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Zero valent iron (ZVI) and ZVI-based materials have been widely used for the reduction of nitrate, a major con-
taminant commonly detected in groundwater and surface water. The reduction of nitrate by ZVI is influenced by
various factors, such as the physical and chemical characteristics of ZVI and the operational parameters. There are
some problems for the nitrate reduction by ZVI alone, for example, the formation of iron oxides on the surface of
ZVI at high pH condition, which will inhibit the further reduction of nitrate; in addition, the end reduction prod-
uct is mainly ammonium, which itself needs to be concerned. Several strategies, such as the optimization of the
structure of ZVI composites and the addition of reducing assistants, have beenproposed to increase the reduction
efficiency and the selectivity of end product of nitrate reduction in a wide range of pH, especially under neutral
pH condition. This review will mainly focus on the high efficient reduction of nitrate by ZVI-based materials.
Firstly, the reduction of nitrate by ZVI alonewas briefly introduced anddiscussed, including the influence of phys-
ical and chemical characteristics of ZVI and some operational parameters on the reduction efficiency of nitrate.
Then, the strategies for enhancing the reduction efficiency and the N2 selectivity of the reductive products of ni-
trate were systematically analyzed and evaluated, especially the optimization of the structure of ZVI composites
(e.g., doped ZVI composite, supported ZVI composite and premagnetized ZVI), and the addition of reducing assis-
tants (e.g., metal cations, ligand, hydrogen gas and light) were highlighted. Thirdly, the mechanisms and path-
ways of nitrate reduction were discussed. Finally, concluding remarks and some suggestions for the future
research were proposed.
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1. Introduction

Nitrate is one of the nitrogen compounds with high solubility in
aqueous solutions. More and more attentions have been paid to nitrate
contamination in groundwater and surface water from the fertilizers,
livestock manure, the industrial and domestic wastewater, and so on.
Nitrate pollution can cause some environmental problems, such as eu-
trophication and serious human health problems (Tugaoen et al.,
2017; Shen and Wang, 2011). Therefore, it is necessary to remove ni-
trate from water and wastewater.

Various methods have been developed and applied for the removal of
nitrate from aqueous solutions, including biological denitrification, chem-
ical reduction, ion exchange, adsorption, and membrane separation such
as reverse osmosis process (Wuet al., 2018;Wang andChu, 2016). Ion ex-
change, adsorption, and membrane processes only separate nitrate from
aqueous solutions and will produce exhausted resins and adsorbents,
and concentrated nitrate rejection (Kapoor and Viraraghavan, 1997;
Tugaoen et al., 2017). Biological treatment process usually requires exter-
nal supplementation of organic substances to generate dedicated micro-
bial communities and provide [H] or exogenous electron donors for
nitrate reductionwhen intrinsic organic substances inwastewater are in-
sufficient. Moreover, biological denitrification tends to be a time-
consuming process, and a lot of biological sludge are produced during
the denitrification process, which need further disposal.

The chemical reduction based on some inorganic electron donors is
becoming increasingly attractive due to its easy operation and high effi-
ciency. Several inorganic electron donors have been reported to reduce
or eliminate nitrate (Kapoor and Viraraghavan, 1997; Shen and Wang,
2011). Among them, zero valent metals, such as zero valent aluminum
(Zhao et al., 2014), zero valent magnesium (Ramavandi et al., 2011)
and zero valent zinc (Liou et al., 2012) have been used for reducing ni-
trate from aqueous solution due to their strong reduction performance,
easy to operation, and the simplemaintenance of the reduction process.
Zero valent iron (ZVI) is a reactivemetal with standard redox poten-
tial (E0 = −0.44 V), which is abundant and cheap (Ezzatahmadi et al.,
2017; Wang and Bai, 2017). It is thus an effective and widely used re-
ducing agent for the removal of nitrate from groundwater and waste-
water. The main concerns for the reduction of nitrate by ZVI include
the directional transfer of electron fromZVI to nitrate, which transforms
nitrate into low valence inorganic nitrogen species, as well as the disso-
lution of ZVI to form soluble ionic products or insoluble oxide. The re-
duction efficiency of nitrate is affected by the physical and chemical
characteristics of ZVI, as well as the operational parameters. In order
to keep nitrate being reduced by ZVI at an appropriate rate, it is neces-
sary to enhance iron corrosion and to dissolve ferrous oxides on the sur-
face of ZVI. To accomplish this, adding acid solution during the
reduction of nitrate by ZVI is the most commonly used method
(Huang and Zhang, 2004). However, the addition of acid solution will
decrease the pH value and increase the content of anions in the effluent,
whichwill cause potential risks for the humanhealth during the denitri-
fication of groundwater for the drinking water and will pose serious
threat to eco-environmental safety during the denitrification of waste-
water. Moreover, adding acid solution is not convenient and not practi-
cal for use. Therefore, some strategies have been used to promote
nitrate reduction efficiency by ZVI, especially under near-neutral or
neutral conditions (Kamarehie et al., 2018; Eljamal et al., 2018; Yun
et al., 2018). These strategies can be roughly divided into two categories.
One is the optimization of the chemical composition and structure of
ZVI composites; the other is the addition of reduction assistants. The en-
hancing reduction efficiency of nitrate by the first strategy is owing to
that, the optimized ZVI composites have the following performances:
(1) to change electron transfer pathway; (2) to increase the transfer
rates of electron and mass; (3) to reduce the overlap of active site on
the surface of ZVI composite by iron oxides; and (4) to provide some
buffer capability. The related strategies were to use doped ZVI compos-
ites, supported ZVI composites and premagnetizated ZVI composites,



Fig. 1. Number of publications on ZVI and nitrate over the past nine years.
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etc. In second strategy, augmenting promoter, such as ferrous ion and li-
gand or augmenting additional reducing agents, such as hydrogen and
photoelectron are used to facilitate the reduction of nitrate by ZVI. Com-
pared with ZVI alone, the nitrate reduction efficiency could be facili-
tated, especially under near-neutral or neutral conditions by above
strategies. However, the main reduction product of nitrate over ZVI
and ZVI composites is ammonia, which is also a contaminant required
to be removed from aqueous solution. As a result, many studies have
concentrated on seeking solutions to convert nitrate to nitrogen gas
(N2) by ZVI (Lubphoo et al., 2015; Teng et al., 2017; Zhang et al.,
2019). These solutions are similar to the strategies for promoting nitrate
reduction efficiency. For example, the nitrate reduction by supported bi-
metallic Fe\\Pd nanoparticles at pH 6.75 could gain N2 selectivity of
69.2% (Shi et al., 2016).More than 82%of theN2 selectivitywas obtained
at an initial solution pH of 4 when nitrate reduction was proceeded by
Cu–nZVI/TiO2 composite under UV irradiation (Krasae and Wantala,
2016). Therefore, how to further enhance nitrate reduction efficiency
and N2 selectivity is a very urgent issue. Fig. 1 shows the number of pa-
pers in recent years about the nitrate reduction by ZVI-based on the da-
tabase of web of sciences using “nitrate reduction” and “zero-valent
iron” as key words. It can be seen that nitrate reduction by ZVI becomes
more and more attractive in recent years.

