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Zero-valent iron (ZVI), an ideal reductant treating persistent pollutants, is hampered by issues like
corrosion, passivation, and suboptimal utilization. Recent advancements in nonmetallic modified ZVI
(NM-ZVI) show promising potential in circumventing these challenges by modifying ZVI's surface and
internal physicochemical properties. Despite its promise, a thorough synthesis of research advancements
in this domain remains elusive. Here we review the innovative methodologies, regulatory principles, and
reduction-centric mechanisms underpinning NM-ZVI's effectiveness against two prevalent persistent
pollutants: halogenated organic compounds and heavy metals. We start by evaluating different
nonmetallic modification techniques, such as liquid-phase reduction, mechanical ball milling, and py-
rolysis, and their respective advantages. The discussion progresses towards a critical analysis of current
strategies and mechanisms used for NM-ZVI to enhance its reactivity, electron selectivity, and electron
utilization efficiency. This is achieved by optimizing the elemental compositions, content ratios, lattice
constants, hydrophobicity, and conductivity. Furthermore, we propose novel approaches for augmenting
NM-ZVI's capability to address complex pollution challenges. This review highlights NM-ZVI's potential
as an alternative to remediate water environments contaminated with halogenated organic compounds
or heavy metals, contributing to the broader discourse on green remediation technologies.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Halogenated organic compounds (HOCs) and heavy metals
(HMs) are two typical kinds of persistent pollutants that widely
exist in aquatic environments [1]. HOCs are extensively synthesized
and applied in agriculture and various industries [2]. Besides,
numerous kinds of HOCs have been observed that are present as
industrial synthetic intermediates and disinfection byproducts [3].
The high electronegativity of halogen groups (Cl, Br, F, etc.) results
in a low electron cloud density around hydrocarbon chains or ar-
omatic rings of the HOC chemical structure, and therefore, HOC is
more inclined to be reductively transformed than oxidative
decomposition in the environment [4]. On the other hand, the
emission of HMs has been widely observed due to their extensive
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
use in various industries, such as metal smelting, electroplating,
electrical appliance manufacturing, and leather processing [5].
Certain heavy metal ions with higher valence, such as selenium
(Se), uranium (U), chromium (Cr), etc., exhibit elevated electronic
affinity, making them highly amenable to be reductively converted.
The chemical reduction of HM ions from higher to lower valence
facilitates their conversion fromwater-soluble forms to precipitates
by combining with anions, ultimately leading to their effective
removal from aqueous solutions [6].

Zero-valent iron (ZVI) is a reactive transition metal with a
reductive property of �0.44 V (vs. standard redox potential) [7].
Due to its environmentally friendly and cost-effective nature [8],
ZVI shows a promising functional material for the reductive
removal of various persistent pollutants in the environment,
including HOCs [9], nitroaromatic hydrocarbons [10], dyes [11],
phenolic compounds [12], HMs [13], etc. However, the widespread
application of ZVI has been hindered by several limitations [14]. In
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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Fig. 1. a, Publications related to NM-ZVI between 2011 and 2022. b, Publications
related to ZVI with modifying the different types of nonmetallic elements during the
reductive removal of HOCs and HMs between 2011 and 2022.

Fig. 2. Current applied preparation methods of NM-ZVI for efficiently reducing HOCs
and HMs.
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aquatic environments, the hydrogen evolution of ZVI results in
significant electron consumption and the formation of a passive
layer on the surface consisting of iron oxides and hydroxides, as
depicted in equation (1) [15]. This layer restricts the flow of elec-
trons from the iron reservoir to the oxide shell, thereby reducing
the reactivity of iron and the life of the reaction due to an increase
in the pH of the reaction medium [16]. Although previous studies
have employed various strategies to enhance ZVI performance,
such as using ZVI nanoparticles [17], catalytic bimetals (e.g., Pd-Fe,
Ni-Fe, Cu-Fe) [18], or employing weak magnetic fields (WHF) [19],
these methods face several challenges such as the nanoparticle
aggregation, the potential bio-toxicity, the high cost of noble
metals, and the additional energy consumption [20].

Fe0 þ2H2O/ Fe2þ þH2 þ 2OH� (1)

With the rapid progress in materials science, nonmetallic
modifying methods have recently emerged to enhance ZVI's
structure and functionality [21]. These studies focus on the incor-
poration of heteroatoms (C, N, S, P, etc.) with varying hydropho-
bicity and conductivity, aiming to achieve the following objectives:
(i) decreasing the formation of passive metal layers brought by iron
hydrolysis, thereby enhancing electron selectivity; (ii) improving
the electronic structure of the particle surface to induce charge
redistribution and improve electron transfer efficiency (EE) [4]. EE
can be defined as the percentage of electrons used for substrate
reduction (Ne) compared to the total electrons consumed (Nt)
within a given time interval, as shown in equation (2) [22,23]. On
account of the effective optimization of ZVI performance under the
premise of low cost and green strategy, the nonmetallic modified
ZVI (NM-ZVI) based principles and techniques have represented
broad prospects concerning the iron reduction field for pollution
control and remediation [24].

EE¼Ne

Nt
(2)

According to a literature analysis using the Web of Science,
studies related to NM-ZVI have experienced a peak in the past five
years. Despite the ongoing changes, there has been a threefold in-
crease in articles addressing the reductive removal of HMs in
contrast to those focusing on HOCs since 2020 (Fig. 1a). Among the
nonmetallic atom types, carbon modifications possessed the highest
representation (52.76%), followed by boron and sulfur (Fig. 1b).
Although several review articles on NM-ZVI have been published in
recent years, most focus on individual types of NM-ZVI [5], such as
sulfur-modified ZVI or biochar-modified ZVI [14,15]. Furthermore,
these articles primarily concentrate on pollutant removal and reac-
tion mechanisms [13,20], and a comprehensive overview of the
recent advancements in technologies based on non-metallic modi-
fied ZVI remains an open field. Therefore, this review provides
comprehensive insights and prospects regarding the research status,
mechanisms, and potential applications of NM-ZVI for the remedi-
ation of HOCs and HMs in aquatic systems. The main contents
include: (i) summarizing the developed methods for NM-ZVI prep-
aration and evaluating their respective effectiveness; (ii) reviewing
studies related to the regulation strategies by a nonmetallic modi-
fication to enhance the reductive removal efficiency of HOCs and
HMs, focusing on improving the reactivity, electron selectivity and
EE; (iii) elucidating the reduction dominated mechanisms involved
in NM-ZVI removal of HOCs and HMs; and (iv) identifying current
challenges and providing perspectives on the application of NM-ZVI
during remediation of persistent pollutants.
2

2. Developed methods for NM-ZVI preparation and their
respective effectiveness

Current methods for preparing NM-ZVI primarily involve
introducing nonmetallic elements onto the surface or within ZVI
[24]. Various physical and chemical preparationmethods, including
liquid-phase reduction, mechanical ball milling, and pyrolysis, have
been employed, as shown in (Fig. 2). These different methods have
distinct effects on the modifying efficiency and properties of ZVI.
For instance, liquid-phase reduction allows control over the size
and dispersion of metal nanoparticles, while mechanical ball
milling enables heterogeneous and localized modification [25]. In
addition, pyrolysis can facilitate the large-area uniform modifica-
tion. When selecting a preparation method, factors such as the
modifying effect, production cost, and operational complexity
should be comprehensively considered [26].



