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Abstract
Over the past decade, sulfidized nanoscale zero-valent iron (S-nZVI) has been developed as a promising tool for the reme-
diation of contaminated soil, sediment, and water. Although most studies have focused on applying S-nZVI for clean-up 
purposes, there is still a lack of systematic summary and discussion from its synthesis, application, to toxicity assessment. 
This review firstly summarized and compared the properties of S-nZVI synthesized from one-step and two-step synthesis 
methods, and the modification protocols for obtaining better stability and reactivity. In the context of environmental reme-
diation, this review outlined an update on the latest development of S-nZVI for removal of heavy metals, organic pollut-
ants, antibiotic resistance genes (ARGs), and antibiotic resistant bacteria (ARB) and also discussed the underlying removal 
mechanisms. Environmental factors affecting the remediation performance of S-nZVI (e.g., humic acid, coexisting ions, 
S/Fe molar ratio, pH, and oxygen condition) were highlighted. Besides, the application potential of S-nZVI in advanced 
oxidation processes (AOP), especially in activating persulfate, was also evaluated. The toxicity impacts of S-nZVI on the 
environmental microorganism were described. Finally, the future challenges and remaining restrains to be resolved for bet-
ter applicability of S-nZVI are also proposed. This review could provide guidance for the environmental remediation with 
S-nZVI-based technology from theoretical basis and practical perspectives.

Keywords  Sulfidized nanoscale zero-valent iron · Heavy metals · Organic pollutants · Environmental factors · Persulfate 
activation

Introduction

As a result of massive waste discharge and improper treat-
ment, the environmental pollution problem is increasingly 
serious (Cheng et al. 2023). Among the most detected pol-
lutants, heavy metals (Fan et al. 2013), chlorinated organic 
pollutants (Gu et al. 2017), antibiotics (Liu et al. 2018), 
antibiotic resistance genes (ARGs) (Li et al. 2021c), and 
antibiotic resistant bacteria (ARB) (Wang et al. 2020b) are 

typical and also cause great damage to human health due to 
their toxicity and bioaccumulation (Sredlova and Cajthaml 
2021). Therefore, an effective strategy is urgently needed to 
meet the challenges of these pollution problems.

Iron-based nanoparticles have gained popularity as reme-
diation agents to address environmental pollution issues as 
a result of the advance of environmental nanotechnology 
(Fan et al. 2017; Zhao et al. 2016). Nanoscale zero-valent 
iron (nZVI), which is composed of Fe(0) inner core and 
iron oxide shell, is an environmentally friendly material with 
high specific surface area, robust reducing capacity, excellent 
reactivity, abundance, and easy to obtain (Bae et al. 2018). 
It was demonstrated that nZVI displayed excellent removal 
effect on heavy metals, organic pollutants, and others and 
had been widely used in wastewater treatment, groundwa-
ter, soil, and sediment remediation (Huang et al. 2016; Li 
et al. 2022a; Wei et al. 2018). However, unfavorable factors 
of nZVI such as easy oxidation, agglomeration, and poor 
electron selectivity limit its large-scale application (Su et al. 
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2020). Therefore, a series of modification methods were pro-
posed to address the bottleneck issues and strengthen the 
performance of nZVI, mainly including doping with noble 
metals (He et al. 2018), loading on polyporous supporters 
(Zhu et al. 2017), coating with polymers, and sulfidation 
(Kong et al. 2021). In comparison with nZVI, sulfidation has 
gained great research interest due to its multiple superiori-
ties, such as improved the sequestration of pollutants (Du 
et al. 2016), enhanced reactivity to pollutant transformation 
(Su et al. 2018), increased selectivity and longevity (Bru-
movský et al. 2020; Zhu et al. 2021), and reduced aggrega-
tion (Garcia et al. 2020b). Compared with most nanoma-
terials, the nZVI has advantages because of its low cost, 
eco-friendliness, and high reactivity, and when it is modified 
with sulfide, it can largely enhance the efficacy and applica-
bility (Crane and Scott 2012). The excellent performance of 
S-nZVI should be ascribed to the unique core–shell struc-
ture, which could provide prominent adsorption and reduc-
ing capacity (Wu et al. 2018; Zhu et al 2021). Meanwhile, 
it was also found that S-nZVI has higher TCE dichlorina-
tion efficiency bimetallic nZVI, loading modified nZVI and 
coating stabilized nZVI, which was caused by the higher 
electron efficiency and lower hydrogen evolution reaction 
(Gao et al. 2022b; He et al. 2018; Xu et al. 2020e). There-
fore, S-nZVI was a promising amendment agent for envi-
ronmental remediation. The sulfidation of nZVI, which can 
be characterized as chemical alteration of nZVI by adding 
sulfur compounds, produces hydrophobic iron sulfides (e.g., 
FeSx) on the surface (Li et al. 2017b). Currently, the most 
widely used synthesis methods of sulfidized nZVI (S-nZVI) 
mainly include one-step synthesis and two-step synthesis 
(Bhattacharjee and Ghoshal 2018a; Xu et al. 2019c). The 
difference between two synthesis methods lies in the time 
points at which the iron species are reduced. However, little 
attention has been paid to the difference between S-nZVI 
synthesized using these two preparation methods in terms 
of the composition of surface elements, morphology, and 
characteristics. Therefore, this paper first summarizes the 
impacts of various synthesis methods on the physicochemi-
cal properties of S-nZVI. Moreover, due to its hydrophobic, 
magnetic, and nanocharacteristics, S-nZVI particles still 
have an agglomeration phenomenon (Gong et al. 2020). To 
solve this problem, some modification measures have been 
proposed. For instance, Zhang et al. (2019a) reported that 
S-nZVI loaded on biochar (S-nZVI@BC) performed higher 
reduction efficiency for nitrobenzene (NB) compared with 
bare S-nZVI; the reason was that the addition of BC not only 
enhanced the electron shuttle of S-nZVI, but also increased 
its adsorption capacity for NB. Li et al. (2021a) demon-
strated that S-nZVI coated with alginate polymer acceler-
ated the removal of tetrabromobisphenol A (TBBPA) as well 
as enhanced the stability of S-nZVI. In light of the exist-
ing research, two main modification methods of S-nZVI, 

including loading onto support materials and coating with 
polymers, are summarized and discussed.

By now, S-nZVI has already been extensively used for 
the environmental clean-up of heavy metal and chlorinated 
organic compound contaminated sites (Garcia et al. 2020a; 
Lv et al. 2019). Besides, investigations on the elimination 
of ARGs and ARB by S-nZVI also have attracted increasing 
attention over the years (Liu et al. 2022c; Yu et al. 2021). 
However, a systematic evaluation of the interaction mecha-
nisms of S-nZVI towards diverse environmental pollutants 
is still insufficient. In addition, the decontamination effect 
of S-nZVI is impacted by a variety of factors in practical 
application. For example, Lv et al. (2018) observed that the 
removal of S-nZVI for Cd2+ was restrained by the existence 
of Mg2+ and Ca2+, while the presence of Cu2+ promoted 
the Cd2+ removal. According to Rajajayavel and Ghoshal 
(2015), S-nZVI had the best removal efficiency of trichlo-
roethene (TCE) when the S/Fe molar ratio was 0.04–0.08, 
and the efficiency declined at either higher or lower S/Fe 
molar ratio. Nevertheless, limited attention has been paid 
to this issue, and more work is required to assess the factors 
affecting the application performance of S-nZVI, which is 
conducive to enhancing the removal efficiency of S-nZVI 
towards diverse pollutants at the field scale.

Additionally, advanced oxidation processes (AOPs) have 
been employed in the treatment of groundwater and soil pol-
luted by organic pollutants as a viable chemical oxidation 
method (Ma et al. 2021; Zhao et al. 2021a). In recent years, 
persulfate (PS)-based AOP has received intensive attention 
for the generation of highly oxidative and reactive SO4

−, 
which could contribute to the elimination of organic pol-
lutants (Chen et al. 2020). nZVI has been reported as an 
effective source of Fe2+ that can activate PS to generate 
SO4

−·. However, there are also some disadvantages for nZVI, 
especially when nZVI corrodes and produces an excess of 
Fe2+ (Kang et al. 2018a). Compared with nZVI, S-nZVI 
may be an ideal choice for the activation of PS to achieve 
effective oxidation of organic pollutants. Here, the viability 
of using S-nZVI to activate oxidants was discussed in this 
review. Moreover, previous studies have shown that nZVI 
has certain toxicity to organisms due to its own character-
istics (Kotchaplai et al. 2017; Yoon et al. 2018). Little is 
known about the environmental toxicity of S-nZVI, despite 
its widespread usage in the removal of pollutants. Consider-
ing the similar characteristics of S-nZVI and nZVI and their 
release into the environment is inevitable, hence, it is very 
important to evaluate their toxicity.

By consulting the existing literature, it was found that 
the current review mainly focuses on the preparation pro-
cess and characterization of S-(n)ZVI particles as well as 
the removal of heavy metals and chlorinated organics from 
water (Fan et al. 2017; Li et al. 2017b). Considering the sig-
nificant advances in S-nZVI materials in recent years and the 
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still vacancy of summarizing this material, a comprehensive 
review on S-nZVI material is vital for accelerating further 
developments. Therefore, the goals of this review are to (1) 
introduce different synthesis and modification methods of 
S-nZVI materials; (2) summarize the application of S-nZVI 
in elimination of heavy metals, organic pollutants, ARGs 
and ARB, and discuss the underlying removal mechanisms; 
(3) examine the factors influencing the efficacy of S-nZVI 
in removing pollutants; (4) illustrate the application sce-
narios and magnificent prospect of S-nZVI coupled AOP 
in environmental remediation; and (5) assess the ecotoxic-
ity of S-nZVI as well as the alleviative measures. Finally, 
the prospects and challenges of S-nZVI-based remediation 
technology are proposed. The structure of this review is 
illustrated in Fig. 1.

Preparation and modification methods 
of S‑nZVI

Different preparation methods and compositional 
characteristics of S‑nZVI

The terms “S-nZVIOne-step” and “S-nZVITwo-step” referred 
to S-nZVI synthesized using the one-step and the two-step 
synthesis methods, respectively (Li et al. 2017b). The spe-
cific synthesis process for S-nZVIOne-step involved adding 
sulfur source and reducing agent simultaneously to the solu-
tion containing iron species; then, the Fe2+ or Fe3+ in the 
solution and the newly generated nZVI particles could react 

with sulfur species in the existence of strong reductant at the 
same time, leading to the formation of S-nZVIOne-step (Wang 
et al. 2020a). Generally, sodium borohydride (NaBH4) was 
used as a reducing agent, and sodium dithionate (Na2S2O4), 
sodium sulfide (Na2S), and sodium thiosulfate (Na2S2O3) 
served as the sulfur sources for the synthesis of S-nZVI 
(Han and Yan 2016). Kim et al. (2011) proposed a novel 
and facile method to synthesize S-nZVI for the first time, in 
which a proper amount of Na2S2O4 and NaBH4 was mixed 
and added dropwise to the Fe3+ solution. The two-step syn-
thesis method was namely producing nZVI via liquid-phase 
reduction method, then adding sulfur source to sulfurize 
nZVI under certain situations (Xu et al. 2019b). For exam-
ple, Rajajayavel and Ghoshal (2015) added the NaBH4 solu-
tion dropwise into the FeSO4·7H2O solution to synthesize 
nZVI, then sulfurized the prepared nZVI with Na2S solu-
tion through ultrasonic treatment to form S-nZVITwo-step. The 
schematic diagram for the preparation of S-nZVIOne-step and 
S-nZVITwo-step is presented in Fig. 2.