In order to understand the strategies for enhancing nitrate reduction
by ZVI, this reviewwill address several relevant issues, including the in-
fluence of physical and chemical characteristics of ZVI and operational
parameters on the reduction efficiency of nitrate by ZVI alone, the strat-
egies of using ZVI composites for nitrate reduction, the nitrate reduction
mechanisms by ZVI composites, and the strategies of addition of reduc-
tion assistants to ZVI to increase the reduction efficiency of nitrate, espe-
cially under near-neutral or neutral pH conditions. The reduction
product of nitrate by ZVI composites was also summarized and ana-
lyzed. The thorough review of these aspects would help readers to ex-
plore potential possibilities of ZVI for nitrate reduction and provide a
direction for the development of ZVI-based materials in the future.

2. Influence of different factors on nitrate reduction by ZVI alone

2.1. Physical and chemical characteristics

According to the size of particles, ZVI can be divided intomicro-scale
zero valent iron (mZVI) and nano-scale zero valent iron (nZVI). There is
a significant difference in the reduction efficiency of nitrate between
mZVI particles and nZVI particles due to their difference of size. It is
well established that particles with smaller size will have greater effec-
tive surface area, which show higher reductive efficiency (Choe et al.,
2000). Therefore, the activity of nZVI particles is often higher than that
of mZVI particles. For example, nitrate concentration was almost un-
changed in 2 h by mZVI in commercial iron powders, while nitrate
was completely disappeared in 0.5 h by nZVI particles (80 nm) with
same amount of mZVI particles (Wang et al., 2006).

As for nZVI particles, physical characteristics are determined by their
preparationmethods. Table 1 shows the relationship between the prep-
aration methods and physical characteristics of nZVI particles. The size
and specific surface area of most nZVI particles used for the nitrate re-
duction are in the range of 1–100 nm and 20–60 m2/g, respectively.
The surface morphology of nZVI particles includes flower-like shaped
highly dispersed nZVI particles (Ghosh et al., 2017), spherical nanopar-
ticles (Wang et al., 2006), crystalline rod/needle-like nZVI particles (Liu
et al., 2012), quasi spherical amorphous nZVI particles (Wang et al.,
2014), chain like nZVI particles (Ghoshet al., 2017), and so on. The prep-
aration methods of ZVI have significant influence on the size, specific
surface area and surface morphology of nZVI particles (Stefaniuk et al.,
2016). The preparation methods of nZVI particles include ferrous iron
reduction by borohydride (Khalil et al., 2018; Kim et al., 2012; Lu
et al., 2016;Wang et al., 2006), arc discharge (Kassaee et al., 2011), com-
bining electrochemical and ultrasonic methods (Chen et al., 2004), and
hydrogen reduction of goethite (Liu et al., 2012), and so on. nZVI parti-
cles are usually obtained by borohydride reduction of a ferrous iron so-
lution. The conditions of the borohydride reduction, such as reaction
media, the mass ratio of borohydride to ferrous iron, reaction time will
also affected the performance of nZVI particles, such as size, specific sur-
face area and surface morphology. For example, the nZVI particles ob-
tained by NaBH4 reduction in ethanol–water mixed solvent in the
presence of dispersion agent of polyglycol were spherical particles
with higher surface area (80 nm, 54.25 m2/g), while the lower surface
area particle (80 nm, 8.08 m2/g) was obtained with only de-ionized
water as reactionmedia (Wang et al., 2006). Moreover, the composition
of nZVI particles was also affected by the preparation method. For in-
stance, the nZVI particles prepared by arc discharge reduction were
pure ZVI, while the nZVI particles produced via the reduction of FeSO4

by NaBH4 contained an impurity of Fe3O4 (Kassaee et al., 2011). The
nZVI particles were produced by combining electrochemical and ultra-
sonic methods contained an impurity of Fe2O3 (Chen et al., 2004). Com-
pared with nZVI particles produced by hydrogen reduction of
hydrothermal goethite, the nZVI particles produced by hydrogen reduc-
tion of natural goethite contained someAl-substitution (Liu et al., 2012).

The performance of nZVI particles for the nitrate reduction was af-
fected more by their crystal phase purity rather than their size. For ex-
ample, nZVI particles (37 nm) produced by arc discharge reduction
showed two-fold efficiency than that of nZVI particles (30 nm) pro-
duced via the reduction of FeSO4 by NaBH4 (Kassaee et al., 2011), be-
cause the arc fabricated nZVI particles had higher purity. In another
example, three types of nZVI particles were synthesized by using three
different alcohol-water mixture, i.e., ethanol-water (Eth-NP), ethylene
glycol-water (Eth-gly-NP) and glycerol-water (Gly-NP). The Eth-NPs
particles were smallest in dimension (5–10 nm), whereas Gly-NP parti-
cles were largest in size (50–100 nm). Interestingly, Gly-NP particles
with large particle size showed highest removal efficiency (100%)
within 2 h, and Eth-NPs particles showed lowest activity (70%) within
2 h. Gly-NPs particles and Eth-gly-NP particles were pure ZVI, while
Eth-NP particles had an impurity of Fe3O4 (Ghosh et al., 2017). There-
fore, it seemed that the purity of nZVI particles played an important
role in the reduction activity of nZVI. Moreover, the resistance to oxida-
tion of nZVI could also affect its reactivity, stability, and transformation
capability (Sohn et al., 2006).

It has been proved that mZVI particles can reduce nitrate to ammo-
nia almost completely. However there are different results on the reduc-
tion product of nitrate by nZVI particles. Most scholars found that the



Table 1
Main physical characteristics, preparation methods and reduction activity of ZVI for the removal of nitrate.

