; Hu, X.; He, M. Mechanisms of Sb(III) oxidation by pyrite-induced hydroxyl radicals and hydrogen peroxide. Environ.

Sci. Technol. 2015, 49, 3499–3505. [CrossRef]
3. Filella, M.; Belzile, N.; Chen, Y.W. Antimony in the environment: A review focused on natural waters I. occurrence. Earth-Sci. Rev.

2002, 57, 125–176. [CrossRef]
4. He, M.; Wang, N.; Long, X.; Zhang, C.; Ma, C.; Zhong, Q.; Wang, A.; Wang, Y.; Pervaiz, A.; Shan, J. Antimony speciation in the

environment: Recent advances in understanding the biogeochemical processes and ecological effects. J. Environ. Sci. 2019, 75,
14–39. [CrossRef] [PubMed]

5. Gebel, T. Arsenic and antimony: Comparative approach on mechanistic toxicology. Chem.-Biol. Interact. 1997, 107, 131–144.
[CrossRef]

6. Gerhardsson, L.; Brune, D.; Nordberg, G.F.; Wester, P.O. Antimony in lung, liver and kidney from deceased smelter workers.
Scandinavian. J. Work. Environ. Health 1982, 8, 201–208. [CrossRef]

7. Wang, N.; Wang, A.; Kong, L.; He, M. Calculation and application of Sb toxicity coefficient for potential ecological risk assessment.
Sci. Total Environ. 2018, 610-611, 167–174. [CrossRef]

8. Wang, N.; Wang, A.; Xie, J.; He, M. Responses of soil fungal and archaeal communities to environmental factors in an ongoing
antimony mine area. Sci. Total Environ. 2019, 652, 1030–1039. [CrossRef]

9. Wang, X.; He, M.; Xi, J.; Lu, X.; Xie, J. Antimony, arsenic and other toxic elements in the topsoil of an antimony mine area. In
Molecular Environmental Soil Science at the Interfaces in the Earth’s Critical Zone; Springer: Berlin/Heidelberg, Germany, 2010; pp.
58–61.

10. Wu, F.; Fu, Z.; Liu, B.; Mo, C.; Chen, B.; Corns, W.; Liao, H. Health risk associated with dietary co-exposure to high levels of
antimony and arsenic in the world’s largest antimony mine area. Sci. Total Environ. 2011, 409, 3344–3351. [CrossRef]

11. Filella, M.; Philippo, S.; Belzile, N.; Chen, Y.W.; Quentel, F. Natural attenuation processes applying to antimony: A study in the
abandoned antimony mine in Goesdorf, Luxembourg. Sci. Total Environ. 2009, 407, 6205–6216. [CrossRef]

12. Amarasiriwardena, D.; Wu, F. Antimony: Emerging toxic contaminant in the environment Preface. Microchem. J. 2011, 97, 1–3.
[CrossRef]

13. Wang, N.; Zhang, S.; He, M. Bacterial community profile of contaminated soils in a typical antimony mining site. Environ. Sci.
Pollut. Res. 2018, 25, 141–152. [CrossRef]

14. Ahmad, M.; Lee, S.S.; Lim, J.E.; Lee, S.E.; Cho, J.S.; Moon, D.H.; Hashimoto, Y.; Ok, Y.S. Speciation and phytoavailability of lead
and antimony in a small arms range soil amended with mussel shell, cow bone and biochar: EXAFS spectroscopy and chemical
extractions. Chemosphere 2014, 95, 433–441. [CrossRef] [PubMed]

15. Okkenhaug, G.; Amstatter, K.; Bue, H.L.; Cornelissen, G.; Breedveld, G.D.; Henriksen, T.; Mulder, J. Antimony (Sb) Contaminated
Shooting Range Soil: Sb Mobility and Immobilization by Soil Amendments. Environ. Sci. Technol. 2013, 47, 6431–6439. [CrossRef]