The sulfur species distribution of S-nZVIOne-step is 
different from that of S-nZVITwo-step, in which FexSy is 
formed on the pre-synthesized nZVI particles, and Fe0 
and FexSy of the two-step method are formed in a sep-
arate step (Fig. 2). The inner core of S-nZVIOne-step is 
enriched in sulfur species, whereas only a few parts are 
uniformly distributed on the surface (Su et  al. 2018). 
The surface is mainly the mixed shell of iron (oxyhydr) 
oxide and FexSy (Han and Yan 2016; Su et al. 2015). For 
S-nZVITwo-step, FexSy precipitation is unevenly distributed 
on its surface and is composed of multiphase, and sulfur 

Fig. 1   Overview of the review structure
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mainly exists in the form of FeS (Bhattacharjee and Gho-
shal 2018a; He et al. 2018). Bhattacharjee and Ghoshal 
(2018a) reported that FeS existed in the S-nZVIOne-step 
cores and shells, with small amounts of polysulfides 
and sulfates in the shells of S-nZVIOne-step. In two-step 
method (S-nZVITwo-step), FeS was mainly distributed on 
the outer surface, and polysulfides or sulfates were not 
observed. However, S-nZVI particles were oxidized to 
different degrees in both one-step and two-step processes. 
Two works by Xu et al. (2020c) and Xu et al. (2019b) 
confirmed that FeOOH and Fe(OH)2 were presented on 
the surfaces of S-nZVIOne-step prepared with Na2S2O4, 
and Fe2O3 was the primary oxidized iron species for 
S-nZVITwo-step synthesized with Na2S, respectively. Nota-
bly, the impact of the iron precursor on sulfur species 
distribution of S-nZVIOne-step or S-nZVITwo-step was not 
significant, whereas that of the sulfur precursors was 
marked (Xiao et al. 2022; Xu et al. 2020b). For instance, 
according to Xu et al. (2020b), FeS2 was found to be the 
predominant sulfur species of S-nZVIOne-step made from 
Na2S2O4, while FeS was the dominant sulfur species of 
S-nZVIOne-step made from Na2S and K2S6. Compared with 
the latter S-nZVIOne-step, the former S-nZVIOne-step had 
higher hydrophobicity, reactivity, and TCE selectivity. 
The effect of sulfur sources, including Na2S2O4, Na2S, 
and Na2S2O3, on the efficacy of S-nZVI in a simulated 
groundwater environment was explored by Xiao et al. 
(2022). It was observed that the fraction of reducing sul-
fur species in S-nZVITwo-step with Na2S as sulfur agent 
was higher than that with Na2S2O3 or Na2S2O4, leading 
to higher selectivity of S-nZVITwo-step produced from 
Na2S. Hence, sulfur precursors may have a vital and var-
ied impact on the purification ability of S-nZVI under 
various synthetic situations, which could be chosen to 

maximize the decontamination performance of S-nZVI 
in accordance with practical requirements.

From the morphology of particle, S-nZVIOne-step is 
mainly spherical and contains a small amount of cubic 
(Fig. 3c) (Xu et al. 2019c), needle, plate-like, and some 
irregular particles (Fig. 3a1-a4) (Bhattacharjee and Gho-
shal 2018a). S-nZVITwo-step fabricated by Na2S or Na2S2O4 
has smooth spherical particles grouped in a representa-
tive chain-like pattern (Fig. 3b and d) (Bhattacharjee 
and Ghoshal 2018a; Xu et al. 2019c), and the particles 
are surrounded by needle and plate-like configuration 
(Fig. 3b1) (Bhattacharjee and Ghoshal 2018a). In compar-
ison to the S-nZVITwo-step, the particles of S-nZVIOne-step 
are more dispersed. And as the S/Fe molar ratio rises, the 
S-nZVIOne-step particle surface becomes rougher, resulting 
in larger particle size (Song et al. 2017; Wu et al. 2018). 
For instance, Wu et al. (2018) evaluated the effect of the 
presence of Na2S2O4, as a sulfur source, on the surface 
morphology in the synthesis process of S-nZVIOne-step. 
The surface roughness of nanoparticles dramatically 
strengthened with the S/Fe molar ratio elevating from 0 
to 0.35. The specific surface area of S-nZVIOne-step and 
S-nZVITwo-step was impacted by the variations in particle 
size. Generally, S-nZVIOne-step had a comparatively small 
specific surface area when its particle size was larger. 
Xu et  al. (2019c) confirmed that the specific area of 
S-nZVITwo-step (13.8 m2/g) was 2.2 times larger as com-
pared to that of S-nZVIOne-step (6.4 m2/g). Also, it was 
observed that the typical nZVI chain structure in S-nZVI-
One-step was destroyed, which was mainly attributed to the 
strengthening of steric stability and electrostatic repul-
sion between S-nZVI particles provided by the plate-like 
structure (Lv et al. 2018; Song et al. 2017). Accordingly, 
there are certain differences between S-nZVIOne-step and 

Fig. 2   Schematic diagram for the preparation of S-nZVIOne-step and S-nZVITwo-step (e.g., FeSO4·7H2O and Na2S2O4)
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S-nZVITwo-step in the morphology and particle size, and 
further investigation on how to tune the physicochemical 
features of S-nZVI via the adjustment of synthesis con-
dition is needed. The physicochemical characteristics of 
the S-nZVI particles produced using the two synthesis 
methods are summarized in Table 1.

In addition, it was demonstrated by previous research 
that S-nZVIOne-step tended to be more selective and reac-
tive than S-nZVITwo-step, which was due to the highest 
content of Fe0 and reduced sulfur in S-nZVIOne-step and 
its stronger electron transfer ability and hydrophobicity 
(Xiao et al. 2022; Xu et al. 2019c). Xu et al. (2019c) 

found that S-nZVIOne-step with higher sulfur content pro-
vided better hydrophobicity and higher selectivity and 
reactivity with TCE in comparison with S-nZVITwo-step. 
However, S-nZVITwo-step has excellent long-term perfor-
mance compared to S-nZVIOne-step. Xiao et  al. (2022) 
demonstrated that the degradation rate of S-nZVITwo-step 
towards TCE remained at 30–60% even after 90 days of 
aging, while the selectivity of S-nZVIOne-step decreased 
sharply. Also, it is evident that one-step synthesis method 
provides more merits and is adaptable for environmen-
tal remediation over two-step synthesis method as far as 
applications are concerned.

Fig. 3   a Representa-
tive transmission electron 
microscopy (TEM) image of 
S-nZVIOne-step. Panels a1–a4 
are enlarged images of the 
dotted boxes area in a (type 
I is needle- and plate-like 
structures, type II is spheri-
cal particles, type III is small 
irregular particles, and type IV 
is chain-like spherical struc-
ture). b Representative TEM 
image of S-nZVITwo-step. Panel 
b1 is the enlarged image of the 
dotted box area in b. Reprinted 
with permission from Ref. 
(Bhattacharjee and Ghoshal 
2018a). Copyright 2018, 
American Chemical Society; 
Bright field (BF) TEM images 
for (c) S-nZVIOne-step and (d) 
S-nZVITwo-step. Reprinted with 
permission from Ref. (Xu 
et al. 2019c). Copyright 2019, 
American Chemical Society
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Modifications for improved performance of S‑nZVI

Although S-nZVI has been widely used in the removal 
of a variety of environmental pollutants, the inher-
ent proper ties of S-nZVI, especially the reactiv-
ity and stability, must be further enhanced with the 

increasing demand. So far, modification of solid sup-
porting and surface coating had been adopted as the 
main approach to pursue an improvement in the per-
formance of S-nZVI (Garcia et al. 2020b; Jiang et al. 
2022; Semerád et al. 2020; Shen et al. 2021; Xu et al. 
2022; Zhang et al. 2023). Some common supports and 

Table 1   Effect of different preparation methods on the physicochemical characteristics of S-nZVI

Material Sulfidation 
method

Sulfur source 
and iron source

Size (nm) Surface area 
(m2/g)

Morphology 
and structure

Sulfur species S/Fe ratio References

S-nZVI One-step Na2S2O4 and 
FeCl3·6H2O

1000 1.5–12 N.A S2−, S2
2−, Sn

2−, 
and SO4

2−
0–0.35 (Xu et al. 2020c)

S-nZVI One-step Na2S2O4 and 
FeCl2·4H2O

150–200 N.A Core–shell 
structure

S2−, S2
2−, Sn

2−, 
and SO3

2−
0.01–0.3 (Mangayayam 

et al. 2019)
S-nZVI One-step Na2S2O4 and 

FeCl3·6H2O
300–2200 6.4 Dominantly 

spherical 
particles 
together with 
individual 
cubes

S2−, S2
2−, and 

Sn
2−

0.14 (Xu et al. 2019c)

S-nZVI One-step Na2S and 
FeSO4·7H2O

100–150 20.26–30.67 Spherical, 
needle, 
plate-like, and 
some irregular 
particles

S2−, SO4
2−, and 

polysulfide
0.035–0.4 (Bhattacharjee 

and Ghoshal 
2018a)

S-nZVI One-step Na2S2O4 and 
FeSO4·7H2O

150–410 62.5 Aggregated of 
small spheri-
cal particles 
surrounded 
by a separate 
phase of 
acicular par-
ticles

Sn
2−, SO3

2−, 
and SO4

2−
0.035–0.28 (Cao et al. 2017)

S-nZVI One-step Na2S2O4 and 
FeSO4·7H2O

200 N.A Flake-like phase 
on the shell

S2−, S2
2−, Sn

2−, 
SO3

2−, and 
SO4

2−

0.07–0.35 (Wu et al. 2018)

S-nZVI Two-step Na2S and com-
mercial nZVI

40–120 15.5–36.7 Irregular spheri-
cal shape

S2− and S2
2− 0.0025–0.25 (Brumovský 

et al. 2020)
S-nZVI Two-step Na2S and 

FeCl3·6H2O
60–110 13.8 Chain-like 

aggregates 
with core–
shell structure

S2−, S2
2−, Sn

2−, 
SO3

2−, and 
SO4

2−

0.14 (Xu et al. 2019c)

S-nZVI Two-step Na2S and 
FeCl3·6H2O

40–100 5–35 Chain-like 
structure

S2−, S2
2−, Sn

2−, 
and SO4

2−
0.1–0.5 (Xu et al. 2019b)

S-nZVI Two-step Na2S and 
FeCl3·6H2O

50–60 N.A Regular spheri-
cal shape

S2−, Sn
2−, and 

SO4
2−

0.3 (Li et al. 2021d)

S-nZVI Two-step Na2S and 
FeSO4·7H2O

188–200 21–26 N.A S2− and S2
2− 0.015–1.612 (Rajajayavel and 

Ghoshal 2015)
S-nZVI Two-step Na2S and 

FeCl3·6H2O
20–80 N.A Chain-like 

aggregates 
accompanied 
by a laminar 
phase

S2− 0–1.12 (Fan et al. 2013)

S-nZVI Two-step Na2S and 
FeSO4·7H2O

50–200 19.72–21.3 Chain-like 
spherical 
structure, 
needle, and 
plate-like

S2− 0.035–0.4 (Bhattacharjee 
and Ghoshal 
2018a)
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coating materials are discussed in more detail in the 
following sections.

Loading S‑nZVI onto supports

Modification of solid supporting is usually achieved by 
choosing the proper carrier firstly, and then, S-nZVI nano-
particles are uniformly dispersed on the surface of the car-
rier. S-nZVI composites with higher surface area and lower 
agglomeration can be obtained via solid loading. Some 
supports with adsorption capacity can further facilitate the 
contacts between S-nZVI and pollutants, which largely pro-
motes the degradation efficiency (Li et al. 2021b; Zhang 
et al. 2019b). In a meanwhile, a variety of functional groups 
(e.g., carboxyl, hydroxyl, and amino) of supports can chelate 
with S-nZVI, thus enhancing the stability and dispersion of 
S-nZVI particles (Liu et al. 2020a). Common supporting 
materials mainly include carbon-based materials (Jiang et al. 
2022; Liu et al. 2020a; Zhang et al. 2019b), clay minerals 
(Chen et al. 2022; Fu et al. 2015; Gao et al. 2022b) and oth-
ers (Li et al. 2021e; Tan et al. 2022; Zhou et al. 2022).