Size Specific
surface area
(m2/g)

Morphology Preparation methods ZVI
dosage
(g/L)

NO3¯
concentration
(mg/L)

Time
(h)

Initial
pH ≤ 4
(%)

Reduction at
near-neural pH
(%)

Reduction
products

Reference

6 ± 10
mm

0.31 – – 20 50 0.5 95 Negligible 100% NH4
+ (Huang

et al.,
1998)

20–60
mesh

~1.1 – – N4000 130 24 ~100 50 100% NH4
+ (Suzuki

et al.,
2012)

10–40
nm

14.5 Rod-like and needle- like
crystals

Hydrogen reduction of natural
goethite

3.2 80 5 95.5 90 N2, 20%
NH4

+, a little
NO2

−

(Liu et al.,
2012)

– – Spherical and form
chain-like clusters

Fe2+ reduction by NaBH4 3.2 130 10 – N95 95% NH4
+ (Kim

et al.,
2012)

20–80
nm

– Quasi-spherical Fe2+ reduction by green tea 1 20 – – 51.7 – (Wang
et al.,
2014)

~80
nm

54.25 Spherical Fe2+ reduction by KBH4 in
ethanol–water mixed solvent.

4 350 0.5 – 100 Main NH4
+ (Wang

et al.,
2006)

~37
nm

– Dispersed spheres Arc discharge vs. reduction 1.33 30 24 54 b20 – (Kassaee
et al.,
2011)

1–20
nm

25.4 – Combining electrochemic- al
and ultrasonic methods

0.5 88 4 78 50. 36.2–45.3%
NH4

+
(Chen
et al.,
2004)

~90
nm

65.74 Well-dispersed single
phasic flower-like

Fe3+ reduction by boro-hydride
using glycerol- water as
solvents.

2.88 400 2 – 100 N99% NH4
+ (Ghosh

et al.,
2017)

~70
nm

– Round shaped with flaky
materials

Fe3+ reduction by borohydride
using ethylene glycol-water

2.88 400 2 – ~88 N99% NH4
+ (Ghosh

et al.,
2017)

~20
nm

– Agglomerated round
shaped forming chain-like
structure

Fe3+ reduction by boro-hydride
using ethanol-water as solvents

2.88 400 2 – ~72 N99% NH4
+ (Ghosh

et al.,
2017)

Fig. 2. Pourbaix diagrambased on solid species of Fe0, Fe2O3 and Fe3O4, assuming that total
dissolved iron concentration is 1 × 10−2 mol/L. Dashed lines indicate standard reduction
potentials for labeled reactions.
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reduction product of nitrate by nZVI particles was mainly ammonia
(Ryu et al., 2011; Li et al., 2018; Yang et al., 2018). However, some re-
searchers found that reduction product of nitrate by nZVI particles
contained 10–45% ammonia or 100%N2 (Chen et al., 2004). The low am-
monia in the reduction product of nitrate by nZVI particles was mainly
due to that nitratewas converted to ammonium ion followed by ammo-
nia stripping under a strong alkaline condition, leading to a decrease in
the total aqueous nitrogen amount (Hwang et al., 2011).

2.2. Operational parameters

There aremany factors influencing the reduction of nitrate by ZVI. In
addition to the physical and chemical characteristics of ZVI, which was
discussed in Section 2.1, some operational parameters, including solu-
tion pH, temperature, concentration of dissolved oxygen (DO), and con-
centration of nitrate and other water quality constituents, can also
influence ZVI reactivity, and ultimately affect the fate of nitrate. These
influencing factors will be discussed in detail in the following sections.

2.2.1. Effect of pH
The pH of the aqueous solution is an important parameter that will

strongly affect the rate of nitrate reduction by ZVI, mainly due to that:
(1) nitrate reduction requires the participation of protons; (2) pH
greatly affects the rate of ZVI corrosion; (3) pH greatly affects the prod-
uct of ZVI corrosion (Chen et al., 2004), which was explained by Fig. 2.
Considering that the concentration of nitrate in most of researches
was over 50 mg/L. A potential - pH predominance area diagram based
on thermodynamic theory and the data for the solid of Fe, Fe2O3 and
Fe3O4 is shown in Fig. 2, assuming that total dissolved iron concentra-
tion is 1 × 10−2 mol/L.
Fig. 2 shows that the existing form of iron species depended on pH
and oxidation-reduction potential (ORP). Fe2+ occurs on lower pH
and ORP, Fe2O3 occurs on higher pH and ORP, Fe3O4 occurs on high pH
and low ORP. When nitrate reduction was performed without pH-
control or buffering solution, the iron oxide would be formed when so-
lution pH rose to neutral or alkaline, whichwould inhibit electron trans-
fer from ZVI to nitrate.
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As for both mZVI particles and nZVI particles, the rate constant in-
creased with decrease of pH for the reductive removal of nitrate
(Zawaideh and Zhang, 1998; Alowitz and Scherer, 2002). For example,
over pH range from 2.5 to 4.5, the reduction rate constant of nitrate by
mZVI decreasedwith increasing pH (Huang and Zhang, 2004). Likewise,
Rodríguez-Maroto et al. (2009) revealed that complete reduction of ni-
trate was obtained in a few hours when pH value was below 2.5,
whereas only about 37% of nitratewas reduced after 22 d at pH of 4. An-
other example for nZVI particles, at initial pH 5, about 80% of nitrate
(100 mg/L) could be reduced in solution within 60 min by 2 g/L nZVI,
while a complete removal of nitrate by nZVI was obtained after
30min at pH 4 and even lower pH values (Yang and Lee, 2005). In sum-
mary, the good performance of ZVI at low pHmay bemainly ascribed to
the acceleration of iron corrosion to generate fresh active sites and dis-
solution of the passivated oxide layers on ZVI surface to improve elec-
tron transfer from ZVI to nitrate, while a high pH deteriorated the
performance of ZVI due to more iron oxides on the surface of the incor-
porated ZVI,which inhibited themass transfer. However, lowering solu-
tion pH to very acidic condition (e.g., below 2) may also diminish the
nZVI performance, as it can cause the quick dissolution of ZVI into the
bulk solution, resulting in an insufficient surface area for the release of
Fe2+ and less electrons to nitrate. For example, the reduction of nitrate
by mZVI decreased from 72% to 60% when initial pH decreased from
1.92 to 1.22 (Zhang et al., 2017).