16. Wang, X.; He, M.; Xie, J.; Xi, J.; Lu, X. Heavy metal pollution of the world largest antimony mine-affected agricultural soils in
Hunan province (China). J. Soils Sediments 2010, 10, 827–837. [CrossRef]

17. Matyáš, R.; Pachman, B. Primary Explosives; Springer: Berlin/Heidelberg, Germany, 2013; p. 350.
18. Hu, X.; He, M.; Kong, L. Photopromoted oxidative dissolution of stibnite. Appl. Geochem. 2015, 61, 53–61. [CrossRef]
19. Huynh, M.H.V.; Coburn, M.D.; Meyer, T.J.; Wetzler, M. Green primary explosives: 5-Nitrotetrazolato-N2-ferrate hierarchies. Proc.

Natl. Acad. Sci. USA 2006, 103, 10322–10327. [CrossRef]
20. Brede, U.; Hagel, R.; Redecker, K.H.; Weuter, W. Primer compositions in the course of time: From black powder and SINOXID to

SINTOX compositions and SINCO booster. Propellants Explos. Pyrotech. 1996, 21, 113–117. [CrossRef]
21. Jiang, Y.; Jia, X.; Xia, T.; Li, N.; Zhang, W. Environmental Risk Assessment of Antimony in Contaminated Soil by Primary

Explosives. Res. Environ. Sci. 2020, 33, 485–493.
22. Okkenhaug, G.; Zhu, Y.G.; Luo, L.; Lei, M.; Li, X.; Mulder, J. Distribution, speciation and availability of antimony (Sb) in soils and

terrestrial plants from an active Sb mining area. Environ. Pollut. 2011, 159, 2427–2434. [CrossRef]
23. Herath, I.; Vithanage, M.; Bundschuh, J. Antimony as a global dilemma: Geochemistry, mobility, fate and transport. Environ.

Pollut. 2017, 223, 545–559. [CrossRef] [PubMed]
24. Yuan, Z.; Zhang, G.; Lin, J.; Zeng, X.; Ma, X.; Wang, X.; Wang, S.; Jia, Y. The stability of Fe(III)-As(V) co-precipitate in the presence

of ascorbic acid: Effect of pH and Fe/As molar ratio. Chemosphere 2019, 218, 670–679. [CrossRef] [PubMed]
25. Zhang, D.; Wang, S.; Gomez, M.A.; Wang, Y.; Jia, Y. Long-term stability of the Fe(III)-As(V) coprecipitates: Effects of neutralization

mode and the addition of Fe(II) on arsenic retention. Chemosphere 2019, 237, 124503. [CrossRef] [PubMed]
26. Tandy, S.; Meier, N.; Schulin, R. Use of soil amendments to immobilize antimony and lead in moderately contaminated shooting

range soils. J. Hazard. Mater. 2017, 324, 617–625. [CrossRef] [PubMed]
27. Filella, M.; Belzile, N.; Chen, Y.W. Antimony in the environment: A review focused on natural waters II. Relevant solution

chemistry. Earth-Sci. Rev. 2002, 59, 265–285. [CrossRef]
28. Ilgen, A.G.; Majs, F.; Barker, A.J.; Douglas, T.A.; Trainor, T.P. Oxidation and mobilization of metallic antimony in aqueous systems

with simulated groundwater. Geochim. Cosmochim. Acta 2014, 132, 16–30. [CrossRef]