Carbon-based materials have aroused extensive attention 
because of their low cost, high surface area, excellent con-
ductivity, and strong adsorption capability (Fu et al. 2023; 
Harindintwali et al. 2023). Carbon supported-S-nZVI have 
been synthesized with numerous materials, including BC 
(Gao et al. 2022a; Xu et al. 2019a, 2021; Zhang et al. 2018), 
activated carbon (AC) (He et al. 2022; Qu et al. 2021), gra-
phene (Bin et al. 2020; Sun et al. 2020), and carbon nano-
tubes (CNTs) (Wu et al. 2022b). BC is a kind of environ-
mentally friendly adsorption material derived from diverse 
biomass waste, and it has the features of high carbon con-
tent, excellent pore structure, and various oxygen-containing 
functional groups (Xu et al. 2021; Zhang et al. 2018). Zhang 
et al. (2018) synthesized S-nZVI@BC with rice husks as the 
carbon source and applied it for the removal of NB. Results 
suggested that the removal efficiency of S-nZVI@BC for 
NB could reach up to 60% within 10 min, while only 5% of 
NB was removed with S-nZVI treatment in the same deg-
radation time. The application of BC largely increased the 
dispersity, adsorption capacity, and antioxidant capacity of 
S-nZVI. Aiming to further enhance the NB reduction, Zhang 
et al. (2019a) pretreated BC with HCl, NaOH and H2O2, 
termed as BC/HCl, BC/NaOH, and BC/H2O2, respectively. 
It was demonstrated that the removal efficiencies of NB by 
S-nZVI@BC/HCl, S-nZVI@BC/NaOH, and S-nZVI@BC/
H2O2 were 100%, 92.1 ± 4.2%, and 35.2 ± 9.4%, respectively. 
The excellent removal efficiency of S-nZVI@BC/HCl for 
NB was attributed to the higher surface area, abundant nega-
tive surface charge, and superior electron transfer efficiency. 
It is also reported that S-nZVI amended with AC possesses 
great application potential for removal of heavy metals. He 
et al. (2022) synthesized S-nZVI@AC using sewage sludge 

for the removal of Cr6+. The reduction capacity of Cr6+ by 
S-nZVI@AC was up to 136.0 mg/g, while that by nZVI 
sulfurized by Na2S and Na2S2O4 were 66.7 and 65.4 mg/g, 
respectively. The AC loading significantly expanded the sur-
face area of S-nZVI and effectively lowered its agglomera-
tion, resulting in excellent Cr6+ scavenging performance. 
Recently, it has been found that the hydrophilic treatment 
can equip AC with some functional groups, such as -OH 
and -COOH, which increases S-nZVI dispersity in aqueous 
solution and strengthens the affinity to targeted pollutants. 
Qu et al. (2021) synthesized hydrophilic porous activated 
carbon (HPAC) supported S-nZVI (S-nZVI@HPAC) with 
corn straw as raw material and green tea extracts as reducing 
reagent for the removal of Pb2+ in the water and achieved 
better removal performance. In addition, it has also been 
demonstrated that S-nZVI supported by graphene or gra-
phene oxide is superior to the bare S-nZVI for the removal 
of organic pollutants. According to Bin et al. (2020), the 
graphene aerogel loading of S-nZVI (S-nZVI/GA) pos-
sessed higher electron transport and less agglomeration as 
compared to S-nZVI. Besides, the GA loading evidently 
enhanced the TCE removal and complete TCE removal was 
obtained by S-nZVI/GA within 50 min.

Up to date, clay minerals (e.g., montmorillonite, sepiolite, 
kaolinite, and attapulgite) have received increasing attention 
owing to their wide availability, economically friendly, envi-
ronmental stability, and high adsorption capacities and ion 
exchange properties (Fan and Tahir 2022; Haciosmanoğlu 
et al. 2022; Uddin 2017). The physicochemical properties 
of clay minerals vary with the geographical origin and min-
eral type, which increases their utilization as adsorbents 
and enables them to be used as supports. Clay supported 
S-nZVI composite materials have been developed as effec-
tive remedial alternatives relative to bare S-nZVI in recent 
years (Ezzatahmadi et al. 2017). Montmorillonite is a typi-
cal and cost-effective 2: 1 layered silicate clay mineral hav-
ing excellent adsorption ability and high cation exchange 
capacity (Xu et al. 2020a). Besides, its layer has perma-
nent negative charges due to the isomorphous substitution 
within the layer (e.g., the replacement of Al3+ by Mg2+ and 
Si4+ by Al3+). Therefore, it can attract cations and provide 
high cation exchange capacity, making it an ideal carrier for 
S-nZVI (Ezzatahmadi et al. 2017). Accordingly, Xu et al. 
(2020a) fabricated an S-nZVI-based composite using mont-
morillonite as the carrier (S-nZVI@MMT) to remove TCE 
in the groundwater substrate and found that the removal per-
formance of S-nZVI@MMT towards TCE still maintained 
relatively great even in the existence of high concentration 
of humic acid or after aging for 30 days. Furthermore, it 
was observed that the montmorillonite loading remark-
ably increased the TCE degradation efficiency by S-nZVI, 
which was caused by the excellent reactivity of S-nZVI clus-
ters forming in the interlayer of MMT. Sepiolite is a kind 
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of low-cost clay mineral with chemically stable and high 
adsorption characteristics (Ainiwaer et al. 2022; Daneshkhah 
et al. 2017; Ezzatahmadi et al. 2017). Fu et al. (2015) pre-
pared a novel composite where sepiolite is a carrier of 
S-nZVI for the removal of Cr6+ and Pb2+ in the groundwa-
ter. It was demonstrated that the sepiolite supported S-nZVI 
had larger specific surface area and lower agglomeration 
tendency as compared to pure S-nZVI. Moreover, S-nZVI 
loaded with kaolinite and attapulgite had similar character-
istics with sepiolite and exhibited effective removal of heavy 
metals from water (Chen et al. 2022; Gao et al. 2022b). In 
addition, there are also some other materials serving as sup-
ports of S-nZVI and providing good pollutant removal per-
formance, including resin (Zeng et al. 2022), zeolite (Zhou 
et al. 2021b, 2022), blast furnace slag (BFS) (Deng et al. 
2020; Li et al. 2021e; Tan et al. 2022), among others.

Surface coating of S‑nZVI

Modification of surface coating is namely applying the 
polymer coating onto the S-nZVI surface, thus enhancing 
the stability and dispersity of S-nZVI through the gener-
ated electrostatic and spatial repulsive forces. The common 
polymers include carboxymethyl cellulose (CMC) (Devi and 
Dalai 2019; Wu et al. 2021; Yu et al. 2020) and alginate 
(Li et al. 2019; Zhang et al. 2020c). CMC is a synergistic 
polymer compound, which is also a derivant of cellulose 
and extensively applied in coating magnetic nanoparticles 
(Kong et al. 2021; Lefevre et al. 2016). Gong et al. (2020) 
reported that CMC-S-nZVI displayed better physical stabil-
ity and mobility in saturated porous media than the unsta-
ble S-nZVI. This phenomenon was attributable to stronger 
spatial repulsion caused by the adsorption of CMC on the 
surface of the FexSy coating of S-nZVI. These investigations 
offer convincing proof that, at the field scale, the restrictions 
of nZVI or S-nZVI regarding mobility could be effectively 
addressed by polymer stabilization.

Similar to the synthesis of S-nZVI, two different methods 
were proposed for the preparation of CMC-S-nZVI due to 
the different sequence of CMC stabilization and sulfurization 

(Fig. 4). The dispersion of CMC-S-nZVIOne-step is stronger 
than that of CMC-S-nZVITwo-step, possibly due to the lower 
sulfur content for nZVI because CMC can peel off the FeS 
shell in the two-step method. The Na+ of the sulfiding agent 
and the Fe2+ dissolved from the FeS precipitate reduce the 
CMC viscosity, resulting in accelerated deposition and 
reduced mobility of the nZVI (Kong et al. 2021; Xu et al. 
2020e). Kong et al. (2021) found that the variation of CMC 
modified sequence could lead to significant differences in the 
resulting CMC-S-nZVI composites. Specifically, the CMC-
S-nZVITwo-step provided better reactivity and electron selec-
tivity, while the composite produced by CMC-S-nZVIOne-step 
displayed higher mobility. For the morphology of CMC-
S-nZVIOne-step and CMC-S-nZVITwo-step, Xu et al. (2020e) 
found that both sulfuration methods produced particles with 
distinguishable core–shell structure. By comparison, Zhao 
et al. (2019) observed that the CMC-S-nZVIOne-step parti-
cles were highly metamorphic and dominantly composed of 
lamellar structures, while the CMC-S-nZVITwo-step formed 
a typical spherical core–shell structure. For one-step sulfu-
ration, Zhao et al. (2019) used at least 7 times more Na2S 
than Xu et al. (2020e), which might explain the difference 
in particle morphology. However, more attention should be 
paid to the effect of stabilizers on the reactivity and aggrega-
tion of S-nZVI.

Alginate, a product extracted from algae, is composed 
of two various units (e.g., β–D-mannuronic acid and 1, 
4-linked α-L-guluronic acid) in an asymmetrical arrange-
ment. Moreover, an abundance of function groups, such as 
the carboxyl group and hydroxyl group, was observed in the 
units (Huang et al. 2016; Li et al. 2021a). It was proposed 
that the chemical conformation of alginate is adapted for 
modification of S-nZVI, making resultant composite with 
higher stability and reactivity. Li et al. (2021a) synthesized 
alginate-S-nZVI via one-step method in order to degrade 
TBBPA and found that the removal of alginate-S-nZVI for 
TBBPA could be achieved within 12 h. Moreover, the algi-
nate-S-nZVI showed excellent longevity and reusability over 
S-nZVI, the rapid oxidization of S-nZVI was restrained by 
the alginate coating, and the reducing capability of S-nZVI 

Fig. 4   Illustration of the synthesis procedures of CMC-S-nZVIOne-step (a) and CMC-S-nZVITwo-step (b), respectively
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was strengthened due to the generated Fe-alginate compos-
ites, both of which enhanced the removal performance of 
S-nZVI.

Environmental applications of S‑nZVI

S-nZVI has been widely used in environmental remediation 
due to many merits, such as lo -cost, high reducing ability, 
strong reactivity, and selectivity. In this section, a range of 
S-nZVI-involved applications, including removal/immobi-
lization of heavy metal, degradation of organic pollutants 
and removal of ARGs and ARB, are presented. Meanwhile, 
the reaction mechanisms of S-nZVI with various pollutants 
are described in Fig. 5.

Removal/immobilization of heavy metal

Heavy metals, such as chromium (Cr), arsenic (As), cad-
mium (Cd), lead (Pb), antimonite (Sb), and some radioactive 
elements are of great concern due to the non-degradability, 
toxicity, and bioaccumulation in water and soil. Recent 
studies on the removal or immobilization of heavy metal, 
metalloid, and radioactive elements by some representative 
S-nZVI-based materials are summarized in Table 2.

Cr

Cr is usually present in two different states: the trivalent 
form Cr3+ and the hexavalent form Cr6+, which is promi-
nently different in toxicity and mobility due to different oxi-
dation states (Brumovský et al. 2021; Zhu et al. 2021). For 
instance, the Cr3+, a trace nutrient element, is fundamental to 
human health, has low toxicity at elevated doses, and tends 
to form insoluble oxide and hydroxide precipitation, such 
as Cr(OH)3 and CrxFe(1-x)(OH)3(s) (Lv et al. 2019). On the 
contrary, the Cr6+ exerts major health concern due to its high 
oxidizing ability, resulting in mutagenic and carcinogenic 
effects (Du et al. 2016; Liu et al. 2022a). Moreover, Cr6+ 
always exists in chromate (HCrO4

−, CrO4
2−) and dichromate 

(Cr2O7
2−), which is extremely soluble and mobile in the nat-

ural environment (Brumovský et al. 2021; Guan et al. 2019). 
Generally, common techniques, such as reduction, adsorp-
tion and precipitation have been applied for Cr6+ removal 
(Guan et al. 2019; Lv et al. 2019). Recently, the efficacy of 
S-nZVI for Cr6+ removal has been demonstrated. The main 
removal process is that the Cr6+ is adsorbed onto the S-nZVI 
surface and then reduced to Cr3+, and then forms of Cr3+ 
precipitates/co-precipitates (Eqs. 1, 2, 3, 4, 5, 6, 7, 8, and 9).