The influence degree of pH on the reactivity of ZVI depends on the
initial pH and ZVI size. Huang et al. (1998) reported that pH effect was
not significant for the initial pH of 2–4 during nitrate reduction with
6–10 μm ZVI particles when the solution pH was maintained un-
changed. Kim et al. (2016) also reported that pH effect was not signifi-
cant for initial pH of 3–7, because there was a rapid increase of pH, as
a result of OH− production via the anaerobic corrosion of nZVI particles.
The pH level remained at 10.13 ± 0.11 after 15 min, regardless of the
initial pH values. Moreover, the effect of pH on the reaction rate is less
for nZVI particles thanmZVI particles. For example, after 60min of reac-
tion, the conversion of nitrate (100 mg/L) by mZVI particles decreased
drastically from 95% to 0% when initial pH increased from 2.5 to 5
(Huang et al., 1998), while the conversion of nitrate by nZVI particles
decreased slightly from 100% to 80% at the same pH conditions (Yang
and Lee, 2005). A reasonable explanation for thismay be that the forma-
tion of iron oxides on the surface of mZVI particles is often faster than
nitrate reduction,which leads to the formation ofmore iron oxides, hin-
dering the transfer of electron at high pH solution. Thus, the nitrate re-
duction by mZVI particles is pH-dependent, and low pH is favorable for
the reduction. As for nZVI particles, the process of nitrate reduction is
acid-promoted, which is consistent with mZVI particles. However, the
high reduction efficiency of nitrate by nZVI particles under neutral con-
ditionmay be the good reactive activity of nZVI particles, which can not
onlymake the quick reduction of nitrate before the formation of iron ox-
ides, but also react quickly with H2O to produce H2, favoring the nitrate
reduction.

In summary, the reduction of nitrate by ZVI is often accompanied by
the corrosion of ZVI and the variation of H+ concentration due to the
consumption of H+ by nitrate reduction and the hydrolysis of ferric or
ferrous ion. Therefore, the solution pH can severely affect iron corrosion,
thus determining nitrate reduction efficiency of ZVI.

2.2.2. Effect of temperature
The change in temperature has a remarkable influence on nitrate re-

duction. In general, the removal efficiency of nitrate by ZVI increases
with the increase of reaction temperature (Ji et al., 2011). At tempera-
tures of 30 °C, the nitrate removal was 67.6% after 10min, while at tem-
perature of 50 °C, the nitrate removal by nZVI particle was significantly
enhanced to 96.2% after 10 min (Hwang et al., 2010). The pseudo first-
order rate constants of nitrate reduction by mZVI were 0.36 ± 0.03
and 1.39 ± 0.23 h−1 under the unbuffered and buffered conditions at
75 °C, respectively, which exceeded by 5 and 19 times of the rate
constant achieved at 20 °C under the unbuffered condition (0.072 ±
0.006 h−1) (Ahn et al., 2008).

Several steps, including nitrate diffusion and adsorption onto iron
surface, chemical reaction on the iron surface, and products diffusion
into the solution, affect the overall reaction. Increasing reaction temper-
aturewill result in an increasingmobility of nitratemolecules to the sur-
face of ZVI particles. In addition, increasing reaction temperature will
supply excessive energy to overcome the activation energy barrier. Ac-
cording to the removal efficiency of nitrate at different temperatures,
activation energy (Ea) can be calculated and used to determine the
limiting-step of nitrate reduction by ZVI. Diffusion requires less energy
than chemical reaction. A typical mass transport-controlled reaction in
water is 10–20 kJ/mol. For example, the Ea for nitrate reduction in
batch experiments was reported to be 42.5 kJ/mol for mZVI particles
and 25.8 kJ/mol for nZVI particles over the temperature range of
10–60 °C (Liou et al., 2005a). The value of Ea for mZVI particles is
large, suggesting that it is a typical chemical reaction step. Thus, there
is a significant degree of reaction control on the kinetics of denitrifica-
tion in a well-mixedmZVI system. For example, whenmZVI with/with-
out pre-treatment by hydrogen gas at 400 °Cwas used to reduce nitrate,
the Ea calculated by Arrhenius equation was 46.0 and 32.0 kJ/mol for
non-pretreated and pretreated iron, respectively, indicating that tem-
perature effect was more significant for non-pretreated iron than that
of pretreated iron (Liou et al., 2005b). On the other hand, as the Ea for
nZVI particles is slightly above 10–20 kJ/mol, the kinetics of denitrifica-
tion is characteristics of mass transport in addition to reaction control.
Therefore, the influence degree of temperature on nitrate reduction by
mZVI particles is higher than that of nZVI particles.

2.2.3. Effect of DO
Dissolved oxygen (DO) is usually existed in shallow groundwater or

wastewater. As a highly active oxidant, DO may exert a crucial effect on
iron corrosion and thus on the subsequent removal of nitrate.

There are two contrary potential effects of DO on the nitrate reduc-
tion by ZVI. DO may deteriorate the removal rates of nitrate, especially
at high DO concentration. For example, the performance of nitrate re-
duction (100 mg/L) decreased by 40% under aerobic condition by nZVI
than that under anoxic condition at the equilibrium state (about
90 min) (Khalil et al., 2016b). Moreover, nZVI reacted more slowly
with nitrate in open system than in sealed system, because oxygen in
the aqueous solution decreased the reducing capacity of nZVI for nitrate
reduction (Wang et al., 2006). 62.3% of nitrate was reduced by nZVI
treatment in anaerobic system, but the removal percentage accounted
for only 22.1% in aerobic system within 120 min (Zhang et al., 2011).
Meanwhile, DOmay also enhance nitrate reduction. For instance, the ni-
trate removal efficiency reached 81% after 3 h in a laboratory
continuous-flow ZVI packed bed columns at an initial DO of 8.8 mg/L
and initial pH of 8.3–8.5, while it was only 39% at an initial DO of
0.6 mg/L (Westerhoff and James, 2003). The nitrate reduction by ZVI
was negligible in the absence of DO at pH N 5; to the contrary, obvious
reduction of nitrate was observed in the presence of DO by increasing
iron corrosion to producemore ferrous ions. The highest reduction of ni-
trate occurred at initial pH 2.0, with 49.7% in the presence of DO com-
pared with only 12.1% in the absence of DO (Guo et al., 2015).
However, no significant effect of DO on the reaction rates of nitrate
was observed (Huang and Zhang, 2005a). Therefore, no general conclu-
sions were obtained about the potential effects of DO on the nitrate re-
duction by ZVI.