Z. Yan, J. Ouyang, B. Wu et al. Environmental Science and Ecotechnology 21 (2024) 100417
2.1. Liquid phase reduction method

Liquid phase reduction involves the addition of metal salts and
reducing agents to an aqueous solution, resulting in the reduction
of metal ions into metal nanoparticles. This method can generate
suspended nZVI by reducing Fe2þ or Fe3þ in water with BH4

� or
directly depositing the nanoparticles onto the surface of loading
carriers [27]. Liquid-phase reduction is advantageous for its ability
to control the size and dispersion of metal nanoparticles. However,
it is considered limited for large-scale production. Additionally,
BH4

� poses risks of reacting with water, leading to lower yields and
the incorporation of impurities, thereby reducing the efficiency of
ZVI reactions [28]. Despite these limitations, numerous studies
have demonstrated the high efficiency of liquid-phase reduction for
the removal of trichloroethylene (TCE), chlorophenols, chloram-
phenicol, Cr(VI), U(VI), etc. (Tables 1 and 2). For instance, Han and
Yan [32] prepared sulfur-modified nZVI (S-nZVI) by this method,
exhibiting improved reactivity and stability across a wide pH range
compared to nZVI. The complete removal of TCE in water was
observed within a short period. Similarly, Xu et al. [72] observed a
remarkable improvement in TCE dechlorination efficiency using S-
nZVI, with TCE removal efficiency increased by 160 times higher
than that of pure nZVI. Li et al. [34] prepared biochar-supported
modified nanoscale ZVI with a TCE dechlorination efficiency ach-
ieved 79.0% within 15 h, compared to only 11.0% of dechlorination
Table 1
Comparison of the different preparation methods of NM-ZVI for reductive dehalogenatio

Preparation
methods

Treatment Target pollutants Dosage
(g L�1)

Initial
concentration
(mg L�1)

Dura

Liquid phase
reduction

S-nZVI Trichloroethylene 1.0 9170.0 8.0 d
S-nZVI Trichloroethylene 0.3 262.0 7.0 d
S-nZVI Trichloroethylene 1.0 9170.0 10.0
S-nZVI Trichloroethylene 2.0 14.4 6.5 h
S-nZVI Trichloroethylene 5.0 25.0 7.2 h
S-nZVI Trichloroethylene 0.3 298.7 8.0 d
nZVI/BC Trichloroethylene 0.1 30.0 200.
S-nZVI/BC Trichloroethylene 3.0 20.0 2.0 h
S-nZVI Florfenicol 1.0 36.7 2.0 h
S-nZVI Tetrabromobisphenol

A
2.3 20.0 24.0

ZVI/ACc Pentachlorophenol 0.2 ± 0.1 5.4 6.5 d
SiO2-ZVI 2,4-Dichlorophenol 3.0 150.0 28.0
S-nZVI/
MCd

Trichlorophenol 2.0 30.0 2.0 h

S-nZVI Diclofenac 3.0 10.0 70.0
nZVI/BC Chloramphenicol 1.1 1001.3 12.0

Mechanical ball
milling

ZVI/AC Trichloroethylene 0.2 1.0 24.0
S-mZVI Trichloroethylene 0.2 248.9 12.0
SeN-
mZVI

Trichloroethylene 10.0 13.1 4.0 h

mZVI/AC Trichloroethylene 10.0 50.0 8.0 h
N-nZVI Trichloroethylene 3.0 10.4 30.0
P-mZVI Trichloroethylene 5.0 10.0 240.
SiO2-ZVI 2-Chlorophenol 40.0 50.0 2.0 h

Pyrolysis N-nZVI Trichloroethylene 1.0 20.0 5.0 d
ZVI/BC Trichloroethylene 2.0 9.2 65.0
nZVI/BC Trichloroethylene 5.0 30.0 4.0 h
ZVI/AC Trichloroethylene 20.0 100.0 1.0 h
nZVI/BNe Decabromodiphenyl

oxide
2.5 1.0 24.0

nZVI/Gf Trichloronitromethane 0.1 0.1 2.0 h
ZVI/BC Dichlorophenol 100.0 55.2 24.0

a Removal ratios of 1 g NM-ZVI (h�1) was calculated by the initial concentration of po
b N/A indicates unavailable.

c-f AC, MC, BN and G indicated activated carbon, mesoporous carbon, boron nitride, and

3

by unmodified nZVI under the same condition. These results
highlighted the remarkable effectiveness of the preparation
method employed.
2.2. Mechanical ball milling method

Mechanical ball milling is a process that utilizes the continuous
friction and collision between grinding balls and raw materials in a
ball mill to produce particles with smaller average sizes. This
method requires less solvent and generates fewer wastes, making it
a simpler and cleaner approach [73,74]. Besides, this method can
create novel materials that were previously difficult or impossible
to synthesize, enabling the potential large-scale production [75,76].

Mechanochemical ball milling has emerged as a suitable
method for nonmetallic modifying, involving the simultaneous
milling of ZVI and nonmetallic elements in a ball mill. Several
studies have confirmed the effectiveness of NM-ZVI prepared by
applying this method for the reduction of HOCs (e.g., TCE, chlor-
ophenols) or Cr (VI) (Tables 1 and 2). Li et al. [63] found that S-ZVI
prepared through mechanical ball milling exhibited significantly
improved Cr (VI) reductive efficiency, with an EE of 14.6%,
approximately 10.7 times higher than unmodified ZVI. This
increased EE and reactivity could be attributed to the direct solid-
phase reaction between ZVI and elemental sulfur powder, leading
to the formation of sulfur-iron compounds on the ZVI surface and a
n of HOCs.

tion Initial
pH

Temperature
(�C)

Removal
efficiency
(%)

Removal rates per g
NM-ZVI
(h�1)a

Reference

5.0 25 ± 2 100.0% 47.76 [29]
6.0 22 ± 2 99.0% 6.18 [25]

d 6.0 22 ± 2 72.1% 27.55 [30]
9.0 22 ± 2 58.0% 0.64 [31]
7.8e8.2 22 ± 1 90.0% 0.63 [32]
8.0 25 ± 1 70.0% 4.36 [33]

0 min 7.0 20 ± 1 90.0% 81.00 [34]
5.8 25 100.0% 3.33 [35]
7.0 25 16.0% 2.93 [36]

h N/Ab 25 90.0% 0.33 [37]

5.0 ± 0.2 25 ± 2 53.0% 0.09 [38]
h 2.7 25 45.0% 0.80 [39]