(1)
2HCrO−

4
+ 14H+ + 3Fe0(s) → 2Cr3+ + 8H2O + 3Fe2+

Fig. 5   Major mechanisms 
involved in the reactions of 
S-nZVI with heavy metals and 
organic pollutants
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(2)HCrO−

4
+ 7H+ + 3Fe2+ → Cr3+ + 4H2O + 3Fe3+

(3)
8HCrO−

4
+ 29H+ + 3HS− → 8Cr3+ + 20H2O + 3SO2−

4

(4)
Cr2O

2−
7

+ 3Fe0 + 14H+
→ 2Cr3+ + 7H2O + 3Fe2+

(5)
Cr2O

2−
7

+ 6Fe2+ + 14H+
→ 2Cr3+ + 7H2O + 6Fe3+

(6)Cr2O
2−
7

+ S0 + 6H+
→ 2Cr3+ + 3H2O + SO2−

4

(7)
4Cr2O

2−
7

+ 3S2− + 32H+
→ 8Cr3+ + 16H2O + 3SO2−

4

(8)2Cr3+ + 3S2− → Cr2S3

Brumovský et al. (2021) prepared S-nZVI for the removal 
of Cr6+ in the aquifer and found that the removal efficiency 
of S-nZVI for Cr6+ reached 86% and 100% within 60 min 
from Cr6+ spiked water and contaminated water, respec-
tively. It was also observed that more than 95% of Cr was 
in the form of Cr3+, corroborating the conversion of Cr6+ to 
Cr3+ after S-nZVI treatment. Besides, the S-nZVI amend-
ment would decrease the redox potential of groundwater, 
which was also conducive to the reduction of Cr6+. Simi-
larly, Gao et al. (2018) applied S-nZVI@BC to remove 
Cr6+ from water. It was demonstrated that a S-nZVI@BC 
injection followed by a rapid decrease of Cr6+ concentra-
tion within 60 min and the removal efficiency was closed to 
100% within 4 h. In this work, the scavenging of Cr6+ was 

(9)
2H2O + xCr3+ + (1-x)Fe3+ → CrxFe1−xOOH(s) + 3H+

Table 2   Summary of representative S-nZVI-based materials for removal or immobilization of heavy metals

Materials Contaminants Contaminant 
concentration

Doses of 
materials

S/Fe Reaction 
system

Time Removal 
efficiency 
(%)

Kinetic 
model

References

S-nZVI Cr (VI) 10–12 mg/L 4 g N.A Water 60 min 86 N.A (Brumovský 
et al. 2021)

S-nZVI@BC Cr (VI) 5–50 mg/L N.A 0.25 Water 240 min 99.8 Pseudo-sec-
ond-order

(Gao et al. 
2018)

S-nZVI Cr (VI) 10–40 mg/L 0.15 g 0.5 Water 120 min N.A Pseudo-sec-
ond-order

(Lv et al. 
2019)

S-nZVI Cr (VI) 20 mg/L 0.1 g 0.11 Water 60 min N.A Pseudo-sec-
ond-order

(Du et al. 
2016)

S-nZVI@
ABC

Cr (VI) 10–50 mg/L N.A 0.25–1 Water 180 min 92.5 Pseudo-sec-
ond-order

(Zhuang et al. 
2021b)

S-nZVI As (III) 5–50 mg/L 0.001 g 0.07–0.35 Water 120 min N.A N.A (Wu et al. 
2018)

S-nZVI As (III) 10–50 mg/L 0.025 g 0.025–0.2 Water 120 min 99.7 Pseudo-sec-
ond-order

(Singh et al. 
2021)

S-nZVI@
ZSM-5

As (V) 5 mg/L 0.01 g 0.05 Water 300 min N.A Pseudo-sec-
ond-order

(Zhou et al. 
2021a)

S-nZVI As (V) 50 mg/kg 0.006 g 0.28 Soil 168 d 68 N.A (Han et al. 
2021)

S-nZVI Cd (II) 10–60 mg/L 0.125 g 0.1–0.5 Water 15 min 100 Pseudo-sec-
ond-order

(Lv et al. 
2018)

S-nZVI Cd (II) 2 mg/L N.A 0.3 Water 60 min 100 Pseudo-first-
order

(Li et al. 
2021d)

S-nZVI EDTA-Cd 
(II)

50–400 mg/L 0.03 g 0.75 Water 90 min 74.7 Pseudo-sec-
ond-order

(Liang et al. 
2021)

S-nZVI Cd (II) 49.5 mg/kg 0.001g 0.75 Soil N.A 97.6–100 N.A (Guo et al. 
2021)

S-nZVI@BC Pb (II) 200 mg/L 0.05 g 0.2 Water 120 min N.A Avrami 
fractional-
order

(Qu et al. 
2021)

S-nZVI Sb (III) 2–40 mg/L 0.01 g 0.02–0.1 Water 120 min 96.5 Pseudo-first-
order and 
pseudo-sec-
ond-order

(Liu et al. 
2020b)
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believed to begin with adsorption, which was facilitated by 
the oxygen functional groups (e.g., C = O, Si–O, and -OH) 
of BC and adsorption sites provided by S-nZVI. Cr6+ was 
then reduced into Cr3+ by S-nZVI. Meanwhile, Cr(OH)3 and 
Cr2O3 precipitates were formed via precipitation between 
Cr3+ and S-nZVI. A novel kind of FeS@Fe0 composite was 
fabricated by Du et al. (2016) for the reductive sequestra-
tion of chromate. It was found that the maximum adsorption 
capacity of FeS@Fe0 towards Cr6+ was 66.7 mg/g. Moreo-
ver, it was also ascertained that the adsorption process of 
Cr6+ by S-nZVI was consistent with pseudo-second-order 
kinetic model. In the process of reducing Cr6+ to Cr3+, the 
Fe2+ species generated from the Fe0 corrosion and FeS disin-
tegration played a dominant role over direct electron transfer 
from Fe0 and oxidization of sulfur species (e.g., FeS, FeS2, 
and S0). At the end of the removal process, the Cr3+ then 
was immobilized as Fe–Cr hydroxide precipitates (Du et al. 
2016; Gao et al. 2018; Gong et al. 2017). Moreover, it was 
also reported that the reduced Cr3+ may occurred as insolu-
ble Cr2O3 and FeCr2S4 (Gao et al. 2018; Gong et al. 2017). 
Notably, the FeSx shell plays a crucial role in the removal 
of Cr6+ by S-nZVI: (1) facilitate the electron transfer from 
Fe0, (2) provide adsorption sites, and (3) produce reductive 
species (e.g., Fe2+ and S2−).

As

As, a confirmed carcinogen, is commonly found in 
groundwater in the form of arsenate (As5+) and arsenite 
(As3+) (Han et al. 2021; Zhao et al. 2021b). Compared 
with As5+, the As3+ is more toxic, mobile, and easily dis-
solved into water (Wu et al. 2018). To date, S-nZVI has 
been proved to efficiently immobilize the As in the natu-
ral environment. The removal process of As by S-nZVI 
involved a series of mechanisms, including adsorption, 
reduction, co-precipitation, and oxidization (Han et al. 
2021; Singh et al. 2021; Wu et al. 2018). Singh et al. 
(2021) found that the removal efficiency of S-nZVI 
towards As was superior to that of nZVI and the intro-
duction of sulfide changed the removal mechanism of 
As by nZVI. Adsorption of As3+ and As5+ and reduction 
to As0 were identified as the main removal mechanisms 
of nZVI towards As. However, the removal mechanisms 
of S-nZVI towards As were adsorption, precipitation of 
As2S3-like phase and co-precipitation of Fe-As hydrox-
ide. Wu et al. (2018) demonstrated that the maximum 
removal capacity of As3+ by S-nZVI was 240 mg/g. It was 
observed from the characterization results that adsorp-
tion by forming inner-sphere complexes, precipitation of 
FeAsS-like phase and co-precipitation of Fe-As hydroxide 
contributed to the As3+ removal by S-nZVI, among which 
co-precipitation played the dominating role. Zhou et al. 
(2021a) proved the high efficacy of S-nZVI@ZSM-5 in 

the removal of As5+ from CuSO4 effluent. The following 
processes were mainly involved in the removal of As5+ by 
S-nZVI@ZSM-5: (1) the electrostatic interaction between 
As5+ and S-nZVI@ZSM-5 resulted in the As5+ being 
adsorbed onto the S-nZVI@ZSM-5 surface, (2) the redox 
reaction between As5+ and Fe2+ contributed to the genera-
tion of As3+ (Eq. (10)), (3) the interaction between As5+ 
and FeOOH leaded to the formation of Fe–O-As copre-
cipitates (e.g., Fe8As10O23 and Fe3AsO7) (Eq. 11). Han 
et al. (2021) reported that S-nZVI has a roughly twofold 
greater immobilization capacity for As5+ than nZVI in 
soil. The immobilization of S-nZVI to As5+ was improved 
by the presence of sulfhydryl (-SH) in S-nZVI, and the 
fixed products were mainly FeAsS and As4S4.

Cd

Cd is a carcinogenic heavy metal and has been listed as a 
priority pollutant due to its bioaccumulation, toxicity and 
recalcitrance (Lv et al. 2018). S-nZVI has been proved to 
be effective at immobilizing Cd, consequently decreas-
ing the mobility, bioavailability and toxicity of Cd, by 
means of chemical adsorption, ion exchange, surface com-
plexation, and co-precipitation. The surface complexa-
tion between Cd2+ and iron (oxyhydr)oxides or ≡ FeSH+ 
(Eqs. 12, 13, and 18), chemical precipitation between Cd2+ 
and dissolved S2− (Eqs. 14, 15, and 16), the ion exchange 
between Cd2+ and FeS (Eq. 17), and the co-precipitation 
between Cd2+ and FeSH+ (Eq. 19) are associated reac-
tions in the Cd2+ removal by S-nZVI (Lv et al. 2018; Su 
et al. 2015).

(10)2Fe2+ + As5+ → 2Fe3+ + As3+

(11)
As(+3, + 5) + ≡ Fe(+2, + 3) →≡ Fe(+2, + 3) containing As(+3, + 5) phases

(12)Cd2++ ≡ FeO−
→≡ FeOCd+

(13)Cd2+ + ≡ FeOH + H2O → 2H+ + ≡ FeOCdOH

(14)FeS(s) + H+
→ Fe2+ + HS−

(15)Cd2+ + HS− → CdS(s) + Fe2+

(16)Cd2+ + FeS(s) → CdS(s) + Fe2+

(17)xCd2+ + ≡ FeS →≡ Fe(1-x)CdxS + xFe2+

(18)Cd2+ + ≡ FeSH+
→≡ FeS − Cd2+ + H+



101944	 Environmental Science and Pollution Research (2023) 30:101933–101962

1 3

Lv et al. (2018) found that S-nZVI could achieve com-
plete removal of Cd in 15 min and the removal process 
exhibited good conformity with the pseudo-second-order 
kinetic model. Moreover, a maximum removal capacity of 
roughly 150 mg/g was obtained at the S/Fe molar ratio of 
0.3. The iron hydroxides on the surface of S-nZVI could 
be used to immobilize Cd2+ via surface complexation 
forming ≡FeOCdOH. Meanwhile, the FeS also contrib-
uted to the removal of Cd2+ with the generation of ≡FeS-
Cd2+ via surface complexation and CdS(s) via precipita-
tion (Fig. 6a). Meanwhile, Su et al. (2015) found that 
the immobilization mechanisms of S-nZVI for Cd were 
in discrepancy under different S/Fe molar ratio. It was 
revealed by the XPS characterization results that adsorp-
tion and surface complexation were responsible for the 
Cd immobilization under low S/Fe molar ratio, whereas 
the Cd was immobilized via ion exchange forming Cd-Fe 
sulfide phase under high S/Fe molar ratio. The immobi-
lization efficacy and mechanism of Cd contaminated soil 
by S-nZVI were also proposed by Guo et al. (2021). It 
was observed that the exchangeable fraction of Cd was 
decreased by 97% after 30 days of treatment, which evi-
dently decreased the mobility of Cd. The immobiliza-
tion of Cd by S-nZVI was successfully conducted, and 
CdO and CdS were the primary immobilization products. 
Besides, the ultimate corrosion products of S-nZVI (e.g., 
α-FeOOH, γ-FeOOH, and γ-Fe2O3) were also conducive 
to the adsorption of Cd.

EDTA, as a powerful chelate, is easy to form stable 
complex with Cd, which is more difficult to remove over 
common metal ions (Li et al. 2021d). Traditional meth-
ods, such as chemical precipitation, physical adsorption, 
and redox reaction, cannot effectively achieve complete 
removal of EDTA-Cd (Li et al. 2021d; Liang et al. 2021). 
The effectiveness of S-nZVI for removal of EDTA-Cd has 

(19)xCd2+ + FeSH+
→ Fe(1-x)CdxS + xFe2+ + H+ been proved (Liang et al. 2020). For example, Liang et al. 

(2021) demonstrated that S-nZVI had a removal capacity 
of 746.6 mg/g of EDTA-Cd within 90 min. The Cd ions 
were released from the EDTA-Cd complex via the replace-
ment of Fe3+; then, the free Cd ions were immobilized 
on S-nZVI via the second replacement of FeS, leading to 
the formation of CdS. Li et al. (2021d) proposed that the 
complete removal of low-concentration of EDTA-Cd by 
S-nZVI could be achieved even in high-salinity wastewa-
ter. Similarly, the Cd2+ of EDTA-Cd was firstly replaced 
by the Fe3+ derived from the corrosion of S-nZVI, and 
then the free Cd2+ was immobilized on S-nZVI producing 
CdS and Fe–O-Cd (Fig. 6b).