The reasons why the presence of DO will inhibit the nitrate reduc-
tion were summarized as follows: (1) DO could compete for electrons;
(2) the corrosion products derived from oxygen reduction would inter-
fere the rate of iron dissolution and subsequently the nitrate reduction;
(3) the concentration of DO in solutionmight be relatedwith the forma-
tion of various iron corrosion products, which can serve as a physical
barrier, a semiconductor or a coordinating surface. For example, in the
presence of DO, a two-layer structure with an inner layer of magnetite
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and an outer layer of lepidocrocitemight be formed, whichwould dete-
riorate the performance of ZVI. While as DO being depleted, the outer
lepidocrocite layer might be transformed to magnetite, which would
not hinder the ZVI performance even in a substantial thickness
(Huang and Zhang, 2005a). On the other hand, DO could facilitate the
formation of a more reducing condition partially due to the rapid pro-
duction of dissolved and/or surface-bound Fe(II) by driving very rapid
and intensive iron corrosion. Dissolved oxygen (DO) could also acceler-
ate the generation of iron oxides, which can act as adsorption sites.

In our opinion, the role of oxygen in the performance of ZVI may de-
pend on the environmental conditions (such as DO concentration, reac-
tion time, ZVI dosage, solution pH, and so on) and surface properties of
materials (such as the number of active site). There aremultiple roles of
oxygen in the nitrate reduction by ZVI, such as (1) compete the nitrate
for reactive sites; (2) facilitate iron corrosion and produce more re-
ducers, such as dissolved and/or surface-bound Fe(II); (3) compete for
reducing agents, such as dissolved and/or surface-bound Fe(II) and pro-
ton; and (4) accelerate iron corrosion and formmore iron oxide passiv-
ation layer. The roles of (1), (3) and (4) restrain the nitrate reduction,
while the role of (2) enhances the nitrate reduction. These roles can
occur independently or in combination, the net effect of DO on nitrate
reduction by ZVI will depend on the detail conditions, such as the reac-
tion conditions and the surface properties of materials. Taking DO con-
centration for example, under the low oxic condition (e.g., below
6 mg/L), the reduction of DO facilitated iron corrosion and produced
more aqueous and adsorbed/structural Fe(II), which was beneficial for
the removal of nitrate (Yang and Lee, 2005); while under highly oxic
conditions, the excess DOwould compete for reducing agents, resulting
in a decrease of rate constants (Westerhoff and James, 2003). For ZVI
dosage, nitrate was completely removed in 2 h when it was 4 g/L
under both aerobic and anoxic situations. However, when it was only
1 g/L, 60% of nitrate was reduced in the anoxic system and 40% of nitrate
was reduced in the aerobic system in 2 h (Wang et al., 2006). Moreover,
at lowpH solution, the oxidation of ferrous iron byO2 isweak and a little
iron oxide passivation layer will form, which make DO favor for the ni-
trate reduction. However, at high pH solution, the DO may play a con-
trary role for the nitrate reduction. As for the surface properties of
materials, the DO usually play a facilitation role for mZVI particles;
while an inhibition role for nZVI particles under neutral conditions. Fu-
ture attempts can bemade to find some feasiblemethods either tomin-
imize the deterioration effects of oxygen or to enhance the ZVI
performance.

2.2.4. Effect of groundwater constituents
Groundwater and some wastewater, such as landfill leachate, mu-

nicipal sewage, etc. typically contain various dissolved anions, such as
Cl−, HCO3

−, SO4
2−, HPO4

2− and natural organic matters (NOMs), such as
humic acid, which may affect the nitrate reduction by ZVI. It is impor-
tant to consider the influence of these coexisting constituents on the ni-
trate reduction by ZVI when the ZVI-based permeable reactive barrier
(PRB) technology was applied to remediate polluted groundwater
with nitrate. Unfortunately, a few works have been carried out for the
nitrate reduction. Su and Puls (2004) studied the effects of anions on ni-
trate reduction, and they found that these anions decreased the nitrate
reduction rate in following order: Cl− b SO4

2− b PO4
3−, whichwas consis-

tent with their affinity to form complexes with iron oxides. The block-
age of reactive sites on the surface of ZVI and its corrosion products by
specific adsorption of the inner-sphere complex forming ligands (sul-
fate and phosphate) might be responsible for decreasing nitrate reduc-
tion by ZVI relative to the chloride system. In order to discuss the role of
these anions, Tang et al. (2012) studied the reductive removal of nitrate
by ZVI in the presence of alkaline soil, and they found that themajor an-
ions (Cl−, SO4

2−, and HCO3
−) could accelerate nitrate reduction due to

the promotion of iron corrosion and the possible occurrence of green
rusts. However, PO4

3− had inhibitive effect. Compared with the results
obtained by Su and Puls (2004), the difference of the influence of ligands
on the nitrate removal might be that the reaction medium contained
some loess soil.

Humic acid and HCO3
− are important natural organic matters and in-

organic matter, which are widely existed in water, more researches are
needed to investigate their influence on the removal of nitrate by ZVI
(Ruangchainikom et al., 2006; Shi et al., 2011; Khalil et al., 2018;
Wang et al., 2018). Moreover, because of the complexity of the interac-
tion of groundwater constituents with ZVI, more researches are needed
to investigate the mechanisms associated with the inhibition of nitrate
removal by ZVI in the presence of various anions.

2.2.5. Effect of nitrate concentration
Several previous studies reported that higher initial nitrate concen-

trations could increase the efficiency of ZVI (Hao et al., 2005a, 2005b).
For example, nitrate removal rate increased with the increase of nitrate
concentration in a field continuous-flow mZVI packed bed columns
(Westerhoff and James, 2003). It was also found that nitrate removal
rate increased with increase of nitrate concentration from 20 mg/L to
120 mg/L by nZVI (Liu et al., 2012). The initial nitrate concentration
did not significantly influence the final removal efficiency, while the ab-
solute removal of nitrate increased with increasing initial nitrate con-
centration (Zhang et al., 2010). The reason might be that higher initial
nitrate concentration resulted in a larger concentration gradient and
the higher reaction probability between iron and nitrate, apparently in-
creasing the removal percentage of nitrate.