4.0 N/A 90.0% 6.75 [27]

min 6.5 25 73.5% 2.10 [40]
h 4.0e4.5 25 100.0% 78.72 [41]
h 7.0 N/A 100.0% 0.21 [42]
h 7.0 N/A 80.0% 3.33 [26]

7.0 25 47.6% 0.16 [24]

7.0 23 90.0% 0.56 [43]
min N/A 25 ± 2 100.0% 6.93 [44]
0 h N/A N/A 100.0% 0.01 [45]

3.0 25 ± 2 99.1% 0.62 [46]
N/A 22 ± 1 100.0% 0.17 [47]

min 4.5 22 ± 1 100.0% 4.23 [48]
6.3 25 97.3% 1.46 [49]
N/A 25 90.0% 4.50 [50]

h N/A 25 100.0% 0.02 [51]

N/A 25 99.0% 0.83 [52]
h 4.0 N/A 47.0% 0.01 [53]

llutant multiply by removal efficiency and dividing by dosage and duration.

graphene, respectively.



Table 2
Comparison of the different preparation methods of NM-ZVI during reduction of high-valent HMs.

Preparation
methods

NM-ZVI
types

Target
pollutants

Dosage
(g L�1)

Initial concentration
(mg L�1)

Duration Initial
pH

Temperature
(�C)

Removal
efficiency (%)

Removal rates per g of NM-
ZVI (h�1)a

Reference

Liquid phase
reduction

nZVI/
CNTb

Cr (VI) 0.2 20.0 2.0 h 7.0 N/Ac 98.0% 49.00 [54]

nZVI/SCd Cr (VI) 0.1 20.0 5.0 h 2.0 50 100.0% 57.14 [55]
nZVI/G Cr (VI) 1.0 25.0 3.0 h 3.0 25 80.0% 6.67 [56]
ZVI/SFe Cr (VI) 2.5 40.0 2.0 h 5.2 20 ± 1 88.0% 7.04 [57]
nZVI/SRCf Cr (VI) 0.2 30.0 24.0 h 3.0 25 ± 1 89.0% 5.56 [58]
Ag-BC-
nZVI

U (VI) 0.1 23.6 400.0 min 6.0 25 90.0% 31.86 [59]

S-nZVI/BC U (VI) 0.1 10.0 12.0 h 5.0 25 80.6% 13.43 [60]
NBCh-
nZVI

Se (IV) 1.0 50.0 12.0 h 3.0 25 ± 1 60.5% 2.52 [61]

nZVI/BC Cr (VI) 4.0 50.0 24.0 h 6.0 ± 0.2 30 66.7% 0.35 [62]
Mechanical ball

milling
S-ZVI Cr (VI) 0.5 2.0 45.0 min 6.0 25 47.3% 2.52 [63]
mZVI/BC Cr (VI) 2.0 30.0 72.0 h 5.5 20 ± 1 97.8% 0.20 [64]
mZVI/AC Cr (VI) 1.0 10.0 2.0 h 3.0 N/A 94.0% 4.71 [65]
B-mZVI Cr (VI) 2.0 5.0 20.0 min 3.0e9.0 N/A 100.0% 7.50 [66]

Pyrolysis P-nZVI/BC Cr (VI) 0.8 20.0 15.0 d 2.0 30 99.4% 0.07 [67]
ZVI/OMCi Cr (VI) 1.0 50.0 10.0 min 5.6 25 99.0% 297.00 [68]
ZVI/Cj Cr (VI) 1.0 10.0 3.0 d N/A N/A 90.0% 0.13 [69]
nZVI/BC Cr (VI) 1.5 10.0 4.0 h 4.0 25 96.0% 1.60 [70]
nZVI/SBk As (V) 10.0 20.0 24.0 h 2.0 25 99.0% 0.08 [71]

a Removal ratios of 1 g NM-ZVI (h�1) was calculated by the initial concentration of pollutant multiply by removal efficiency and dividing by dosage and duration.
b,d-k CNT, SC, SF, SRC, A, NBC, OMC, C, nZVI/SB indicated carbon nanotube, microspherical carbon, silica fume, silicon rich biochar, active, N-doped biochar, ordered mes-

oporous carbon, carbon, and biochar prepared by co-pyrolysis of nano-zero-valent iron and sewage sludge, respectively.
c N/A indicates unavailable.
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uniform distribution of Fe and S within the particles. Consequently,
mechanical ball milling could effectively prevent the accumulation
of iron materials [26,77]. Furthermore, nitrogen modification was
proven to increase the surface area and electronic conductivity of
ZVI, while sulfur modification changed the surface properties of ZVI
and promoted the formation of sulfide species. Gong et al. [24]
observed a synergistic effect of nitrogen and sulfur co-modification
through mechanochemical ball milling, which increased the elec-
tron transfer capacity and the surface area. They enhanced the
adsorption and dechlorination capacity of TCE.

2.3. Pyrolysis method

Pyrolysis is a thermal decomposition method to synthesize NM-
ZVI from a mixture comprising metal salts and nonmetallic ele-
ments. This method enables NM-ZVI generationwith higher quality
and a narrower size distribution. During the process, an iron pre-
cursor, which can be either an iron oxide or an iron salt, is subjected
to reduction by a gas-reducing agent at temperatures exceeding
500 �C. The resulting particle size and distribution depend on
several crucial factors, including the precursor/top ratio, the heat-
ing rate, the final reaction temperature, and the annealing time.
Common reducing agents for NM-ZVI synthesis include N2, H2, CO,
and Ar gas [78]. When carbon-based materials like biochar or car-
bon black are employed for thermal decomposition, the overall
synthesis process is called carbothermal decomposition or reduc-
tion. Previous studies have successfully utilized pyrolysis to syn-
thesize various types of modified ZVI composites for reductive
dechlorination of TCE and chlorophenol, reduced Cr(VI) and
Arsenic (As), etc. Examples include carbon-supported modified ZVI
[69], phosphorylated ZVI/BC [67], and biochar prepared through
co-pyrolysis of nZVI and sewage sludge [71]. Pyrolysis-assisted
synthesis offers a uniform modifying approach to NM-ZVI.

Removal or reduction efficiencies by the different employed
methods were further discussed by calculating the removal ratio by
homogeneous calculation (Tables 1 and 2). TCE and Cr(VI), two
4

typical kinds of the most extensively studied pollutants, were
selected for comparative analysis among the above three prepara-
tion methods. Regarding TCE removal, liquid-phase reduction
showed the highest removal ratio, with TCE reductive dechlorina-
tion rates approaching 81.0 h�1 per g NM by biochar modification
and 47.8 h�1 per g NM by sulfur modification, respectively. Addi-
tionally, nitrogen-modified ZVI represented the TCE reductive
dechlorination rate of 6.9 h�1 per g NM, followed by sulfur and
carbon co-modified materials (6.6 h�1 per g NM) via liquid-phase
reduction. For Cr(VI) removal, the highest reduction rate of
297.0 h�1 was confirmed using pyrolysis preparation, which was
the highest among all studies. Besides, ZVI modified with two
carbon materials, carbon nanotube and micro spherical carbon,
prepared by liquid-phase reduction methods, also showed
comparatively higher reductive dechlorination efficiencies of 49.0
and 57.1 h�1 per g NM, respectively. According to the summarized
data of current studies, the liquid-phase reduction generally
exhibited superior removal performance for both HOCs and HMs.
However, it might be limited, considering the scale of the appli-
cation. The ball milling method possessed green characteristics and
large-scale application potential, and the overall removal efficiency
was relatively low. Pyrolysis occasionally showed extremely high
removal efficiency, whichmight depend on the specific preparation
details.