Pb and Sb

Pb, a common heavy metal, is highly toxic and easily 
accumulated via the food chain, which poses adverse 
effects on the brain, kidney, and nerve system of human 
(Qin et al. 2022). Sb is known for its high toxicity and 
carcinogenicity, which can lead to a number of diseases, 
including hemolysis and pulmonary edema (Wang et al. 
2018). Qu et al. (2021) proposed that S-nZVI@HPAC was 
able to bind 295.3 mg/g of Pb2+ within 2 h. The Pb2+ was 
absorbed onto the negatively charged surface of S-nZVI@
HPAC via electrostatic attraction, and the carbon-con-
taining functional groups (e.g., C-O, C–C, and C-H) of 
HPAC also facilitated the adsorption process. The sur-
face complexation occurred when Pb2+ reacted with iron 
(hydroxyl)oxides and FeS, respectively, and some oxyge-
nous groups (e.g., C = O, C–O–C, and -OH) were also 
involved in the formation of Pb2+ complexes. Besides, 
the Pb2+ could also be removed via chemical precipita-
tion between FeS and Pb2+ forming PbS precipitates. 
More importantly, a fraction of Pb2+ could be reduced 
into Pb0 by Fe0. In another study, rhamnolipid stabilized 
S-nZVI (RL@S-nZVI) had a 22% greater immobilization 

Fig. 6   The mechanism for Cd immobilization by S-nZVI (a). Reprinted with permission from Ref. (Lv et al. 2018).  Copyright 2018, Elsevier. 
And for EDTA-Cd immobilization by S-nZVI (b). Reprinted with permission from Ref. (Liang et al. 2021). Copyright 2021, Elsevier
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efficiency for Pb2+ than pure nZVI, and RL@S-nZVI was 
able to stabilize water-soluble Pb with a stabilization effi-
ciency of up to 63% even in the coexistence of Cd and 
As. The Pb2+ was removed via ion exchange with FeS 
forming PbS/PbO precipitates, reduction into Pb0 by Fe0 
and surface complexation with FeS and iron (hydroxyl)
oxides forming Pb2+ complexes (Song et al. 2023). Liu 
et al. (2020b) demonstrated that S-nZVI could remove 
Sb3+ with a removal efficiency of up to 96.5% and 64.3%, 
respectively, under aerobic and anaerobic situation within 
2 h. The Sb3+ could be effectively removed via oxidiza-
tion into Sb5+ by ·OH derived from S-nZVI, adsorption 
onto the S-nZVI or its corrosion products, and precipita-
tion in the form of Fe-S-Sb. Graphene oxide–supported 
S-nZVI (S-nZVI@GO) was synthesized by Chi et  al. 
(2022) to further enhance the Sb3+ removal by S-nZVI. 
In their study, it was found that S-nZVI@GO had a maxi-
mum adsorption capacity for Sb3+ of 311.75 mg/g within 
2 h and the removal efficiency of Sb3+ of up to 96.7%. 
During the removal process, Sb3+ was firstly oxidized 
into Sb5+ by active oxygen species, which was derived 
from S-nZVI@GO via single-electron transfer. Then, the 
remained Sb3+ and generated Sb5+ were further removed 
by adsorption and co-precipitation.

Radioactive metals

Moreover, it has also been proposed that S-nZVI had out-
standing removal performance towards radioactive metals. 
Pang et al. (2019) discovered that S-nZVI loading with bio-
char, derived from Dictyophora indusiate, had a removal 
capacity for U6+ of up to 427.9 mg/g within 3 h, and the 
adsorptive and reductive effect were responsible for the 
excellent removal effects. Two works by Fan et al. (2013) 
and Fan et al. (2014) proposed that S-nZVI could effectively 
improve the sequestration efficiency of TcO4

− forming TcSx 
rather than TcO2, which was more resistant to oxidization. 
Besides, the long-term antioxidant ability of TcSx was also 
confirmed.

In light of the discussions above, it may be claimed that 
S-nZVI-based composites possess high removal efficiency 
towards various metallic ions. The involved removal mecha-
nisms mainly include reduction, adsorption, precipitation, or 
the synergistic effect of multiple mechanisms. Meanwhile, 
the removal effect of S-nZVI on the coexistence of multiple 
heavy metal pollution in environmental media still needs to 
be further explored.

Removal of organic pollutants

To date, it was widely acknowledged that the efficacy of 
S-nZVI applied for the elimination of a variety of organic 
pollutants, mainly including TCE (Bhattacharjee and 

Ghoshal 2018b; He et al. 2018), TBBPA (Gao et al. 2023; 
Li et al. 2016), NB (Gao et al. 2022a; Zhang et al. 2020b), 
and antibiotics (Dong et al. 2019b; Zhang et al. 2023). The 
latest studies on the application of S-nZVI-based materi-
als for degradation of organic pollutants are summarized 
in Table 3.

TCE

As one of the most prevalent chlorinated organic com-
pounds in groundwater and soils, TCE was featured by 
toxicity, carcinogenicity, and recalcitrance and has led to 
significant environmental problems for decades (Balder-
mann et al. 2021; Dong et al. 2017). To date, a few stud-
ies have revealed that S-nZVI has excellent TCE removal 
performance. For example, Kim et al. (2011) prepared 
Fe/FeS nanocomposites by adding Na2S2O4 into the syn-
thetic solution of nZVI, and the TCE removal rate was 
increased by 20 times. Mangayayam et al. (2019) utilized 
S-nZVI to degrade TCE and also found that S-nZVI could 
remove more than 99% of TCE, while that by nZVI was 
only about 40%. Moreover, the aging experiments indi-
cated that the retention rate of S-nZVI for TCE removal 
was higher than 50% even after 30 days of reaction. Bin 
et al. (2020) applied S-nZVI/GA to remove TCE in the 
water. The results showed that S-nZVI/GA could com-
pletely remove TCE within 50 min, with acetylene being 
the primary dechlorination product of TCE. The reasons 
why S-nZVI was more reactive to TCE compared to 
nZVI have been explored by some researchers. Accord-
ing to Mangayayam et al. (2019), the FeS shell of S-nZVI 
was found to be more conductive compared to the iron 
oxides shell of nZVI, resulting in faster electron shuttle 
from Fe0 to pollutants. The increase of FeS shell volume 
further promoted the electron transfer leading to faster 
TCE reduction, and atomic S on the S-nZVI surface could 
induce β-elimination for producing acetylene. Gu et al. 
(2017) proposed that the FeS not only facilitated the elec-
tron shuttle but also enhanced the electron selectivity. The 
electrons were preferentially transferred to TCE over H+ 
and its transfer efficiency increased from 8 to 87%. Differ-
ent from previous studies, Han and Yan (2016) observed 
that the degradation efficiency of S-nZVI for TCE was 
60-fold higher than nZVI and the degradation products 
were totally dechlorinated hydrocarbons. It was demon-
strated that sulfur was not a direct promoter of the TCE 
dechlorination reaction, but rather a modifier of the sur-
face chemistry of iron to facilitate the production of key 
reactive species in the TCE reduction process. When sul-
fur was deposited on the surface of iron, it induced the dis-
solution of natural oxides, making the surface more con-
ducive to the adsorption of atomic hydrogen. At the same 
time, inhibiting the recombination of hydrogen promoted 
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the accumulation of atomic hydrogen on the surface of 
iron and reacted with TCE (Fig. 7a). In addition, Garcia 
et al. (2020a) proposed that the injection of CMC-S-nZVI 
to a site contaminated with chlorinated volatile organic 
compounds (cVOCs) brought about short-term abiotic 
dechlorination leading to a rapid decrease of cVOCs con-
centration, followed by the long-term biotic dechlorina-
tion. It was also found that CMC-S-nZVI migration to the 
monitoring well, either up or down gradients, leaded to 
a considerable reduction in cVOCs concentration in the 
water phase (Fig. 7b). In the above process, there might be 
a continuous transformation mechanism of hydrogenation 
and reducing β-elimination. Therefore, the dichlorination 
process of TCE by S-nZVI may involve abiotic and biotic 
transformation and further research on biotic transforma-
tion mechanism is crucial for TCE removal.

TBBPA

TBBPA is a widely used brominated flame retardant (BFR) 
that causes significant damage to human health and ecosys-
tem due to random discharge and improper handling (Okeke 

et al. 2022). Many treatment methods have been proposed 
for removal or degradation of TBBPA, such as adsorption, 
catalytic degradation, and biodegradation (Macêdo et al. 
2022; Ye et al. 2022). Although the methods above could 
eliminate TBBPA from different environment matrices, it 
still faced some limitations in the application scenario. For 
example, adsorption could not easily remove the generated 
byproducts, the degradation rate of TBBPA by catalytic 
reaction was always slow and the biodegradation demanded 
a relatively long degradation cycle (Dong et al. 2022; Li 
et al. 2020; Yuan et al. 2021). Recently, some studies have 
demonstrated that S-nZVI exhibited a high removal effi-
ciency towards BFR. For instance, Li et al. (2016) observed 
that S-nZVI was able to degrade TBBPA with a degradation 
efficiency of 90% within 24 h and the transformation rate of 
S-nZVI for initial TBBPA was 55.5% even after 11 weeks 
of aging. It was also proposed that the excellent transfor-
mation capacity of S-nZVI toward TBBPA was ascribed to 
the formation of FeS, resulting in elevated electron transfer 
and oxidative resistance. TBBPA might undergo a continu-
ous pathway of debromination, forming products that are 
low in bromine or even free of bromine. In each stage, only 

Table 3   Summary of representative S-nZVI-based materials for degradation of organic pollutants

Materials Contaminants Contaminants 
concentration

Doses of 
materials

S/Fe Reaction 
system

Time (min) Removal effi-
ciency (%)

Kinetic model References

S-nZVI TCE 25 mg/L 0.15 g 0.00125–0.75 Water 800 N.A Pseudo-first-
order

(Han and Yan 
2016)

S-nZVI TCE 40 mg/L 0.15 g 0.02 Water 8 66 N.A (Wang et al. 
2020a)

S-nZVI TCE 0.11mM 0.022–0.074 g 0.002–0.247 Water 390 58 Pseudo-first-
order

(Rajajayavel 
and Ghoshal 
2015)

S-nZVI@GA TCE 20 mg/L 0.05 g 0.098 Water 50 100 Pseudo-first-
order

(Bin et al. 2020)

S-nZVI TCE 30 mg/L 0.1 g 0.01–0.1 Water 540 100 N.A (Dong et al. 
2018)

S-nZVI TBBPA 20 mg/L 0.23 g 0.51 Water 1440 90 Pseudo-first-
order

(Li et al. 2016)

S-nZVI TBBPA 20 mg/L 0.23 g 0.015–0.25 Water 120 91.4 Pseudo-first-
order

(Wang et al. 
2021)

S-nZVI@BC DCF 10 mg/L 0.04 g N.A Water 240 80.1 N.A (Xu et al. 2021)
S-nZVI NB 100 mg/L 0.1 g 0.3 Water 10 60.2 Pseudo-first-

order
(Zhang et al. 

2018)
S-nZVI FF 0.28 mM 0.5 g 0–0.28 Water 120 46–90 Pseudo-first-

order
(Cao et al. 

2017)
S-nZVI FF 0.28 mM 0.25 g 0.07–0.28 Water 120 100 Pseudo-first-

order
(Cao et al. 

2020)
S-nZVI@PS SMX 10 mg/L 0.5–4.5 mM 0.2 Water 60 97.5 Pseudo-first-

order
(Yu et al. 

2022b)
S-nZVI@

BC-PS
CIP 30 mg/L 0.1 g 0–0.5 Water 100 99.01 Pseudo-sec-

ond-order
(Gao et al. 

2020)
S-nZVI@PS CAP 20 mg/L 0.005–0.03 g 0.025–0.1 Water 30 98.8 Pseudo-first-

order
(Wu et al. 

2022a)
S-nZVI@

PMS
TC 20 mg/L 25–175 mg/L 0.2 Water 20 93.8 Pseudo-first-

order
(Yu et al. 