http://doi.org/10.1021/es503245v
http://doi.org/10.1021/es505584r
http://doi.org/10.1016/S0012-8252(01)00070-8
http://doi.org/10.1016/j.jes.2018.05.023
http://www.ncbi.nlm.nih.gov/pubmed/30473279
http://doi.org/10.1016/S0009-2797(97)00087-2
http://doi.org/10.5271/sjweh.2475
http://doi.org/10.1016/j.scitotenv.2017.07.268
http://doi.org/10.1016/j.scitotenv.2018.10.300
http://doi.org/10.1016/j.scitotenv.2011.05.033
http://doi.org/10.1016/j.scitotenv.2009.08.027
http://doi.org/10.1016/j.microc.2010.07.009
http://doi.org/10.1007/s11356-016-8159-y
http://doi.org/10.1016/j.chemosphere.2013.09.077
http://www.ncbi.nlm.nih.gov/pubmed/24183621
http://doi.org/10.1021/es302448k
http://doi.org/10.1007/s11368-010-0196-4
http://doi.org/10.1016/j.apgeochem.2015.05.014
http://doi.org/10.1073/pnas.0604241103
http://doi.org/10.1002/prep.19960210302
http://doi.org/10.1016/j.envpol.2011.06.028
http://doi.org/10.1016/j.envpol.2017.01.057
http://www.ncbi.nlm.nih.gov/pubmed/28190688
http://doi.org/10.1016/j.chemosphere.2018.11.142
http://www.ncbi.nlm.nih.gov/pubmed/30504042
http://doi.org/10.1016/j.chemosphere.2019.124503
http://www.ncbi.nlm.nih.gov/pubmed/31398610
http://doi.org/10.1016/j.jhazmat.2016.11.034
http://www.ncbi.nlm.nih.gov/pubmed/27863798
http://doi.org/10.1016/S0012-8252(02)00089-2
http://doi.org/10.1016/j.gca.2014.01.019


Int. J. Environ. Res. Public Health 2022, 19, 1979 15 of 16

29. Filella, M.; Williams, P.A.; Belzile, N. Antimony in the environment: Knowns and unknowns. Environ. Chem. 2009, 6, 95–105.
[CrossRef]

30. Guo, X.; Wu, Z.; He, M.; Meng, X.; Jin, X.; Qiu, N.; Zhang, J. Adsorption of antimony onto iron oxyhydroxides: Adsorption
behavior and surface structure. J Hazard. Mater. 2014, 276, 339–345. [CrossRef] [PubMed]

31. Garau, G.; Silvetti, M.; Vasileiadis, S.; Donner, E.; Diquattro, S.; Deiana, S.; Lombi, E.; Castaldi, P. Use of municipal solid wastes
for chemical and microbiological recovery of soils contaminated with metal(loid)s. Soil Biol. Biochem. 2017, 111, 25–35. [CrossRef]

32. Leuz, A.-K.; Moench, H.; Johnson, C.A. Sorption of Sb(III) and Sb(V) to goethite: Influence on Sb(III) oxidation and mobilization.
Environ. Sci. Technol. 2006, 40, 7277–7282. [CrossRef]

33. Kong, L.; He, M. Mechanisms of Sb(III) photooxidation by the excitation of organic Fe(III) complexes. Environ. Sci. Technol. 2016,
50, 6974–6982. [CrossRef] [PubMed]

34. Almas, A.R.; Pironin, E.; Okkenhaug, G. The partitioning of Sb in contaminated soils after being immobilization by Fe-based
amendments is more dynamic compared to Pb. Appl. Geochem. 2019, 108, 104378. [CrossRef]

35. Wang, Y.; Michel, F.M.; Levard, C.; Choi, Y.; Eng, P.J.; Brown, G.E., Jr. Competitive Sorption of Pb(II) and Zn(II) on Polyacrylic
Acid-Coated Hydrated Aluminum-Oxide Surfaces. Environ. Sci. Technol. 2013, 47, 12131–12139. [CrossRef] [PubMed]

36. Garau, G.; Silvetti, M.; Castaldi, P.; Mele, E.; Deiana, P.; Deiana, S. Stabilising metal(loid)s in soil with iron and aluminium-based
products: Microbial, biochemical and plant growth impact. J. Environ. Manag. 2014, 139, 146–153. [CrossRef] [PubMed]