Based on Tables 1 and 2, the impacts of different NM-ZVI on the
reductive removal of HOCs and HMs are further discussed. Among
the six distinct non-metallic element modifications, two exten-
sively studied pollutants, TCE and Cr(VI), were chosen for
comparative analysis. Regarding TCE removal, biochar modification
exhibited the highest removal rate, followed by sulfur and nitrogen
modifications. In removing Cr(VI), ordered mesoporous carbon
modification showed the highest reduction rate, followed by sulfur
and biochar co-modification and boron modification. According to
the current research data, carbon-modified ZVI exhibited superior
removal efficiency for HOCs and HMs, followed by sulfur
modification.
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3. Regulation strategies of ZVI reactivity by nonmetallic
modifying

Recent advancements in the NM-ZVI principle aim to disrupt the
passivation film on the original ZVI surface layer and enhance the
reactivity during prolonged applications. The reduction-dominant
mechanisms involved in removing HOCs and HMs by NM-ZVI
encompass various pivotal processes. These include intricate in-
teractions among electron transfer reactions, surface modifications,
and catalytic processes. The reduction process typically occurs
through electron transfers fromNM-ZVI to pollutants. ZVI acts as an
electron donor to reduce HOCs and HMs, converting them into less
harmful or inert forms. Furthermore, surface reactions between
modified ZVI and pollutants play a crucial role; the modified sur-
face of ZVI enhances pollutant adsorption, bringing pollutants
closer, thereby enhancing selectivity and reactivity and conse-
quently promoting their reduction. Specific active sites or inter-
mediate products formed on the modified ZVI surface contribute to
catalyzing pollutant degradation.

The selection of element types and ways of modifying play
critical roles in regulating the different physicochemical properties
of ZVI, such as surface electronic structure, hydrophobicity, specific
surface area, crystal structure, etc. [36,72]. The material property
would directly determine the system's reactivity and longevity. For
example, nonmetallic elements (C, N, S, P, etc.) could form chemical
bonds with Fe on the ZVI surface, and their distinct electronega-
tivities would adjust the surface charge distribution and electron
affinity of ZVI [30]. A nonmetallic modification was also able to
modify the crystal structure of ZVI and reduce the electron transfer
resistance [66]. In sum, based on the currently reported principles,
the following three strategies were frequently applied in the NM-
ZVI reaction system to improve the reactivity: (i) controlling the
modifying element types, (ii) adjusting the element content ratio,
and (iii) increasing the lattice constant, with the schematic diagram
as described in (Fig. 3).

3.1. Modifying with the different types of nonmetallic elements

3.1.1. Carbon-modified ZVI
Carbonous materials, including biochar (BC) [53], carbon

nanotubes (CNTs) [79], and activated carbon (AC) [38], have been
utilized as modifiers of ZVI for the removal of various kinds of
persistent pollutants, including polychlorinated biphenyls (PCBs),
pentachlorophenol, Cr(VI), etc. [80]. The high performance ach-
ieved through modifying the carbon composites could be attrib-
uted to the more surface active sites [81], the less particle size [82],
and the more dispersion [50] facilitated by the improved hydro-
phobicity and conductivity of carbon-modified ZVI materials. The
enhanced dispersion not only boosted the reactivity of ZVI towards
pollutants but also effectively mitigated the agglomeration of nZVI
particles [83].

Multiple studies demonstrated the efficacy of carbon-modified
Fig. 3. Schematic diagram of regulation strategies of NM-ZVI to optimize the reactivity.

5

ZVI composites in removing pollutants. Adding carbon contrib-
uted to increased active surface sites, improved adsorption, and
facilitated reductive dechlorination and precipitation reactions to
remove contaminants. For instance, Cao et al. [79] investigated
using nZVI/CNT composites for PCB removal and observed an
appropriate 30% increased removal efficiency compared to the pure
nZVI upon biochar addition. The increased active surface sites
provided by CNT greatly improved the adsorption and reductive
dechlorination activity. Ren et al. [38] found that ZVI/AC composites
exhibited twice the removal efficiency of pure nZVI for penta-
chlorophenol removal. Additionally, carbonate and phosphate
groups in biochar could form insoluble precipitates with metal
cations, effectively immobilizing them and providing additional
active surface sites for the removal of HMs, such as U(VI) and Cr(VI)
[62,84]. Pang et al. [60] observed the biochar-modified ZVI could
efficiently remove U(VI) from aqueous solutions by forming the
insoluble precipitates with metal cations. The introduction of bio-
char not only improved the dispersion of S-nZVI but also assumed
the adsorption role in U(VI) capture, with S-nZVI/BC adsorbing 2.4
times more U(VI) than S-nZVI and 3.8 times more than nZVI. Wang
et al. [65] discovered the addition of biochar to nZVI composites
greatly enhanced the removal efficiency of Cr(VI) in aqueous so-
lution, achieving a 97.8% of removal efficiency. In the presence of
Fe0, graphitized structure in 700 �C ball milled biochar acted as an
electron conductor, facilitating electron transfer from Fe0 to Cr(VI).
Ball milling also destroyed the surface iron oxide layer to regen-
erate the composite (Fig. 4a).

3.1.2. Sulfur-modified ZVI
The main principles of sulfidation involved modifying the sur-

face morphology of ZVI to increase the hydrophobicity and prevent
aggregation, and forming a FeSx structure on the ZVI surface layer
[31,85]. The presence of FeSx served two purposes: (i) directly
participating in the reductive removal of persistent pollutants and
(ii) leading to a substantial redistribution of surface charge density
to create a highly active surface that facilitated reactions with tar-
geted pollutants [36]. Based on the superior reactivity and activity,
the sulfured ZVI has exhibited excellent reductive efficiencies for
various kinds of volatile chlorinated hydrocarbons (VCHs), as well
as HMs, including Cr(VI), As(V), or U(VI) [29,36,71]. Zhang et al. [86]
demonstrated that nZVI after sulfidation caused an improved
maximum degradation efficiency of 3.1e24.4-fold for all kinds of
VCHs under electron-limited conditions. Sulfidation prevented the
generation of intermediate dechlorination products and favored a
degradation pathway that led to non-chlorinated benign products,
which was beneficial for the remediation of groundwater
contaminated with mixtures of VCHs (Fig. 4b). Kim et al. [87] found
the sulfidated FeSx/nZVI particles exhibited an up to five times
higher reactivity towards TCE compared to the untreated nZVI. Fan
et al. [88] observed the sulfidated ZVI demonstrated up to 2.6 times
higher reactivity towards TCE in the presence of sulfur-containing
materials. Fan et al. [89] reported the sulfidated ZVI achieved a
much higher removal efficiency (41%) of Se (VI) compared to the
sulfur-modified ZVI (4%) under identical conditions.