2022a)
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one bromine atom might be replaced by a hydrogen atom 
(Fig. 8a). Wang et al. (2021) prepared S-nZVI using S0 as 
sulfur source for the removal of TBBPA and found that 
S-nZVI could transform more than 90% of TBBPA within 
2 h with optimal S/Fe molar ratio at 0.025. It was because of 
the generation of iron sulfide layer on S-nZVI surface that 
significantly increased its hydrophobicity and decreased the 
electron resistance, leading to superior transformation rate 
of TBBPA. Some studies have been conducted to enhance 
the degradation performance of TBBPA through modified 
S-nZVI. Li et al. (2021b) successfully synthesized a S-nZVI-
based composite loading with dendritic mesoporous silica 
nanospheres (S-nZVI/DMSN). It can be drawn from the 
characterization results and degradation experiments that 
both the dispersion of S-nZVI particles and the pollutants 
accessibility to S-nZVI particles were largely enhanced 
with the introduction of dendritic pores (Fig. 8b–d). The 
removal efficiency of S-nZVI/DMSN for TBBPA was up to 
91.4%, which was higher than that of S-nZVI (66.3%) when 
the mass ratio of Si/Fe was 1.0 and the molar ratio of S/Fe 
was 0.1 (Fig. 8e). The elimination of TBBPA by S-nZVI/
DMSN could be divided into three stages. Firstly, the physi-
cal adsorption caused the adhesion of TBBPA on S-nZVI/
DMSN. Secondly, TBBPA was chemically reduced by the 
S-nZVI distributed in DMSN. In addition, the Fe2+ and H2, 
as reaction products, could also provide reducing capacity. 
Thirdly, the diffusion of the TBBPA debromination products 
into the solution occurred (Fig. 8f). The transport of target 
molecules to the active region of S-nZVI nanoparticles was 

considerably improved and accelerated by the distinctive 
dendritic pore structure of DMSN.

NB

NB is extensively used in the manufacture of explosives, 
pesticides, and organic solvents (Gao et al. 2022a). Conse-
quently, it was frequently detected in the environment as a 
typical nitroaromatic compound of great concern. S-nZVI 
as a reducing agent was oxidized transferring electrons to 
the target pollutants, thereby transforming toxic substances 
into non-toxic or less toxic species (Zhang et al. 2019b, 
2020b). To date, several studies on the application of 
S-nZVI for NB removal have been conducted to reveal the 
removal efficiency and corresponding mechanisms. Zhang 
et al. (2018) observed that S-nZVI@BC was able to remove 
NB completely within 30 min and had a removal capac-
ity of up to 588.23 mg/g. Under the synergistic action of 
S-nZVI and BC, the NB was removed mainly through the 
chemisorption and electron shuttle by S-nZVI@BC and the 
chemical reduction by S-nZVI. Similarly, Gao et al. (2022a) 
reported that the degradation rate of NB by S-nZVI@BC 
was 98% and the formation rate of p-aniline (AN) was 90% 
within 24 h under the mass ratio of S-nZVI/BC of 3: 1 and 
the dosage of 10 mg/g (Fig. 9a–d). As shown in Fig. 9e, 
the nitro groups were desorbed from the soil via carbon 
phase solubilization by BC and reduced into amino groups 
by S-nZVI via direct electron shuttle of FeSx. Note that 
the NB removal efficiency is not equal to NB reduction 

Fig. 7   a Reaction mechanisms of TCE by nZVI and S-nZVI. 
Reprinted with permission from Ref. (Han and Yan 2016).  Copyright 
2016, American Chemical Society. b CMC-S-nZVI was applied at a 

site contaminated by cVOCs. Reprinted with permission from Ref. 
(Garcia et al. 2020a). Copyright 2020, Elsevier
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efficiency, but is generally represented by the aniline (AN) 
formation efficiency. Some investigations reported that 
S-nZVI coupled anaerobic system was economic, effec-
tive, and beneficial to further improve the applicability of 
S-nZVI toward NB-contaminated sites. Zhang et al. (2020b) 
coupled S-nZVI with anaerobic sludge for the removal of 
NB from wastewater. It was observed that complete NB 
removal was achieved within 32 h at 0.3 of S/Fe molar ratio, 
in which AN formation efficiency was evidently improved 
to about 76.4% compared to 8.3% of the anaerobic control 

system. Supplement of S-nZVI largely promoted the NB 
reduction and the positive role of microbial community. 
Furthermore, Zhang et  al. (2019b) added S-nZVI@BC 
to the up-flow anaerobic sludge blanket (UASB) for the 
reduction of NB. It was found that the removal efficiency 
of NB and the formation efficiency of AN by S-nZVI@BC 
coupled UASB reached up to nearly 100% and 20–40%, 
respectively. The application of S-nZVI@BC significantly 
enhanced the stability of anaerobic system and enriched the 
microbes related to NB reduction.

Fig. 8   a The debromination pathway of TBBPA with the treatment 
by S-nZVI. Reprinted with permission from Ref. (Li et  al. 2016).  
Copyright 2016, Elsevier. TEM images of b S-NZVI, c DMSN, and 
d S-NZVI/DMSN. e Degradation efficiency of TBBPA as a function 

of time by different materials. f Removal mechanisms of TBBPA by 
S-NZVI. Reprinted with permission from Ref. (Li et al. 2021b). Cop-
yright 2021, Elsevier
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Antibiotics

Antibiotics are often used to treat infectious diseases and 
are also common in agriculture and livestock industry 
(Gao et al. 2020). The common removal methods of anti-
biotics included physical–chemical (e.g., UV radiation, 
ozonation, and chlorination), chemical (e.g., PS, UV/
H2O2, and Fenton reactions) and biological strategies 
(Wu et al. 2022a; Yu et al. 2022b; Zhang et al. 2020d). 
Indeed, S-nZVI has been proved as an effective material 
for the removal of various antibiotics, such as florfeni-
col (FF) (Cao et al. 2021), sulfamethoxazole (SMX) (Yu 
et al. 2022b), chloramphenicol (CAP) (Wu et al. 2022a), 
ciprofloxacin (CIP) (Gao et al. 2020), and tetracycline 
(TC) (Yu et al. 2022a). Recent studies of some repre-
sentative S-nZVI-based materials for the degradation of 
antibiotics are summarized in Table 3. Among them, FF 
is discussed in this section.

FF is an antibiotic which is often detected in the natural 
environment for its wide use in the aquaculture and pre-
vention of several human diseases (Cao et al. 2017). The 
effective degradation pathway of FF involved either dechlo-
rination or defluorination, both of which can destruct the 
molecule structure of FF. Moreover, defluorination is more 
difficult than dechlorination as a result of C-F is more stable 
than C–Cl. Up to date, the feasibility and effectiveness of 
S-nZVI for degradation of FF have been proved by previous 
research. For example, Cao et al. (2017) proposed that the 
removal efficiency of S-nZVI towards FF was more than 
46% after 2 h, while nearly no FF removal was observed in 
the nZVI treatment group. The dechlorination of S-nZVI 
for FF was a continual process, in which chlorine atom was 
removed one by one. Meanwhile, it was also demonstrated 
that dissolved oxygen promoted the partial defluorination of 
S-nZVI for FF. Successive dichlorination (100% in 3 days) 
and defluorination (45% in 15 days) of S-nZVI for FF was 

Fig. 9   a Effect of S-nZVI/BC 
mass ratio on the NB removal 
efficiency. b The formation 
of AN. c Effect of S-nZVI/
BC dosage on the NB removal 
efficiency. d NB removal 
efficiency at different times. e 
Reaction mechanisms of NB 
by S-nZVI/BC in contaminated 
soil. Reprinted with permission 
from Ref. (Gao et al. 2022a).  
Copyright 2022, Elsevier
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found by Cao et al. (2020) under ambient conditions. S-nZVI 
particles containing higher contents of S2− and S2

2− sub-
stances displayed a faster dechlorination and defluorina-
tion rate for FF. It was suggested that the dechlorination 
and defluorination of S-nZVI for FF was achieved via 
β-elimination, substitution, hydrogenolysis, and addition 
reactions. Importantly, the distinctive core–shell structure, 
sulfur content and Fe0 content of S-nZVI particles synthe-
sized by different sulfurization methods caused variations 
in the dechlorination and defluorination rates of S-nZVI 
for FF, whereas the sulfur content and sulfurization method 
had no effect on the degradation pathway of S-nZVI for FF. 
Therefore, S-nZVI is a promising technology for removing 
fluoride at room temperature and pressure.

According to the discussion above, S-nZVI has proved 
to be an excellent remediation material for the degradation 
of various organic pollutants. However, the current applica-
tion of S-nZVI is limited to a few specific types of organic 
pollutants and more applications should be explored. Also, 
further efforts are required to clarify the exact role of S in 
these reactions, especially in defluorination reactions.

Removal of ARGs and ARB

The overuse and continuous release of antibiotics promote 
the formation and spread of ARGs and ARB, which has been 
a public health of concern for increasing the resistance of 
pathogenic bacteria and reducing the efficacy of antibiotics 
against human and animal pathogens (Gao et al. 2020; Wang 
et al. 2020b; Zhang et al. 2020d). Studies have shown that 
ARGs and ARB are widely distributed in various environ-
mental media, such as rivers, lakes, soil, vegetables, and 
even air, and have been considered as a new type of envi-
ronmental pollutants (Zhuang et al. 2021a). In addition, the 
movement of mobile genetic elements (MGEs, e.g., transpo-
sons, integrons, and plasmids) containing ARGs can achieve 
horizontal gene transfer (HGT) of ARGs between or within 
species (Liu et al. 2022c; Wang et al. 2020b). Currently, var-
ious treatment methods such as activated sludge, chlorina-
tion disinfection, and advanced oxidation process, have been 
widely utilized for removal of ARB and ARGs (Foroughi 
et al. 2022; Li et al. 2022b; Wang et al. 2023). Although 
these technologies can inhibit the enrichment of ARGs or 
ARB to some extent through mechanisms such as adsorption 
and degradation, their effectiveness is not ideal. In recent 
years, some studies have explored the impact of S-nZVI 
on ARGs and ARBs and shown that S-nZVI was effective 
for reducing the proliferation of ARB and ARGs through 
adsorption, oxidization, and reduction. Wang et al. (2020b) 
investigated the inactivation of S-nZVI against sulfonamide-
resistant bacteria (ARB HLS.6) and the removal of intra-
cellular ARGs (sul1) and Class I integrase genes (intI1). 
Results analysis showed that untreated ARB cells were 

morphologically and structurally intact (Fig. 10a, b). After 
15-min reaction, the cell structure of ARB was seriously dis-
rupted in S-nZVI system (Fig. 10c, d). Figure 10e, f exhib-
ited more severe cell damage, complete lysis of ARBs, and 
leakage of intracellular components. 1.12 g/L S-nZVI (S/
Fe = 0.1) could completely inactivate ARBs (2 × 107 CFU/
mL) within 15 min, and the removal rates of intracellular 
sul1 and intI1 reached 4.39 log and 4.67 log after 60 min, 
respectively. These results indicated that the genetic func-
tion and activity of ARB might be permanently disrupted 
after S-nZVI treatment, which inhibited the regeneration 
of ARGs. It can be seen from the quenching experiments 
that ROSs produced by materials played a crucial part in 
inactivating ARBs and eliminating genes. Additionally, the 
removal of ARB and genes from water could be achieved by 
S-nZVI and its oxidation products by means of adsorption. 
Zhang et al. (2020d) proposed that S-nZVI was an effective 
material for the elimination of 16S rRNA, ARGs, and MGEs 
in secondary effluents from wastewater treatment plants. 
Quantitative PCR (qPCR) and high-throughput fluorescence 
qPCR results showed that S-nZVI treatment could remove 
16S rRNA from secondary effluent by more than 3 log units, 
and 7 out of 10 ARGs could be removed. Specifically, the 
16S rRNA was firstly adsorbed onto the surface of S-nZVI, 
then accepted the electron transferred from the Fe0 result-
ing in the decrease of 16S rRNA and ARGs, and the loss 
of regenerative ability, especially the typical MGE (intI1). 
Moreover, the efficacy of S-nZVI on inactivating donor 
and recipient bacteria has been demonstrated by destroy-
ing the membrane, producing excessive ROS and reducing 
the expression of ARGs, thereby reducing the horizon gene 
transfer in the process (Liu et al. 2022c).