37. James, K.; Peters, R.E.; Laird, B.D.; Ma, W.K.; Wickstrom, M.; Stephenson, G.L.; Siciliano, S.D. Human Exposure Assessment: A
Case Study of 8 PAH Contaminated Soils Using in Vitro Digestors and the Juvenile Swine Model. Environ. Sci. Technol. 2011, 45,
4586–4593. [CrossRef] [PubMed]

38. Zhang, S.; Wang, Y.; Pervaiz, A.; Kong, L.; He, M. Comparison of diffusive gradients in thin-films (DGT) and chemical extraction
methods for predicting bioavailability of antimony and arsenic to maize. Geoderma 2018, 332, 1–9. [CrossRef]

39. Rauret, G.; Lopez-Sanchez, J.F.; Sahuquillo, A.; Rubio, R.; Davidson, C.; Ure, A.; Quevauviller, P. Improvement of the BCR three
step sequential extraction procedure prior to the certification of new sediment and soil reference materials. J. Environ. Monit.
1999, 1, 57–61. [CrossRef]

40. Weng, H.-X.; Ma, X.-W.; Fu, F.-X.; Zhang, J.-J.; Liu, Z.; Tian, L.-X.; Liu, C. Transformation of heavy metal speciation during sludge
drying: Mechanistic insights. J. Hazard. Mater. 2014, 265, 96–103. [CrossRef]

41. Liu, Y.; Yan, J.; Liu, F.; Shen, C.; Li, F.; Yang, B.; Huang, M.; Sang, W. Nanoscale iron (oxyhydr)oxide-modified carbon nanotube
filter for rapid and effective Sb(III) removal. Rsc Adv. 2019, 9, 9.

42. Gao, F.; Ju, T.; Wu, X.; Wang, Y.; Li, X.; Fan, P.; Luan, T.; Zhou, J. Spatial Variability and Autocorrelation Analysis of pH in a
Mollisol Tillage Area of Northeast China. Soils 2018, 50, 566–573.

43. Shen, F.; Liao, R.; Ali, A.; Mahar, A.; Guo, D.; Li, R.; Xining, S.; Awasthi, M.K.; Wang, Q.; Zhang, Z. Spatial distribution and risk
assessment of heavy metals in soil near a Pb/Zn smelter in Feng County, China. Ecotoxicol. Environ. Saf. 2017, 139, 254–262.
[CrossRef]

44. Chen, M.; Li, X.-M.; Yang, Q.; Zeng, G.-M.; Zhang, Y.; Liao, D.-X.; Liu, J.-J.; Hu, J.-M.; Guo, L. Total concentrations and speciation
of heavy metals in municipal sludge from Changsha, Zhuzhou and Xiangtan in middle-south region of China. J. Hazard. Mater.
2008, 160, 324–329. [CrossRef] [PubMed]

45. Tresintsi, S.; Simeonidis, K.; Vourlias, G.; Stavropoulos, G.; Mitrakas, M. Kilogram-scale synthesis of iron oxy-hydroxides with
improved arsenic removal capacity: Study of Fe(II) oxidation-precipitation parameters. Water Res. 2012, 46, 5255–5267. [CrossRef]

46. Zhang, T.; Zhao, Y.; Bai, H.; Wang, W.; Zhang, Q. Enhanced arsenic removal from water and easy handling of the precipitate
sludge by using FeSO4 with CaCO3 to Ca(OH)2. Chemosphere 2019, 231, 134–139. [CrossRef] [PubMed]

47. Jang, J.-H.; Dempsey, B.A.; Burgos, W.D. Solubilitv of hematite revisited: Effects of hydration. Environ. Sci. Technol. 2007, 41,
7303–7308. [CrossRef] [PubMed]

48. Garau, G.; Silvetti, M.; Deiana, S.; Deiana, P.; Castaldi, P. Long-term influence of red mud on As mobility and soil physico-chemical
and microbial parameters in a polluted sub-acidic soil. J. Hazard. Mater. 2011, 185, 1241–1248. [CrossRef]