3.1.3. Nitrogen-modified ZVI
Nitrogen-modified ZVI (N-ZVI) could obtain superior particle

reactivity and improved corrosion resistance compared with car-
bon and sulfur modification. Some studies have verified that
nitrogen-containing functional groups were crucial in capturing
metal cations in water, facilitating mass transfer, and promoting
electron attachment from the iron core to the surface, accelerating
reductive efficiencies [61,90]. Several studies found that incorpo-
rating nitrogen into nZVI formed the iron nitride (FexN) phase,
which created additional active sites and enhanced the reactivity



Fig. 4. a, Aqueous Cr(VI) removal by a novel ball milled Fe0-biochar composite: the role of biochar electron transfer capacity under high pyrolysis temperature. Adapted with
permission from Ref. [65]. Copyright 2019, Elsevier B.V. b, A comprehensive assessment of the degradation of C1 and C2 chlorinated hydrocarbons by sulfidated nanoscale zer-
ovalent iron, Adapted with permission from Ref. [86]. Copyright 2021, Elsevier B.V. c, Iron nitride nanoparticles for enhanced reductive dechlorination of trichloroethylene [47]. d,
Phosphate modification enables high efficiency and electron selectivity of nZVI toward Cr(VI) removal, Adapted with permission from Ref. [94]. Copyright 2019, Elsevier B$V.
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towards HOCs [44]. Moreover, the modification of microstructure
and the formation of a covalent bond between the lone-pair elec-
trons of nitrogen and the empty orbit of iron significantly
contributed to the decreased iron corrosion, which was vital for the
effective and environmentally sustainable long-term remediation
[89]. Brumovský et al. [47] observed the face-centered cubic (g0-
Fe4N) and hexagonal close-packed (ε-Fe2e3N) arrangements of
modified ZVI nanoparticles exhibited a 20- and 5-fold increased
TCE dechlorination rate, compared to the pristine nZVI, as well as
an approximately 3-fold decreased hydrogen evolution rate. TCE
dechlorination experiments with aged particles showed that the g0-
Fe4N nanoparticles retained a high reactivity after three months of
aging. A low energy barrier of 27.0 kJ mol�1 for the first dechlori-
nation step of TCE on the g0-Fe4N surface was revealed, repre-
senting a novel and potentially important approach for reductive
dechlorination of TCE (Fig. 4c).
3.1.4. Modified ZVI with the other types of elements
The outstanding performance of boron-modified ZVI (B-ZVI)

could be attributed to introducing the lattice strain andmodulation
of the electron structure, thereby creating active sites with
increased electron affinity and reactivity [66,92,93]. Moreover, B-
ZVI exhibited remarkable corrosion resistance. Wei et al. [66] found
the interstitial boron induced tensile strain in the iron core,
destabilized the FeOx layer, and facilitated the more iron core
electrons crossing the Ohmic interface of Fe-FeOx, thus leading to a
wider electron accumulation zone in the FeOx layer. Boron-
modified ZVI caused the increase in both the electron supply rate
by 13 times and the kinetic constant of Cr (VI) removal by 63 times.

Phosphorus-modified ZVI (P-nZVI) significantly enhanced the
reductive efficiencies through various mechanisms, including
enhancing active surface sites, suppressing undesired reactions,
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altering adsorption configurations, and providing additional elec-
tron transfer pathways [45,94,95]. Li et al. [45] found phosphori-
zation limited the circumferential stress of nZVI particles and
caused the numerous radial nanocracks by “breaking” the compact
spherical structure, which facilitated the inward diffusion of HMs,
the outward transfer of electrons and Fe2þ, and the interfacial
electron exchange. Li et al. [94] demonstrated a fourfold increase in
the removal efficiency of Cr (VI) by applying P-nZVI, with an elec-
tron efficiency increasing from 6.1% to 31.3%, five times higher than
that of nZVI. Phosphate groups adsorbed on the P-nZVI surface in a
monodentate manner, effectively suppressing the undesirable re-
actions of ZVI with oxygen or water. Additionally, the adsorption
configuration of Cr (VI) on P-nZVI was shifted frommonodentate to
bidentate, therefore favoring the electron transfer through dual
channels and causing the higher electron transfer efficiency for Cr
(VI) adsorption and reduction (Fig. 4d).

Silicon dioxide-modified ZVI (SiO2-nZVI) offered multiple ad-
vantages in improving the dispersibility, reactivity, and reduction of
ZVI. Firstly, the silica coating enhanced the stability of ZVI by
improving the resistance to oxidation and corrosion, thereby pro-
longing the operational lifespan [96]. Secondly, the silica layer
provided additional adsorption sites, augmenting the contact area
between pollutants and particles, thereby facilitating adsorption
[97]. Additionally, silica modification enabled the regulation of
particle size and dispersion of ZVI, optimizing the reaction condi-
tions and enhancing the removal efficiency [98]. Zhang et al. [46]
synthesized silica-modified ZVI composites, achieving a highly
active 2-chlorophenol dechlorination efficiency. Salama et al. [99]
reported that SiO2-nZVI exhibited a remarkably high reductive ef-
ficiency of 96.8% for Cr (VI) from water.

The differences among these various NM-ZVI types reside in
their elemental alterations, conferring distinct pollutant
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remediation properties. Carbon-modified ZVI enhances adsorption
and reductive potential, while sulfur modification increases hy-
drophobicity and prevents aggregation. Nitrogen modification
augments corrosion resistance and metal cation adsorption,
heightening reactivity. Boron modification alters electron structure
and increases active sites, phosphorus modification alters adsorp-
tion configurations, strengthening active sites, and silicon dioxide
modification improves dispersibility, stability, and adsorption
points, enhancing removal efficiency. The selection of NM-ZVI
types hinges on several parameters: pollutant specificity de-
termines the choice (e.g., HOCs or HMs), requisite reactivity defines
the suitable modification, and the demanded operational lifespan
and ecological sustainability influence the selection for efficient
and environmentally responsible remediation in specific environ-
ments. Choosing the type of NM-ZVI considers their distinct char-
acteristics to achieve optimal pollutant removal while addressing
practical applicability and environmental concerns.