The effectiveness of S-nZVI for degradation ARB and 
ARGs has been confirmed and the relation between influenc-
ing factors (e.g., S/Fe molar ratios, S-nZVI dosages, initial 
pH, or initial concentration of pollutants) and degradation 
performance was imperative to be clarified.

Factors influencing the effectiveness and properties 
of S‑nZVI

Though S-nZVI has been reported as an effective remediation 
material for removal of heavy metal or organic pollutants, 
there are still many factors influencing its reactivity and sta-
bility, such as humic acid (HA) (Bhattacharjee and Ghoshal 
2018b; Deng et al. 2020; Han et al. 2019), coexisting ions (Li 
et al. 2017a; Wang et al. 2020a), S/Fe molar ratio (Dong et al. 
2018; Wu et al. 2018; Zhuang et al. 2021b), pH (Wu et al. 
2019; Xu et al. 2020d; Zhang et al. 2020a), and oxygen con-
dition (Du et al. 2016; Su et al. 2018; Tang et al. 2016). To 
further improve the applicability of S-nZVI, it is imperative 
to connect the influencing factors with the real application of 
S-nZVI, thereby achieving better remediation performance.
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Effect of humic acid

Previous studies have demonstrated that HA could 
enhance the dissolution of nZVI, increase its dispersion, 
and reduce its cytotoxicity through steric hindrance and 
electrostatic repulsion (Li et al. 2010). However, S-nZVI 
has different properties from nZVI, and HA contains 
active functional groups such as quinone, which have an 
affinity for iron and sulfur and may react with the FeS 

shell of S-nZVI (Liao et al. 2017). Therefore, exploring 
the impact of HA on S-nZVI is crucial for evaluating its 
performance. HA is one of the most prevalent natural 
organic matter in the environment and generally has a 
negative effect on the removal performance of S-nZVI 
towards specific pollutants in waters (Han et al. 2019; Xu 
et al. 2020d). Deng et al. (2020) found that the presence 
of HA would compete with Cr6+ for the active sites on 
the S-nZVI@BFS, thereby decreasing the removal rate 

Fig. 10   TEM images of a, b untreated and c–f treated ARB cells in 
the supernatants (S-nZVI dosage, 1.12  g/L; S/Fe molar ratio, 0.1; 
initial ARB concentration, 2 × 107 CFU/mL; reaction time, 15 min). 

Reprinted with permission from Ref. (Wang et al. 2020b).  Copyright 
2020, Elsevier
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of S-nZVI@BFS for Cr6+. Besides, the impact of HA 
on organic pollutants removal by S-nZVI has also been 
studied. Bhattacharjee and Ghoshal (2018b) found that 
the increased loading of HA largely decreased the TCE 
degradation efficiency by S-nZVI. It can be explained by 
two reasons: (1) the HA in the solution could adsorb part 
of TCE, reducing the TCE concentration on the S-nZVI 
surface and (2) the HA adsorbed onto S-nZVI blocked the 
active sites of TCE. Han et al. (2019) proposed that the 
addition of Suwannee River humic acid (SRHA) increased 
the dispersion stability and surface negative charge of 
S-nZVI, but also promoted the corrosion of S-nZVI parti-
cles. The SRHA being adsorbed on the surface of S-nZVI 
contributed to the dissolution of FeS and the generation 
of passivation film, which also decreased the reactivity 
of S-nZVI to TCE. When the concentration of SRHA 
was 200 mg C/L, the rate constant of TCE degradation in 
groundwater by S-nZVI decreased by 60%, and with the 
increase of SRHA dosage, the inhibitory effect of SRHA 
on the reactivity of S-nZVI was more potent. Therefore, it 
is necessary to carefully consider the stability of S-nZVI 
in the existence of HA, especially the long-term effect of 
HA on the integrity of FeS shells on S-nZVI while apply-
ing S-nZVI for groundwater remediation.

Effect of coexisting ions

Inorganic anions (e.g., HPO4
2−, PO4

2−, NO3
−, HCO3

−, and 
Cl−) typically affected the decontamination performance 
of S-nZVI by occupying the reactive sites due to differ-
ent affinity with iron species and intrinsic characteristics. 
For example, Wu et al. (2018) investigated the impact of 
HPO4

2− on S-nZVI for removal of As. Due to the fact 
that P and As had comparable chemical characteristics 
and ion sizes, HPO4

2− could compete with As for active 
sites on the surface of S-nZVI. Deng et al. (2020) found 
that phosphate (PO4

3−) could form precipitation with 
iron species and occupy the active sites on the surface of 
S-nZVI@BFS, thereby decreasing its reactivity with Cr6+. 
Moreover, the NO3

− as a strong oxidant could compete 
reduction sites with Cr6+, thereby decreasing the removal 
efficiency of S-nZVI@BFS for Cr6+. However, the exist-
ence of NO3

− could facilitate the TCE degradation by 
S-nZVI, such a phenomenon occurs for the reason that 
NO3

− as an oxidant was reduced by S-nZVI producing 
reducing hydrogen and Fe2+ (Wang et al. 2020a). Li et al. 
(2017a) found that both HCO3

− and Cl− had a detrimental 
influence on the degradation of hexabromocyclododecane 
(HBCD) due to their affinity with iron species. However, it 
was also revealed that NO3

− had the largest adverse effect 
on the HBCD transformation due to its strong oxidizing 
properties. Inorganic cations usually complex with Fe or 

S species thus influencing the reactivity of S-nZVI. For 
example, Wang et al. (2020a) observed that the existence 
of Cr6+ and Cd2+ would result in the inhibition of S-nZVI 
to TCE removal, which was not only due to the generation 
of Fe–Cr hydroxides or Fe-Cd hydroxides, but also the 
concurrent reduction of Cr6+ to Cr3+.

Effect of S/Fe molar ratio

The S/Fe molar ratio is an important parameter for pollut-
ant removal and proper increase of S/Fe could increase the 
active sites and improve the surface activity of S-nZVI, 
thereby facilitating pollutants removal by S-nZVI (Dong 
et al. 2018; Song et al. 2023; Wu et al. 2018). The formation 
of FeS could increase the surface area, reactivity, and elec-
tron transfer of S-nZVI. Moreover, the S2− from FeS could 
also form insoluble precipitation with metallic ions, such 
as Cd2+ and Pb2+ (Lv et al.2018; Song et al. 2023). Gener-
ally, the pollutants removal efficiencies generally increased 
first and then dropped as the S/Fe molar ratio increased. 
However, the high S/Fe molar ratio with excessive S would 
decrease the pollutants removal efficiency due to the forma-
tion of FeSn, which could block the active sites and inhibit 
the electron shuttle (Dong et al. 2018; Zhuang et al. 2021b). 
Zhang et al. (2020a) reported that S-nZVI@BC with S/Fe 
molar ratio of 0.2 displayed the highest adsorption capac-
ity for TBBPA. However, the generation of secondary FeS 
precipitates at high S/Fe molar ratio would prevent the 
Fe0 from corrosion, thus restraining the TBBPA removal. 
Li et al. (2021b) demonstrated that the highest removal 
efficiency of S-nZVI/DMSN for TBBPA was obtained at 
the S/Fe molar ratio of 0.1 and a significant decrease of 
TBBPA removal efficiency was observed as the S/Fe molar 
ratio increased to 0.3. A proper S/Fe molar ratio enhanced 
electron transfer efficiency by connecting FeS and Fe0 fully 
and effectively, while the overhigh S/Fe molar ratio could 
inhibit the pollutants removal by consuming abundant Fe0 
forming FeSn, which was less reactive compared with FeS. 
However, some studies showed that higher S content could 
facilitate the pollutants removal. Li et al. (2016) proposed 
that the transformation rates of TBBPA and the concentra-
tion of final debrominated products increased with the S/
Fe molar ratio increasing from 0.12 to 0.51, which may be 
attributed to the increased surface area of the S-nZVI with 
higher S/Fe molar ratio. Wu et al. (2018) proposed that the S 
content and surface roughness of S-nZVI increased as the S/
Fe molar ratio rose from 0 to 0.35, and high S content would 
provide more binding sites for As.

Effect of pH

The reactivity of nZVI was easily prone to be affected by 
the fluctuation of pH and the impact of solution pH on the 



101953Environmental Science and Pollution Research (2023) 30:101933–101962	

1 3

pollutants removal rate was not negligible (Dong et  al. 
2018). The sulfuration largely enhanced the stability and 
reactivity of nZVI in alkaline environment, making its pH 
range of application more widely (Su et al. 2020). It was 
observed that the degradation efficiency of S-nZVI for TCE 
maintained at 90% after reacting for 9 h with pH ranging 
from 5 to 9 (Dong et al. 2018). Generally speaking, under 
acidic conditions, pH would improve the removal perfor-
mance of S-nZVI for pollutants. Zhang et al. (2020a). pro-
posed that the removal of S-Fe0/BC for TBBPA was favored 
under acidic condition due to the enhanced electron trans-
fer, in which adequate H+ can destroy the passivation layer. 
However, the TBBPA removal was inhibited in extremely 
acidic situation due to the formation of hydrogen, which 
consumed electrons as well as decreased the connection 
between S-nZVI and TBBPA. Moreover, the iron hydrox-
ides precipitates are prone to form under alkaline condition, 
which would decrease the reactivity of S-nZVI for pollut-
ants. Li et al. (2021b) observed that the degradation effi-
ciency of S-nZVI/DMSN for TBBPA dropped from 57 to 
36.1% with pH increasing from 9 to 11. The Fe2+ produced 
from the oxidization of Fe0 could combine with hydroxide 
ions forming iron hydroxides, which inhibited the connect 
between S-nZVI/DMSN and target pollutants. Zhang et al. 
(2020a) also found that the adsorption capacity of TBBPA 
by S-Fe0/BC decreased from 1.47 to 0.77 mg/g as the pH 
rose from 8 to 11. It was proposed that the removal of 
S-nZVI for TBBPA was hindered under alkaline condition 
due to the formation of iron hydroxides precipitates, which 
occupied the reactive sites on the surface of S-Fe0/BC.

Effect of oxygen condition

Oxygen condition is also a key factor affecting the effective-
ness of S-nZVI during the process of environmental reme-
diation. The impacts of dissolved oxygen on the pollutant 
removal by S-nZVI are different in different pathways. Tang 
et al. (2016) found that S-nZVI had different degradation 
pathways towards ρ-nitrophenol (PNP) with the change of 
oxygen condition. In anoxic stage, the PNP was reduced 
into ρ-aminophenol by atomic hydrogen. In aerobic stage, 
the PNP was oxidized into acetic acid by ·OH. When the 
mechanism for removing pollutants by S-nZVI is reduction, 
the dissolved oxygen can inhibit the removal of S-nZVI. 
While oxidization is responsible for the pollutant removal 
by S-nZVI, the removal process is facilitated by the dis-
solved oxygen (Dong et al. 2018; Song et al. 2017). Based 
on this, Wu et al. (2019) invented a sequential anoxic/oxic 
process for complete degradation of TBBPA by S-nZVI. In 
the anoxic stage, TBBPA was entirely converted to bisphe-
nol A (BPA) through a four-step sequential debromination 
route, and S-nZVI inhibited H2 precipitation, preserving 
the reductive capacity of Fe(0). In the oxidation stage, the 
resultant BPA was attacked by ·OH, converted to dihydroxy-
benzene and benzoquinone, and finally mineralized through 
ring-opening reactions. The sulfuration process promotes the 
formation of ·OH through surface-bound Fe(II) via a dual 
electron transport pathway, in which the structures Fe(II) 
and Fe(0) in FeS reduce Fe(III) to generate regenerated 
Fe(II), which plays a crucial part in the total degradation 
of BPA (Fig. 11). The study demonstrated the feasibility of 

Fig. 11   Proposed pathways for 
TBBPA degradation by S-nZVI 
in the dynamic two-step anoxic/
oxic process. Reprinted with 
permission from Ref. (Wu et al. 
2019).  Copyright 2019, Ameri-
can Chemical Society
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complete degradation of refractory pollutants in a dynamic 
anoxic/oxic process, thereby expanding the environmental 
application of S-nZVI in water treatment.

Some studies revealed that dissolved oxygen could com-
pete with pollutants for electrons donated by S-nZVI, thus 
decreasing the reduction power of S-nZVI towards Cr6+. 
Du et al. (2016) proposed that the removal rate of S-nZVI 
for Cr6+ was restrained in the oxic situation, and the reason 
was that the dissolved oxygen could not only compete the 
electrons with Cr6+ but also react with Fe2+. Similarly, it was 
also demonstrated that the removal capacity of S-nZVI@BC 
for Cr6+ was slightly increased under anaerobic situation 
than that under aerobic situation (Gao et al. 2018).