49. Wilson, S.C.; Lockwood, P.V.; Ashley, P.M.; Tighe, M. The chemistry and behaviour of antimony in the soil environment with
comparisons to arsenic: A critical review. Environ. Pollut. 2010, 158, 1169–1181. [CrossRef] [PubMed]

50. Manzano, R.; Silvetti, M.; Garau, G.; Deiana, S.; Castaldi, P. Influence of iron-rich water treatment residues and compost on the
mobility of metal(loid)s in mine soils. Geoderma 2016, 283, 1–9. [CrossRef]

51. Palansooriya, K.N.; Shaheen, S.M.; Chen, S.S.; Tsang, D.C.W.; Hashimoto, Y.; Hou, D.; Bolan, N.S.; Rinklebe, J.; Ok, Y.S. Soil
amendments for immobilization of potentially toxic elements in contaminated soils: A critical review. Environ. Int. 2020,
134, 105046. [CrossRef] [PubMed]

52. Scheinost, A.C.; Rossberg, A.; Vantelon, D.; Xifra, I.; Kretzschmar, R.; Leuz, A.-K.; Funke, H.; Johnson, C.A. Quantitative antimony
speciation in shooting-range soils by EXAFS spectroscopy. Geochim. Cosmochim. Acta 2006, 70, 3299–3312. [CrossRef]

53. Serafimovska, J.M.; Arpadjan, S.; Stafilov, T.; Tsekova, K. Study of the antimony species distribution in industrially contaminated
soils. J. Soils Sediments 2013, 13, 294–303. [CrossRef]

54. Kong, L.; He, M.; Hu, X. Rapid photooxidation of Sb(III) in the presence of different Fe(III) species. Geochim. Cosmochim. Acta
2016, 180, 214–226. [CrossRef]

55. Guo, X.; Wu, Z.; He, M. Removal of antimony(V) and antimony(III) from drinking water by coagulation-flocculation-
sedimentation (CFS). Water Res. 2009, 43, 4327–4335. [CrossRef] [PubMed]

http://doi.org/10.1071/EN09007
http://doi.org/10.1016/j.jhazmat.2014.05.025
http://www.ncbi.nlm.nih.gov/pubmed/24910911
http://doi.org/10.1016/j.soilbio.2017.03.014
http://doi.org/10.1021/es061284b
http://doi.org/10.1021/acs.est.6b00857
http://www.ncbi.nlm.nih.gov/pubmed/27267512
http://doi.org/10.1016/j.apgeochem.2019.104378
http://doi.org/10.1021/es401353y
http://www.ncbi.nlm.nih.gov/pubmed/24024496
http://doi.org/10.1016/j.jenvman.2014.02.024
http://www.ncbi.nlm.nih.gov/pubmed/24685456
http://doi.org/10.1021/es1039979
http://www.ncbi.nlm.nih.gov/pubmed/21500801
http://doi.org/10.1016/j.geoderma.2018.06.023
http://doi.org/10.1039/a807854h
http://doi.org/10.1016/j.jhazmat.2013.11.051
http://doi.org/10.1016/j.ecoenv.2017.01.044
http://doi.org/10.1016/j.jhazmat.2008.03.036
http://www.ncbi.nlm.nih.gov/pubmed/18573598
http://doi.org/10.1016/j.watres.2012.06.049
http://doi.org/10.1016/j.chemosphere.2019.05.117
http://www.ncbi.nlm.nih.gov/pubmed/31129393
http://doi.org/10.1021/es070535t
http://www.ncbi.nlm.nih.gov/pubmed/18044503
http://doi.org/10.1016/j.jhazmat.2010.10.037
http://doi.org/10.1016/j.envpol.2009.10.045
http://www.ncbi.nlm.nih.gov/pubmed/19914753
http://doi.org/10.1016/j.geoderma.2016.07.024
http://doi.org/10.1016/j.envint.2019.105046
http://www.ncbi.nlm.nih.gov/pubmed/31731004
http://doi.org/10.1016/j.gca.2006.03.020
http://doi.org/10.1007/s11368-012-0623-9
http://doi.org/10.1016/j.gca.2016.02.022
http://doi.org/10.1016/j.watres.2009.06.033
http://www.ncbi.nlm.nih.gov/pubmed/19595424