3.2. Controlling the content ratio of nonmetallic elements

The insufficient nonmetallic content would cause incomplete
coverage of the iron surface, and the excessive content might block
the active sites, reducing the reactivity and the reductive efficiency
[100]. Therefore, determining the optimal ratio of nonmetallic el-
ements to iron was crucial for ensuring the efficient reduction of
HOCs and HMs [88]. However, the specific optimal ratio depended
on multiple factors, including the reaction system, the nonmetallic
element types, and the nature of the target contaminants [17].
Thus, a balance between nonmetallic and iron elements is neces-
sary to maintain highly efficient reductive activity.

Kim et al. [101] found the insufficient sulfur content resulted in
incomplete FeS coverage, while the excessive sulfur content led to
the formation of FeS2, which exhibited a lower reactivity towards
the target pollutants, such as Cr(VI) and TCE, compared to FeS.
Rajajayavel and Ghoshal [31] observed the sulfidation nZVI to
different extents (Fe/S molar ratios 0.62e66) caused the surface-
area normalized first-order TCE dechlorination rate constant k in-
crease up to 40 folds. The Fe/S molar ratios in the range of 12e25
offered the highest TCE dechlorination rates and decreased at
either higher or lower Fe/S. Gong et al. [102] reported a remarkable
63.0% increase in Cr(VI) removal efficiency under an optimal S/Fe
molar ratio of 0.21. Song et al. [40] indicated that a suitable S/Fe
ratio of 0.3 improved Diclofenac (DCF) dechlorination efficiency by
73.5%. Su et al. [103] found that the S/Fe ratio strongly influenced
the Cd (II) removal performance of S-nZVI, with a 50% improvement
under a S/Fe ratio of 0.28. Gong et al. [91] identified an optimal N/Fe
molar ratio of 0.05, where NeC-mZVIbm exhibited approximately
3.5 times higher TCE dechlorination rate than the bare mZVIbm.
Decreasing the N/Fe molar ratios results in reduced reactivity of
NeC-mZVI. Conversely, excessively high N/Fe molar ratios can
hinder TCE dechlorination due to the blockage and masking of re-
action sites on NeC-mZVIbm. Chen et al. [52] discovered that
graphene-nZVI with a Fe/C mass ratio of 1:5 exhibited the highest
trichloronitromethane (TCNM) removal efficiency, reaching 91.5%
within 60 min. In comparison, TCNM removal rates decreased to
75.1%, 80.6%, and 61.3% for Fe/C with mass ratios of 1:15, 1:10, and
1:1, respectively. Meng et al. [44] observed an up to 27 times higher
TCE removal rate with an N/Fe molar ratio of 0.13 for nitrogen-
modified ZVI compared to an unmodified ZVI. Zhou et al. [104]
reported an optimal C/Fe molar ratio of 20, which caused an 80.0%
increase in EE.

Research across various studies showcased the critical role of
elemental ratios in modifying ZVI for contaminant removal.
Optimal ratios of sulfur-to-iron (Fe/S), nitrogen-to-iron (N/Fe), and
carbon-to-iron (C/Fe) significantly impacted the reactivity and
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efficiency of ZVI in removing pollutants like Cr(VI), TCE, DCF, Cd(II),
and TCNM. The findings revealed a delicate balance: insufficient or
excessive ratios compromised the removal effectiveness, high-
lighting the necessity for precise control over elemental composi-
tions in modified ZVI for optimal pollutant removal.

3.3. Increasing the lattice constant

The reductive reaction occurring with iron core electrons of ZVI
involves releasing and transferring electrons. The efficiency of
electron release and their subsequent transfer through nonmetallic
iron (FeaYb) bonds is influenced by the strength of FeeFe in-
teractions and the energy level of bonding electrons at the Fe-FeaYb

interface. These factors are intrinsically linked to the atomic lattice
of the iron core [105]. A smaller lattice constrains the release of
valence electrons, necessitating higher energy, while a larger lattice
constant increases the inter-atomic distance, allowing for a more
efficient release of valence electrons with lower energy consump-
tion [44,72]. Therefore, the lattice constant plays a crucial role
during the electron transfer and the reactivity of the ZVI particle.

Some previous studies found the incorporation of nonmetallic
elements during ZVI preparation could induce a non-uniform dis-
tribution of surface charge, improve the density of states at the
Fermi level, reduce the d-band filling at metal sites, and shift the
energy level of the d-band center closer to the Fermi level [15,106].
Xu et al. [29] observed Fe precursors altered the crystalline struc-
ture of both nZVI and S-nZVI. The materials made from Fe3þ pre-
cursor possessed an expanded lattice in the Fe0 body-centered-
cubic structure and a lower electron-transfer resistance, support-
ing with a higher reactivity with water (2e3 fold) and TCE (5e13
fold) than those made from Fe2þ precursor. The study proposed Fe
and S precursors could be applied to select the conditions of the
synthesis process to provide the selected physicochemical proper-
ties (e.g., S speciation, hydrophobicity, and crystalline structure),
reactivity, and selectivity of the S-nZVI materials (Fig. 5a). Besides,
the rational synthesis and design of robust S-nZVI by controlling
the amount and morphology of sulfur in S-ZVI could lead to the
lattice expansion, resulting in a larger lattice constant and a smaller
atomic spacing, thus to increase the electron transfer efficiency,
conductivity, and reductive capability of persistent pollutants [104]
(Fig. 5b).

Gao et al. [108] demonstrated that biochar-supported sulfidated
nZVI (S-nZVI/BC) significantly enhanced the reductive debromi-
nation activity of tetrabromobisphenol A, attributing to sulfur-
induced expansion of Fe0 biochar lattice constant. The S/Fe molar
ratio of 0.09 in S-nZVI/BC caused the largest lattice constant, effi-
ciently decreasing the electron transfer resistance and promoting
the electron transfer efficiency. Wei et al. [66] employed an inter-
stitial boron modification to induce tensile strain in mZVI,
increasing the Fe-Fe bond length from 2.48 to 2.52 Å. Under this
strained condition, 0.52 of the electron was delocalized from the
iron lattice, which disrupted the stability of FeeFe interactions and
released the trapped electrons from the iron reservoir. Boron
modification altered the electronic structure and charge distribu-
tion on the iron surface, forming a stable oxide layer that effectively
inhibited iron corrosion. This corrosion resistance enabled B-ZVI to
maintain reactivity and longevity under complex environmental
conditions. The strained mZVI demonstrated an impressive 62-fold
increase in the removal rate of Cr(VI) compared to the unstrained
ZVI (Fig. 5c).