The nitrate reduction by ZVI can be described by the first- or pseudo
first-order kinetic model, some of results were list in Table 2. It can be
seen that the observed reaction rate constant (or half-life) is indepen-
dent on the initial nitrate concentration within the applied concentra-
tion ranges when the reaction is pseudo first-order with respect to
nitrate concentration (Zhang et al., 2010; Choe et al., 2000). The reaction
rate constant is affected by some factors, such as initial pH, the dosage of
ZVI, the physical characteristics of ZVI, temperature, and so on. In gen-
eral, the lower initial pH, higher dosage of ZVI and higher temperature
can lead to higher reaction rate constant. Usually, nZVI particles have
higher reaction rate constant than that ofmZVI particles. The higher pu-
rity of iron surface, the higher reaction rate constant. Table 2 also indi-
cates that there were no comparable results among the ZVI particles
because that the difference of reduction condition of nitrate.

According to the published literatures, the first- or pseudo first-
order kinetic model was not suitable for the nitrate reduction in an
iron-limiting condition or a pH-control or buffer condition. When dos-
age of nZVI was 2 g/L, the reaction rate constant increasedwith increase
of initial concentration of nitrate (Yang and Lee, 2005). The reduction of
nitrate by iron with pH control appeared to be a 1.7 order reaction
(Huang et al., 1998). Kim et al. (2016) found that pseudo second-
order adsorption kinetic equations were suitable for fitting the nitrate
removal in an iron-limiting condition. Xiong et al. (2009) observed
that pseudofirst-ordermodel was less suitable for describing the chem-
ical reduction of nitrate by nZVI when either nZVI supply was insuffi-
cient or when excess amounts of protons were present. Rodríguez-
Maroto et al. (2009) found that an Eley–Rideal kinetic model could ex-
plain the rate of nitrate reduction at a constant pH value. Huang et al.
(2003) proposed a new kinetic model under the acidic pH-control con-
dition and the kinetic constants depended upon pH values. In addition,
even ifwithout pH-control, the first- or pseudo first-order kineticmodel
was not suitable for the nitrate removal due to the specific reaction con-
ditions. For example, Wang et al. (2014) found that both pseudo first-
order and pseudo second-order adsorption kinetic equations provided
a good fit for the observed nitrate removal without pH-control. The de-
nitrification rate without reaction conditions (DO or reaction pH) con-
trol, tended to be a second-order kinetics at pH b 3, and pseudo first-
order kinetics at pH N 3 (Fan et al., 2009). Choi et al. (2008) found that
lower pH gave the pseudo first-order kinetics, while it was close to
the zero-order reaction when the pH of the solution was becoming
high and nitrate concentration was higher. Wang et al. (2006) found



Table 2
The reaction rate constant in first- or pseudo first-order kinetic model of nitrate reduction by ZVI.

Size Specific surface area (m2/g) NO3¯ concentration (mg/L) ZVI dosage
(g/L)

Time
(h)

Initial pH Rate constant
(ℎ−1)

Reference

~50 nm 20–25 131 ± 2 0.5–1.0 40 7.15 ± 0.1 0.002–0.04 (Hosseini et al., 2018)
50 nm, 20–25 105 4 72 Neutral pH 0.012 (Hosseini and Tosco, 2015)
1 ± 100 nm 31.4 50–400 4 – Natural pH 8.92–9.33 (Choe et al., 2000)
100–200 mesh – 25 36 – 7.0 with buffer 16.8 ± 1.8 (Siantar et al., 1996)
16.7 nm 46.27 100 1.25 0.25 7 6.30–6.60 (Hwang et al., 2011)
10–20 mesh 1.67 30 12,500 4 6.7 0.072 ± 0.006 (Ahn et al., 2008)
10–20 mesh 1.67 30 12,500 4 7.4 with buffer 0.214 ± 0.015 (Ahn et al., 2008)
10–20 mesh 1.67 30 12,500 4 6.7 (75 °C), 0.36 ± 0.03 (Ahn et al., 2008)
40 mesh ~2.30 16.5 50 – 7.0 with buffer 0.049 ± 0.04 (Alowitz and Scherer, 2002)
b100 mesh 0.516 177 7.7 0.33 6.5–7.5 with buffer 0.486 (Liou et al., 2005b)
160–200 mesh 0.06 50–400 4 2 2 2.0–2.17 (Fan et al., 2009)
325 mesh – 15 80 – 5.0–7.0 3.18–0.86 (Cheng et al., 1997)
1–20 nm 25.4 20 0.5 2 4–7 with buffer 0.37–0.2 (Chen et al., 2004)
90 nm, 49.46 100 2.88 2 5.86–6.70 2.4 (Ghosh et al., 2017)
20 nm 65.74 100 2.88 2 5.86–6.70 0.66 (Ghosh et al., 2017)
b100 nm 8.1 50 0.57–2.86 – ~7 2.26–10.12 (Sohn et al., 2006)
20–70 nm 16.67 177 0.35 – 6.8 0.8 (Liou et al., 2005a, 2005b)
16.7 nm 79.06 100 1.25 – 7, 30 °C 4.08 (Hwang et al., 2010)
1–100 nm 12.4 50 1.0 – 6.7 5.16 (Zhang et al., 2010)
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that the nth-order reaction model was suitable to describe chemical re-
duction of nitrate by nZVI at a rather high intensity of mixing and with-
out pH-control, and the reaction order was from 0.26 to 0.66, and kobs
was from1.08 to 0.44mg-N L−1 lnmin−1when the initial concentration
of nitratewas 30mg/L to 80mg/L. Huang and Zhang (2002) developed a
kinetic model with a double-Langmuir-adsorption model to represent
site saturation effects of aqueous Fe2+ and NO3

− on nitrate reduction
in a ZVI system at near neutral pH value.

It can be seen that above-discussed operational parameters can af-
fect nitrate reduction by ZVI. Thus, the removal efficiency of nitrate
may increase by the optimization of operational parameters, such as de-
creasing solution pH, increasing reaction temperature, controlling the
concentration of DO or nitrate, or decreasing the concentration of inter-
fering ion, and so on. Itmay be amost efficient strategy to reduce nitrate
at acidic condition. However, the nitrate reduction in acidic aqueous so-
lution would lead to inconvenient operation and the consumption of
acid or alkali agent. Therefore, more and more interests focused on the
near-neutral or neutral conditions. Prone to agglomeration and poor
stability, nZVI particles alone could decrease its reduction capacity al-
though some nZVI particles alone can reduce nitrate in neutral condi-
tions. Therefore, the improvement of the chemical composition and
structure of ZVI composite, as well as the addition of reduction assis-
tants such as metal ion, light, complexant or hydrogen, are two mostly
used strategies to overcome the above-mentioned disadvantages of
ZVI. In addition, because the endproduct of nitrate reduction by ZVI par-
ticles alonewasmainly ammonia, whichmakes investigators seek solu-
tions for increasing the N2 selectivity.