Int. J. Environ. Res. Public Health 2022, 19, 1979 16 of 16

56. Wu, Z.; He, M.; Guo, X.; Zhou, R. Removal of antimony (III) and antimony (V) from drinking water by ferric chloride coagulation:
Competing ion effect and the mechanism analysis. Sep. Purif. Technol. 2010, 76, 184–190. [CrossRef]

57. Leverett, P.; Reynolds, J.K.; Roper, A.J.; Williams, P.A. Tripuhyite and schafarzikite: Two of the ultimate sinks for antimony in the
natural environment. Mineral. Mag. 2012, 76, 891–902. [CrossRef]

58. Liu, Y.; Lou, Z.; Yang, K.; Wang, Z.; Zhou, C.; Li, Y.; Cao, Z.; Xu, X. Coagulation removal of Sb(V) from textile wastewater matrix
with enhanced strategy: Comparison study and mechanism analysis. Chemosphere 2019, 237, 124494. [CrossRef] [PubMed]

59. Jarvis, P.; Sharp, E.; Pidou, M.; Molinder, R.; Parsons, S.A.; Jefferson, B. Comparison of coagulation performance and floc
properties using a novel zirconium coagulant against traditional ferric and alum coagulants. Water Res. 2012, 46, 4179–4187.
[CrossRef]

60. Dehghani, M.H.; Karimi, B.; Rajaei, M.S. The effect of aeration on advanced coagulation, flotation and advanced oxidation
processes for color removal from wastewater. J. Mol. Liq. 2016, 223, 75–80. [CrossRef]

61. Essington, M.E.; Stewart, M.A. Influence of Temperature and pH on Antimonate Adsorption by Gibbsite, Goethite, and Kaolinite.
Soil Sci. 2015, 180, 54–66. [CrossRef]

62. Mishra, S.; Dwivedi, J.; Kumar, A.; Sankararamakrishnan, N. Removal of antimonite (Sb(III)) and antimonate (Sb(V)) using
zerovalent iron decorated functionalized carbon nanotubes. RSC Adv. 2016, 6, 95865–95878. [CrossRef]

63. Dai, C.; Zhou, Z.; Zhou, X.; Zhang, Y. Removal of Sb (III) and Sb(V) from Aqueous Solutions Using nZVI. Water Air Soil Pollut.
2014, 225, 1799. [CrossRef]

64. Daoyong, Z.; Xiangliang, P.A.N.; Guijin, M.U.; Huiming, G.U. Removal of antimony from water by adsorption to red mud.
Technol. Water Treat. 2008, 34, 34–37.

65. Kameda, T.; Yagihashi, N.; Park, K.-S.; Grause, G.; Yoshioka, T. Preparetation of Fe-Al layered double hydroxide and its application
in Sb removal. Fresenius Environ. Bull. 2009, 18, 1006–1010.

66. Hai-ying, Z.; You-cai, Z.; Guo-xin, Z.; Jing-yu, Q.I.; Cui-xiang, G.U.O.; Li-jie, S. Leaching Behavior of Heavy Metals from MSWI
Fly Ash. Environ. Sci. Technol. 2010, 33, 130–132.

67. Li, J.; Chen, J.; Cao, H.; He, P. Influence of pH on leaching of pollutants from sewage sludge. Chin. J. Environ. Eng. 2013, 7,
4983–4989.