The strategic integration of nonmetallic elements during ZVI
synthesis emerges as a pivotal method to fine-tune the material's
properties. These adjustments affect lattice expansion, electron
transfer efficiency, and conductivity and play a critical role in sta-
bilizing the surface structure. The resulting enhancements in



Fig. 5. a, Iron and sulfur precursors affect the crystalline structure, speciation, and reactivity of sulfidized nanoscale zerovalent iron, Adapted with permission from Ref. [30].
Copyright 2020, American Chemical Society. b, The relationship between different sulfur iron ratios and lattice constants, Adapted with permission from Ref. [107]. Copyright 2021,
American Chemical Society. c, Influence of lattice strain on the stability and fermi level of iron nuclei, Adapted with permission from Ref. [66]. Copyright 2022, Wiley.
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reactivity and durability facilitate an impressive surge in the
removal rates of persistent pollutants, indicating a promising di-
rection for tailored and highly efficient environmental remediation
strategies.
4. Regulation strategies of electron selectivity and utilization
efficiency of NM-ZVI

In the aqueous phase, the reaction of ZVI with water molecules
is one important side reaction that holds the tendency to generate
hydrogen gas and undergo corrosion. This would largely consume
electrons and result in poor electron selectivity and electron utili-
zation efficiency between ZVI and the target pollutants [109,110].
Therefore, it is crucial to develop strategies to decrease the pres-
ence of competing species like H2O and improve electron selec-
tivity and electron utilization efficiency [111]. Increasing the
hydrophobicity is one strategy to improve electron selectivity and
EE, allowing the adsorption of more target pollutants and reducing
contact with water molecules, thus decreasing the likelihood of
side reactions [112]. Furthermore, improving the conductivity of
NM-ZVI, which could accelerate electron transfer rates and mini-
mize side reactions, is another critical strategy for improving
electron selectivity and EE [22,103,113]. Therefore, based on the
principle of improving electron selectivity and EE, NM-ZVI pri-
marily focuses on two aspects: (i) increasing the hydrophobicity
and (ii) increasing the conductivity between NM-ZVI and target
pollutants, as described in detail in (Fig. 6).
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4.1. Improving the hydrophobicity of ZVI

The increased hydrophobicity of ZVI by nonmetallic modifica-
tion could be attributed to the repulsive interaction between water
and p-block elements, such as C, S, N, and Si, which largely reduced
the water adsorption energy of ZVI [72,96]. Carbon material with
high hydrophobic functional groups could effectively enhance the
hydrophobic adsorption and electron transfer of persistent pollut-
ants [114e116]. Dong et al. [49] reported that biochar pyrolysis
temperature resulted in differences in surface areas, aromaticity,
and noncarbonized fractions, determining hydrophobicity, electron
selectivity, and reductive performance. Wang et al. [64] highlighted
ball milling exposed functional groups of biochar, leading to an
enhanced hydrophobicity of ZVI/BC and improved removal per-
formance for Cr(VI). Fan et al. [117] reported that the removal rate
constant of p-nitrophenol (p-NP) by ZVI modified with carbon
quantum dots (C-dots @ ZVI) was 1192.7 times higher than that of
ZVI alone, and the utilization of C-dots@ZVI and the EE increased by
3.7 and 2.9 times, respectively. The enhanced effect of C-dots on p-
NP chelation by ZVI should mainly be attributed to the increased
hydrophobicity of the ZVI surface, which largely facilitated the
electron transfer of ZVI (Fig. 7a).

Since iron sulfides (FeSx) exhibited a higher hydrophobicity
compared to iron oxides, ZVI by sulfidation holds the potential to
improve the electron selectivity by reducing the ability of non-
target H2O to compete for electrons with S-ZVI [31,118]. He et al.
[33] reported the increased surface roughness and specific surface
area by introducing an appropriate sulfur content, resulting in a



Fig. 6. Schematic diagram of regulation strategies of NM-ZVI to improve the electron
selectivity and utilization efficiency.
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greater hydrophobicity and a larger water contact angle for ZVI. A
significant increase in the EE from 2% to 72% for TCE dechlorination
was observed. Gu et al. [26] found the EE of ball-milled sulfidized
ZVI (S-ZVIbm) was nearly ten times higher than bare ball-milled ZVI
(ZVIbm). Xu et al. [72] discovered that controlling the amount and
the sulfur speciation in S-nZVI could greatly improve the hydro-
phobicity of ZVI, which strongly improved the electron selectivity
and lifetime. The nZVI sulfidation made the system highly reactive
(up to 0.41 L m�2 d�1) and selective for TCE dechlorination over
water (up to 240mol TCE permol H2O), with an EE of up to 70%, and
these values were 54-, 98-, and 160-fold higher than for nZVI,
respectively (Fig. 7b).

Following the diagonal rule of N and S in the periodic table, the
nitrogenated ZVI materials were expected to exhibit improved
hydrophobicity and electron selectivity compared to sulfur [118].
The addition of N to the body-centered cubic (BCC) structure of Fe0,
as reported byMeng et al. [44], enhanced the hydrophobicity of the
material and accelerated the electron transfer based on theoretical
calculations. The materials maintained a high electron efficiency
(87.0e95.0%) due to the greatly suppressed water reactivity
(109e127 times lower than un-nitridated Fe0). Under the optimized
nitridation degree, the TCE reductive dechlorination rate by nitri-
dated Fe0 (up to 4.8 � 10�2 L m�2 h�1) was much higher (up to 27-
fold) than that of un-nitridated Fe0 (Fig. 7c).

Besides, the silica layer modified with ZVI introduced additional
hydrophobic sites, thus enhancing the contact area between hy-
drophobic pollutants and ZVI material [97]. Wan et al. [39] inves-
tigated the selectivity of mesoporous silica-coated nZVI for the
removal of 2,4-dichlorophenol (2,4-DCP) from water, demon-
strating an increase in removal rate over nZVI by 45.0%. The
amorphous SiO2 coating significantly improved the corrosion
resistance of nZVI and affirmed the ability to facilitate nZVI
9

performance by mesoporous silica coating. Moreover, zeolite-
supported trace zero-valent iron (Z-mZVI) exhibited a higher hy-
drophobic adsorption performance and reductive ability for Cr(VI)
and Cd(II). The Z-mZVI realized the removal efficiency exceeding
77% for Cr(VI) and 99% for Cd(II), whereas the same amount of iron
in nZVI only achieved 45% for Cr(VI) and 9% for Cd(II), respectively
[98].

In addition, some studies investigated the effects of regulating
the hydrophobicity and the EE of ZVI by co-modifying with two or
three nonmetallic elements. Zhang et al. [119] elucidated that S-
nZVI/BC exhibited a 2.6-fold higher reaction rate for removing p-
nitrophenol (PNP) than pure nZVI. This improvement could be
attributed to the dual modification of nZVI by carbon and sulfur,
which reduced the energy barrier for PNP removal reactions and
alleviated surface passivation. The apparent activation energy un-
der anaerobic conditions decreased by 23.7% after sulfidation
treatment, while the PNP removal efficiency increased by 8.0%. The
hydrophobic nature of biochar significantly influenced the perfor-
mance of S-nZVI/BC. The presence of biochar effectively mitigated
particle aggregation of nZVI, thereby enhancing the dispersibility
and electron selectivity of S-nZVI/BC. Gong et al. [24] described the
synergistic promotion of rapid and selective electron transfer from
(or surrounding) the iron oxide surface to TCE through sulfidation
and nitridation. Sulfidation inhibited the hydrogen evolution re-
action (HER), while pyridine nitrogen and pyrrole nitrogen, as
metal coordination sites activated by their lone pair electrons,
resulted in high degradation rates, electron efficiency, and
dechlorination capacity. The observed rate constants (Kobs) and
surface area-normalized rate constants (KSA) of S-N(C)-mZVIbm
were approximately five and two times higher, respectively, than
those of S-mZVIbm. Moreover, they were approximately 50 and 35
times higher than N(C)-mZVIbm (Fig. 7d).