3. Strategies for improving the efficiency and N2 selectivity of nitrate
reduction

3.1. Optimization of chemical composition and structure of ZVI composites

The chemical composition and structure of ZVI composites have im-
portant influence on the adsorption capacity to nitrate and the active
site for transferring electron to nitrate, as well as on the distribution of
iron oxides on the surface of ZVI composites during the process of ni-
trate reduction.

3.1.1. Doped ZVI composites
The doped ZVI composites usually consist of ZVI and some high elec-

trode potential metal (such as Cu0) or carbon. In doped ZVI composites,
ZVI and the high electrode potential material can formmacroscopic gal-
vanic cells, which enhance nitrate reduction even in near-neutral
aqueous solutions in comparison with ZVI particles alone. For example,
batch tests of nitrate reduction by ZVI-AC and ZVI at initial pH 2–6 were
carried outwithin 720min, and the results showed that with increasing
initial pH, two systems performed discriminately in nitrate reduction.
However, the efficiency of nitrate reduction by ZVI-AC remained 73%
even at initial pH 6, whereas that by ZVI only dropped drastically to
around 10% (Luo et al., 2014). It was also found that reduction efficiency
of nitrate by tri-metal 10% (Pd\\Cu)–nZVI was higher than bare nZVI,
and the catalyst Cu and Pd helped enhance higher efficiency of nitrate
removal (Lubphoo et al., 2015). More than 80% nitrate was reduced by
nZVI-5% Cu particles (w/w) within 20 min, and complete removal was
attained within 1 h; while 74.5% nitrate was removed by uncoated
nZVI within 1 h (Sparis et al., 2013). The nitrate reductive activity by
Pd-ZVI was 2.72%, which was 1.85 times higher than that of hybrid
without Pd (Jiang et al., 2015). Moreover, the nitrate reductive activity
of doped ZVI composites was also studied through packed sand column
test. The best condition to remove nitrate among nZVI/sand columns
was obtained when a single 10-cm high layer of nZVI/sand was used,
and N97% influent nitrate was removed; while in (Cu-nZVI)/sand col-
umns, the optimum performance was reached when double 5-cm
high layers of (Cu-nZVI)/sand was used, and a complete removal of ni-
trate was attained. Furthermore, Cu-nZVI particles showed better re-
moval efficiency than nZVI for nitrate reduction in the simulated
groundwater (Shubair et al., 2018). It was also found that the recorded
values of reduced nitrate by bare nZVI and 2.5% Cu-nZVI were similar
during the reaction time, but at the end of reaction (after 200 min),
2.5% Cu-nZVI was more efficient than bare nZVI for nitrate reduction
(Hosseini et al., 2011).

The reduction activity for nitrate by doped ZVI composites was sum-
marized in Table 3. The nitrate reduction was enhanced by doped ZVI
composites, whichwasmainly attributed to: (1) a relative potential dif-
ference in galvanic cells drives muchmore electrons from ZVI to second
substance during micro-electrolysis process rather than iron corrosion
only; (2) the nitrate reduction was mainly performed on the surface
of the doped substance, which decreased the competition between ni-
trate and iron oxide for the active sites of surface; (3) H+ can be gener-
ated by the hydrolysis and oxidation of high concentration of ferrous
ions from the high corrosion rate of iron or by the quick reduction of
H2O on the surface of the doped substance, which makes it possible
for nitrate to be reduced at near-neural pH value.

In doped ZVI composites, the type and content of doped metal have
influence on the activity of doped ZVI composites for nitrate reduction.
The nitrate reduction by 5.0% (w/w) bimetal particles (nano-Pd/ZVI,
nano-Pt/ZVI and nano-Cu/ZVI) under the Ar-purged buffered solution



Table 3
The reduction activity for nitrate by doped ZVI composites.

ZVI composite NO3¯ concentration
(mg/L)

Composite dosage
(g/L)

Time
(h)

Reduction at
near-neural pH

Reduction products Reduction by
ZVI

Reference

ZVI-AC 221 50 73% ~100% NH4
+ ~10% (Luo et al., 2014)

ZVI-0.06% Pd 886 – 7 75% 30% N2, ~70% NH4
+ – (Choi et al., 2008)

nZVI–10% (Pd\\Cu) 100 0.25 g 1 90% ~60% N2, ~40% NH4
+ ~50% (Lubphoo et al., 2015)

nZVI-5.0% Cu ~177 0.35 1 ~100 80–60% NH4
+, 20–40%

NO2
−

52% (Liou et al., 2005a, 2005b)

nZVI–2.35% Ag 531.6 3 4 27.25 – 18.85% (Singh et al., 2012)
nZVI-1 wt% Au ~200 1.5 1.5 ~77% ~6% NO2

−, 50% NH4
+ ~42% (Su et al., 2014)

ZVI-0.3 wt% Pd-0.5 wt
% Cu

177 7.7 6 ~91.5% 30% N2, 24.0% NH4
+, 2.0%

NO2
−

– (Liou et al., 2009)

nZVI-5% Cu 200 3.3 1 ~100% 74% NH4
+ 74.5% (Sparis et al., 2013)

nZVI-0.01% Ni 20 2 1 ~90% 93.55% NH4
+, 0.33% NO2

− ~80% (P. Li et al., 2017; X. Li et al.,
2017)

ZVI-5% Cu 57.25 0.86 1 ~100% 87% NH4
+ ~80% (Muradova et al., 2016)

395Y. Liu, J. Wang / Science of the Total Environment 671 (2019) 388–403
in 75 mL was compared. The results showed that the deposited metals
were ranked Cu N Pd N Pt in their promotion on nZVI reactivity towards
nitrate (Liou et al., 2009). The influence of dopedmetal content on reac-
tivity of the bimetallic ZVI composites for nitrate reduction was investi-
gated, and the optimal loading ratio was found to be b10% (w/w)
(Lubphoo et al., 2016). For example, the optimal loading in Cu-ZVI com-
posites was usually 5% (Liou et al., 2009; Sparis et al., 2013; Guo et al.,
2018; Shubair et al., 2018).