68. Cui, H.; Yang, X.; Xu, L.; Fan, Y.; Yi, Q.; Lia, R.; Zhou, J. Effects of goethite on the fractions of Cu, Cd, Pb, P and soil enzyme
activity with hydroxyapatite in heavy metal-contaminated soil. Rsc. Adv. 2017, 7, 45869–45877. [CrossRef]

69. Hu, X.; He, M. Organic ligand-induced dissolution kinetics of antimony trioxide. J. Environ. Sci. 2017, 56, 87–94. [CrossRef]
[PubMed]

70. Hu, X.; Guo, X.; He, M.; Li, S. pH-dependent release characteristics of antimony and arsenic from typical antimony-bearing ores.
J. Environ. Sci. 2016, 44, 171–179. [CrossRef] [PubMed]

71. Hockmann, K.; Tandy, S.; Lenz, M.; Reiser, R.; Conesa, H.M.; Keller, M.; Studer, B.; Schulin, R. Antimony retention and release
from drained and waterlogged shooting range soil under field conditions. Chemosphere 2015, 134, 536–543. [CrossRef]

72. Klitzke, S.; Lang, F. Mobilization of Soluble and Dispersible Lead, Arsenic, and Antimony in a Polluted, Organic-rich Soil—Effects
of pH Increase and Counterion Valency. J. Environ. Qual. 2009, 38, 933–939. [CrossRef]

73. Ke, X.; Zhang, F.J.; Zhou, Y.; Zhang, H.J.; Guo, G.L.; Tian, Y. Removal of Cd, Pb, Zn, Cu in smelter soil by citric acid leaching.
Chemosphere 2020, 255, 126690. [CrossRef] [PubMed]

74. Mitsunobu, S.; Takahashi, Y.; Terada, Y.; Sakata, M. Antimony(V) Incorporation into Synthetic Ferrihydrite, Goethite, and Natural
Iron Oxyhydroxides. Environ. Sci. Technol. 2010, 44, 3712–3718. [CrossRef]

75. Ma, X.; Qin, J.; Zhang, Y. A Comparison of Desorption Behaviors of Sb in Different Soils. J. Agro-Environ. Sci. 2015, 34, 1528–1534.
76. Du, X.; Cui, S.; Wang, Q.; Han, Q.; Liu, G. Non-competitive and competitive adsorption of Zn (II), Cu (II), and Cd (II) by a

granular Fe-Mn binary oxide in aqueous solution. Environ. Prog. Sustain. Energy 2021, 40, e13611. [CrossRef]

http://doi.org/10.1016/j.seppur.2010.10.006
http://doi.org/10.1180/minmag.2012.076.4.06
http://doi.org/10.1016/j.chemosphere.2019.124494
http://www.ncbi.nlm.nih.gov/pubmed/31394444
http://doi.org/10.1016/j.watres.2012.04.043
http://doi.org/10.1016/j.molliq.2016.08.019
http://doi.org/10.1097/SS.0000000000000112
http://doi.org/10.1039/C6RA18965B
http://doi.org/10.1007/s11270-013-1799-3
http://doi.org/10.1039/C7RA08786A
http://doi.org/10.1016/j.jes.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28571874
http://doi.org/10.1016/j.jes.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/27266313
http://doi.org/10.1016/j.chemosphere.2014.12.020
http://doi.org/10.2134/jeq2008.0239
http://doi.org/10.1016/j.chemosphere.2020.126690
http://www.ncbi.nlm.nih.gov/pubmed/32387903
http://doi.org/10.1021/es903901e
http://doi.org/10.1002/ep.13611

	Introduction 
	Materials and Methods 
	Sb-Contaminated Soils and Adsorbents 
	Soil Analysis 
	Immobilization Experiment 
	Batch Experiments 
	Column Leachate Experiments 


	Results and Discussions 
	Soil Characteristics and Risk 
	Batch Experiments 
	Changes in pH and Sb Fractions 
	Effects of Fe- and Al-Based Sorbents on Sb 
	Effect of Fe- and Al-Based Sorbents on Zn and Cu 

	Column Experiments 
	Column Experiments for Sb Immobilization 
	Column Experiments for Zn and Cu Immobilization 
	pH Effects on Sb and Co-Occurring Heavy Metals Immobilization 


	Conclusions 
	References