4.2. Increasing the conductivity of ZVI

NM-ZVI could exhibit enhanced conductivity and electron
transfer ability, probably attributed to incorporating elements that
imparted the semiconducting properties of ZVI [31,42]. These
semiconducting properties were able to reduce the resistance to
electron transfer from the Fe0 core to the particle surface and in-
crease the rate of electron reduction for the target pollutants [61].

Biochar acts as an electron transfer mediator and has been uti-
lized as a modifier for ZVI to improve the conductivity and the EE
[53]. Yang et al. [83] found biochar incorporation could facilitate the
electron transfer and promote the generation of Fe2þ ions to favor
the co-precipitation of Pb2þ, Cu2þ, or Zn2þ. Wang et al. [64]
emphasized the role of graphitic structure in ZVI/BC as an electron
conductor, which enabled an efficient electron transfer from Fe0 to
Cr(VI), thereby enhancing the removal rate of Cr(VI). Carbon fibers
(CF), known for their excellent electronic conductivity, significantly
improved ZVI performance in reactivity and selectivity, with the
TCE removal rates improving by 6.9e16.6 folds [42]. Additionally,
Wu et al. [61] reported the composite material formed by loading
nZVI onto the nitrogen-modified biochar (NBC-nZVI) exhibited a
remarkably enhanced removal kinetic rate (143.4% of improve-
ments) and electron utilization efficiency (15.3%) for Se(IV)
removal, respectively, compared to the bare nZVI. These improve-
ments are attributed to the positive charge, buffering effect, and
excellent conductivity of NBC.

The sulfur-modified nZVI had shown superior electron transfer
capacity and EE. The enhanced performance was attributed to the
semiconducting or metallic conductive properties of ferrous sulfide
due to the presence of ionized electrons [92]. The FeSx and poly-
sulfides possessed a lower bandgap than the other iron sulfides or
iron oxides, enabling an efficient transition of electrons from the



Fig. 7. a, Enhanced reduction of p-nitrophenol by zerovalent iron modified with carbon quantum dots, Adapted with permission from Ref. [117]. Copyright 2020, Elsevier B.V. b,
Sulfur loading and speciation control the hydrophobicity, electron transfer, reactivity, and selectivity of S-nZVI, Adapted with permission from Ref. [72]. Copyright 2020, Wiley. c,
Even incorporation of nitrogen into Fe0 nanoparticles as crystalline Fe4N for efficient and selective trichloroethylene degradation, Adapted with permission from Ref. [44]. Copyright
2022, American Chemical Society. d, Coincorporation of N and S into zero-valent iron to enhance TCE dechlorination: kinetics, electron efficiency, and dechlorination Capacity,
Adapted with permission from Ref. [24]. Copyright 2021, American Chemical Society.
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valence band to the conduction band. This led to higher intrinsic
charge carrier concentrations and an improved conductivity than
bare ZVI [93]. Consequently, the resistance to electron transfer was
reduced, facilitating an electron transfer from the Fe0 core to the
particle surface [85]. Kim et al. [87] reported that S-nZVI exhibited a
higher surface area and better conductivity than nZVI, enabling a
removal efficiency five times higher than nZVI. Additionally, Li et al.
[37] conducted the electrochemical tests and confirmed the greater
electron transfer capacity and EE of S-nZVI compared to unmodi-
fied nZVI. Over 90.0% of the initial tetrabromobisphenol A was
transformed by S-nZVI within 24 h, 1.6 times as high as that for the
non-sulfidated nZVI.
5. Conclusions and perspective

The non-metallic modification substantially enhances ZVI per-
formance by enhancing corrosion resistance, reducing hydrolysis
and hydrogen evolution, and improving the reductive activities
against high-valent HMs and HOCs. The enhanced performance is
closely linked to altered physicochemical properties on particle
surfaces and interiors. These changes are influenced by the modi-
fying methods and the types and ratios of non-metallic elements
used for modification. Hydrophobicity, conductivity, and lattice
constants can be regulated through modification, leading to
improved electron selectivity and transfer efficiency of ZVI. The
simplicity and environmental friendliness of the non-metallic
modification process make it an attractive strategy for improving
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the traditional properties and performance of ZVI, notably
improving iron utilization efficiency and reductive rates. This
method exhibits substantial potential for remediating persistent
pollution in aquatic environments.

However, despite advancements in NM-ZVI studies, limitations
and challenges demand attention. Thus, further research and
development in this field are imperative to overcome these limi-
tations and expand ZVI technology's potential applications. To
address these challenges, the following research priorities are
proposed.

(i) Multi-pollution collaborative reductive removal with
rational-designed NM-ZVI. Current studies have focused
mainly on specific pollutants, neglecting the collaborative
removal of multiple pollutants. Future research should pri-
oritize designing customized reductive systems that simul-
taneously target different pollutants. Regulating preparation
methods and modifying elements or physicochemical prop-
erties of iron can minimize competition between active sites,
facilitating selective or collaborative removal of diverse
pollutants.

(ii) NM-ZVI coupled with organohalide respiration bacteria
(OHRB). Integrating NM-ZVI's reductive capabilities and
OHRBs' metabolic activities aims to enhance HOC removal
[120]. This synergistic approach utilizes hydrogen from ZVI
hydrolysis as electron donors for OHRBs. Further investiga-
tion is necessary to optimize performance and mitigate
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adverse effects of NM-ZVI on bacteria using micron-sized
materials or particle modification.

(iii) NM-ZVI integrated with the other oxidative processes to
completely mineralize halogenated aromatics. For complex
HOCs containing aromatic rings, solely relying on reductive
dehalogenation for detoxification is limited. Developing
cost-effective integrated systems combining aromatic ring
cleavage through processes like advanced oxidation (e.g.,
Fenton, ozonation, photocatalysis) is crucial [121,122].
Exploring conditions favoring high NM-ZVI reductive activity
and simultaneous highly reactive oxidative species genera-
tion is essential for effective pollutant removal and
detoxification.

(iv) The longevity of NM-ZVI requires further investigation.
Practical application necessitates investigating NM-ZVI's
long-term repeatability and exploring methods to enhance
its structural integrity and durability [123]. Research should
focus on novel approaches such as composites incorporation
to protect NM-ZVI from corrosion and degradation [124,125],
understanding underlying corrosion and aging mechanisms,
and devising strategies to mitigate these issues for sustained
remediation effectiveness.
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