Based on such discussion, it can be seen that the effect 
of various environmental parameters on the S-nZVI is non-
negligible. Accordingly, it is necessary to study such factors 
for optimal operation condition of S-nZVI.

Application of S‑nZVI in advanced oxidation 
processes

AOP, as a novel technology, is of increasing interest for the 
high removal efficiency towards refractory pollutants with 
the formation of highly reactive oxidizing species (ROS, 
e.g., SO4

−·, ·OH, ·OOH, and 1O2) (Wu et al. 2022a). Recent 
studies show that SO4

−· is more adaptable for remediation 
due to some characteristics, such as stronger selectivity, 
higher redox potential, longer half-life, higher selectivity, 
and wider pH application range (Kang et al. 2018b; Wu et al. 
2022a). Besides, PS, including peroxymonosulfate (PMS) 
and peroxydisulfate (PDS), has become popular for its strong 
stability and high reactivity as compared to the traditional 
oxidants (e.g., peroxide and permanganate) toward pollut-
ants (Dong et al. 2019a).

In the sulfate-based AOP, Fe2+, as a catalyst, combined 
with PS, has been applied to eliminate pollutants (Chen et al. 
2020). In the Fe2+/PMS system, the Fe2+ could react with 
PMS forming Fe3+ and reactive SO4

−· and the generated 
Fe3+ could further react with PMS forming SO5

−· (Eq. (20)-
(21)). Besides, the reaction between SO4

−· and OH− could 
also produce highly reactive ·OH radicals (Eq. (22)) (Liu 
et al. 2022b). In the Fe2+/PDS system, the formation of 
SO4

−· could be achieved via the reaction between Fe2+ 
and S2O8

2− (Eq. (23)) (Wu et al. 2022a). Some research-
ers proposed that the quantity of Fe2+ is vital to the reac-
tion performance of sulfate-based AOP. The system with 
a small number of Fe2+ is less reactive, whereas excessive 
Fe2+ could react with the sulfate radicals in which the for-
mation rate is less than the elimination rate and even com-
pete with pollutants over limited electrons, leading to the 
decline of oxidative potential and removal efficiency (Chen 
et al. 2020; Kang et al. 2018b; Wu et al. 2022a). nZVI, as 

a solid-phase catalyst, can be a good alternative to Fe2+, 
for which releases Fe2+ slowly retaining a controlled Fe2+ 
concentration. Moreover, the combination of nZVI and PS 
has been proved effective for removal of various pollutants. 
For example, Yan et al. (2015) proposed that the degradation 
efficiency of TCE by nZVI@BC composite activated PS can 
reach up to 99.4%. Song et al. (2022) demonstrated that the 
SMX degradation efficiency can obtain 98.6% by nZVI acti-
vated PDS with the existence of Molybdenum disulfide as 
a co-catalyst. However, the application of nZVI was limited 
due to its inherent characteristics, such as easy to be oxidized 
and susceptible to agglomeration. Therefore, S-nZVI can be 
an alternative or an improved version to nZVI for its intrinsic 
properties.

Recently, S-nZVI/PS has been utilized for the removal of 
organic pollutants. For instance, Cai and Zhang (2022) found 
that in comparison with the nZVI/PS system (0.089 min−1), 
the S-nZVI/PS system had a greater degradation activity for 
bisphenol S (BPS) (0.142 min−1), especially at high BPS 
concentrations. The FeSx layer could improve the passiva-
tion and aggregation of nZVI, enhance electron transfer, and 
improve the activation performance of nZVI on PS. SO4

−· 
and ·OH were the main oxidants for degrading BPS. In addi-
tion, BPS could be effectively removed within a wide initial 
pH range (3.13–9.35). S-nZVI has proved to be effective 
for the elimination of antibiotics. The removal efficiency of 
SMX by S-nZVI coupled PS was 97.5%, and the removal 
process was in good conformity with the pseudo-first-order 
kinetics model. Both ·OH and SO4

−· were responsible for 
the SMX removal, and SO4

−· served as the main free radi-
cal (Yu et al. 2022b). In other studies, it was observed that 
the removal efficiency of S-nZVI/PS for TC and CAP could 
achieve 93.8% and 98.8%, respectively, (Yu et al. 2022a, 
2022b).

In the context of remediation, the ROS generated from 
S-nZVI@PS could inactivate the ARB and eliminate the 
ARGs (Yu et al. 2021). Yu et al. (2021) used S-nZVI cou-
pling PS to simultaneously remove ARB and ARGs. The 
complete inactivation of S-nZVI/PS for ARB was achieved 
within 10 min (~ 7.8 log decreased) and degraded all eARGs 
within 5 min (~ 8.0 log decreased) (Fig. 12a–d). In addition, 
S-nZVI/PS could also complete the deactivation of ARB 
in real drinking water and wastewater containing NOM 

(20)Fe2+ + HSO5
−
→ Fe3+ + SO4

−⋅ + OH−

(21)Fe3+ + HSO5
−
→ Fe2+ + SO5

−⋅ + H+

(22)SO4
−⋅ + OH−

→ ⋅OH + SO4
2−

(23)Fe2+ + S2O8
2−

→ SO4
−⋅ + Fe3+ +SO4

2−
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and suspended solids. It can be seen from the regenera-
tion experiment that the treated ARB was disappeared after 
72 h or more of incubation, indicating that the permanent 
inactivation of ARB by SO4

−· and ·OH radicals occurred 
(Fig. 12e). Also, S-nZVI was found to be efficient PMS or 
PDS activator. Liu et al. (2022b) proposed that S-nZVI/
PMS system had better deactivation effect on ARB than 
S-nZVI/PDS system. In the low concentration S-nZVI/PMS 
system, ARB cells typically reduce by approximately 7.32 
logs (effective inactivation) within 15 min. At the same 
time, because of oxidative stress and lipid peroxidation, the 
structural integrity (cell wall and membrane) of ARB cells 
was severely damaged, leading to damage and leakage of 
genetic material within the cells. The collaborative S-nZVI/
PS system is expected to be used for water purification, 
including inactivation of ARB and degradation of related 
ARGs, thereby restricting the propagation of antibiotic 
resistance in the actual environment. Future studies of up-
scaling investigations and the effect of other water quality 
parameters, including pH, suspended solids, and turbidity, 
on removal of ARBs and ARGs are needed.

The environmental toxicity of S‑nZVI

It has been reported that nZVI itself has toxicity to some 
content towards microorganisms. The Fe2+ released from 
nZVI and the generated ROS could cause damage to the 
microorganism. Similarly, the application of S-nZVI 
could also cause toxic effect on the microorganism in the 
environment.

Some researchers proposed that S-nZVI was less toxic than 
nZVI (Cheng et al. 2019; Han et al. 2019). For example, Han 
et al. (2019) proposed that the sulfidation of nZVI slightly alle-
viated the toxicity to E. coli. and the E. coli. culturability main-
tained around 20% after being exposed to S-nZVI for 4 h. The 
remained toxicity was ascribed to the increased surface area and 
dispersion of S-nZVI compared with bare nZVI. Cheng et al. 
(2019) investigated the source of toxicity of S-nZVI towards E. 
coli and demonstrated that the ROS produced by the oxidiza-
tion of Fe0 played a vital role in destructing the integrity of cell 
membrane and further inactivating the cell. They also studied 
many influencing factors related to the toxicity of S-nZVI, such 
as Fe/S ratio, typical groundwater components, and particle 

Fig. 12   a, b Degradation of 
extracellular antibiotic resist-
ance genes (eARGs) with differ-
ent particles treatment. c, d Log 
reduction of eARGs (blaTEM 
and tetA) under different treat-
ment and their corresponding 
gel electrophoresis images. 
e Removal mechanisms of 
ARGs and ARB by S-nZVI/PS. 
Reprinted with permission from 
Ref. (Yu et al. 2021).  Copyright 
2021, Elsevier
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aging. It was found that S-nZVI with low toxicity could be 
achieved at a lower Fe/S molar ratio, the existence of ground-
water component can decrease the toxicity of S-nZVI to some 
extent and the toxicity of S-nZVI would decrease with the 
aging time. Besides, it is also necessary to explore appropriate 
methods to assess the toxicity of S-nZVI. Semerád et al. (2020) 
assessed the toxicity of S-nZVI through oxidative stress assay 
based on lipid peroxidation and found that higher stability and 
lower toxicity could be achieved with the increase of S content. 
However, the S-nZVI particles aging for 7 days performed simi-
lar oxidative stress with nZVI. In this way, it is also imperative 
to study the toxicity of aging S-nZVI.

Accordingly, S-nZVI may be a good alternative to nZVI 
with higher applicability. It can be concluded that the toxic-
ity mechanisms of S-nZVI may be a combination of ROS 
and nano-specific Fe2+ toxicity. The measures for alleviating 
the toxic effect of S-nZVI is dependent on restraining the 
direct contact between S-nZVI and microorganism.

Challenge and perspective

Though S-nZVI is a good decontamination material, there 
are still some restrains and knowledge gaps imperative for 
further study, which is essential for further advancing the 
development of S-nZVI-based remediation technology. 
Some points are listed as follows:

(1)	 As to the synthesis method of S-nZVI, the chemical 
reduction method is the most common method due to 
its easy operation and high efficiency. However, the 
reduction agent borohydride used to prepare Fe0 par-
ticles is relatively expensive. Moreover, the formed 
H2S is toxic and further decreases the incorporated 
sulfur content of S-nZVI. Therefore, it is necessary to 
explore more economic and benign synthesis methods 
for higher applicability of S-nZVI.

(2)	 The role of FeSx shell of S-nZVI on the decontami-
nation performance has been demonstrated by many 
research. However, the sulfur transformation in the 
content and distribution during the removal process of 
pollutants should also be considered.

(3)	 Some studies revealed that the decontamination per-
formance of S-nZVI is not always superior to nZVI. 
Moreover, the information on the effect of sulfidation 
time on the decontamination performance of S-nZVI 
is limited. In this way, it is imperative to investigate the 
role of sulfidation time play and conduct more com-
parative experiments over nZVI and S-nZVI to further 
improve the role of sulfidation.

(4)	 The removal of pollutants by S-nZVI always focuses 
on the parent pollutants, while the partially decontami-

nated intermediate products are easily ignored. Conse-
quently, it may bring about higher cost input and lower 
remediation effect. Therefore, it is urgent to analyze 
the reaction products and achieve better remediation 
performance.

(5)	 S-nZVI has good immobilization performance for 
metallic ions and degradation efficiency for organic 
compounds. However, there is limited information on 
the remediation efficiency and removal mechanisms 
of S-nZVI toward complex environment with multi-
ple pollutants involved. Therefore, it is of significant 
importance to assess the applicability and explore the 
remediation pathway of S-nZVI.

(6)	 At present, most studies on the removal performance 
of S-nZVI are confined to the laboratory experiment. 
However, the field parameter is complex and incon-
stant. Therefore, field remediation of contaminated 
sites is needed for further studying the optimal envi-
ronmental factors to remove specific pollutants in the 
proper condition. Moreover, the effect of the addition 
of S-nZVI on the environmental matrix and the effect 
of field condition on the fate and transport of S-nZVI 
should also be further investigated.

(7)	 Sulfate-based AOP technology is a promising remedia-
tion method by taking advantage of oxidative capac-
ity endowed by formed ROS. However, some studies 
demonstrated that the selectivity of ROS is not so good 
for application, while the non-radical has higher selec-
tivity and is more adaptable for application. Moreover, 
the combination of multiple AOP has been reported 
to produce more ROS than sole AOP. In this way, it is 
critical to compare the remediation efficiency of radi-
cal and non-radical and explore whether there is an 
optimal combination AOP for further improvement of 
the remediation efficiency of sulfate-based AOP.

(8)	 Sulfidation of nZVI largely increase its reactivity and 
selectivity, while the toxicity of S-nZVI restrains its 
further scale-up application. By now, the research on 
the toxicity of nZVI is more than that of S-nZVI. Mean-
while, some measures have been proposed to alleviate 
the toxicity of nZVI whereas limited counterparts for 
S-nZVI. Accordingly, there is an urgent need to study 
the toxicity mechanism of S-nZVI and develop cor-
responding measures to enhance its biocompatibility.
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