In doped ZVI composites, the doped metal will affect the product of
nitrate reduction. Though ammonia was found to be the predominant
end product in nZVI and Cu/nZVI systems, as for nitrite, 40% of the re-
duced nitrate remained in Cu/nZVI system (Liou et al., 2009). The addi-
tion of Pd improved the gas production in nitrate reduction from the
recovery rate of nitrate, nitrite and ammoniumboth in aqueous solution
and support solid phase (Jiang et al., 2015). However, nano-composite
of tri-metals, (Pd\\Cu)–nZVI, could enhance N2 gas selectivity.
Lubphoo et al. (2016) found that N2 selectivity was 60.5% by the tri-
metal (Pd\\Cu)–nZVI 10% (Pd\\Cu) loading with ratio of 2:1 (Pd:Cu).
An optimum N2 of ~30% was obtained in the alkaline solution by
0.3 wt% Pd-0.5 wt% Cu/ZVI, suggesting that the ZVI deposited Pd and
Cu could promote the abstraction of oxygen from NOx by adsorbed
atomic hydrogen on the Cu surface, and enhance nitrogen gas formation
on the Pd surface (Liou et al., 2009). Even so, the N2 selectivity was still
low by doped ZVI composites.

3.1.2. Supported ZVI composites
To overcome the drawbacks of nZVI particles alone, such as agglom-

eration (Ryu et al., 2011), which can significantly decrease the effective
surface area of nanoparticles, and thus reduce their catalytic perfor-
mance, the supported ZVI composites have been developed.

Many supporting materials were used, including organic materials,
such as alginate substrate (Lee et al., 2016; Cho et al., 2015),
polymerstyrene anion exchanger (Jiang et al., 2012), polystyrene resins
(Jiang et al., 2011), chelating resin (Shi et al., 2013), organic polymeric
beads (Jiang et al., 2015); inorganic materials, such as carbon materials
(nano-graphenes (Salam et al., 2015), exfoliated graphite (Zhang et al.,
2006), activated carbon (Khalil et al., 2016a, 2016b; Khalil et al., 2018),
biochar (P. Li et al., 2017; X. Li et al., 2017)), clay minerals (pillared clay
(Zhang et al., 2011), palygorskite (Frost et al., 2010; Xi et al., 2014; Dong
et al., 2018), diatomite (Sun et al., 2013;Ma et al., 2016; Hao and Zhang,
2017), bentonite (Li et al., 2009; Xi et al., 2011; Zhao et al., 2018), kaolin
(Cai et al., 2014; Shi et al., 2014)), zeolite (NaY zeolite (Zeng et al.,
2017), clinoptilolite (Fateminia and Falamaki, 2013)), γ-aluminum
oxide (Hao and Zhang, 2017), silicon (Anbia and Kamel, 2018) and bio-
tite (Cho et al., 2010). These support materials can be used to immobi-
lize nZVI without decreasing its reactivity. The most frequently used
methods for synthesizing these supported ZVI composites include coat-
ing the surface of nZVI, emulsification of nZVI, deposition of nZVI on a
carrier, or trapping nZVI in a matrix. The supported ZVI composites
have often higher surface area than that of unsupported ZVI. The
physical-chemical properties of support matrix play an important role
in the particle size and distribution of the incorporated nZVI (Jiang
et al., 2012).

The supported ZVI composites have one or more of the advantages
in the catalytic performance, such as (1) higher reduction efficiency of
nitrate than that of nZVI; (2) higher reduction efficiency of nitrate at
neutral pH condition. The reduction efficiency of nitrate by supported
ZVI composites was often 0.5–2 times higher than that of nZVI at the
same reduction condition (Jiang et al., 2015; Lee et al., 2016; P. Li
et al., 2017; X. Li et al., 2017; Zhang et al., 2011), because supportmatrix
can not only prevent the agglomeration of nZVI, which provides a larger
accessible surface area, but also serve to pre-concentrate reactants by
adsorption, which promotes the mass transfer of nitrate from solution
onto iron. Moreover, support matrix also serves to mediate electron
transfer reactions, and nucleate the growth of product phases. The ni-
trate reduction by supported ZVI composites is an acid-driving process.
However, high removal of nitrate by many supported ZVI composites
can also be achieved at neutral pH (Dong et al., 2018; Shi et al., 2016;
Shi et al., 2013), because many support matrix have mesoporous struc-
ture, the active sites within the inner pore structure can reduce nitrate
even though the metal hydroxide is present mainly on outer surface.
Another reason is that the functional groups of the carboxyl (–COOH/–
COO−) groups on supporting matrices can react with H+ or OH−,
hence offsetting the impact of pH changes. In addition, the influence de-
gree of pH on the reduction efficiency of nitrate is also determined by
acid or base site of supporter. Some support matrix can act as the
proton-donor, which also improves the removal efficiency of nitrate at
neutral pH value.

Supported ZVI composites can help decreasing the total nitrogen
amount in water, which was proved by the following aspects: (1) am-
monia is the end product of nitrate reduction by ZVI alone, while sup-
ported ZVI composites can reduce the selectivity of ammonia in the
product of nitrate reduction. For example, ammonia is the main end-
product of nitrate reduction by supported ZVI composites, and the N2

yields of product of nitrate reduction by supported ZVI monometallic
composites remain below 10% (Zhang et al., 2006). However, the N2 se-
lectivity was about 70% by supported ZVI bimetallic composites, such as
Fe/Pd composite (Shi et al., 2016); (2) moreover, some support matrix
can adsorb ammonia and release into aqueous solution under neutral
pH (Fateminia and Falamaki, 2013).

The catalyst and the physical-chemical properties of the carriers are
main factors that significantly influence the catalytic performance of
supported ZVI composites. It is confirmed that bimetallic catalysts are
more efficient than monometallic catalysts and the active ingredients
comprising of a noble metal usually have good catalytic activity (Hao
and Zhang, 2017).The physical-chemical nature of the carrier (such as
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surface state, constituent, chemical stability, etc.) has influence on the
reaction process, because (1) the carrier's surface area is related to the
high dispersal of the active metallic ingredients and the adsorption of
nitrate and its reduction product (Zhang et al., 2006; Lee et al., 2016;
Khalil et al., 2016a); (2) the carrier's pore structure and surface charge
are related to the mass transfer of nitrate and its reduction product
from solution to iron surface (Shi et al., 2013, 2016); (3) the carrier's
surface functional groups or ions are related to the immobilization of
ZVI and the reduction products of nitrate, such as ammonia (Salam
et al., 2015). The surface functional groups of carrier play a significant
role in the particle size, distribution and reactivity of the incorporated
nZVI. In general, the positively charged ammoniumgroup ismore favor-
able than the neutral chloromethyl group to form smaller nZVI particles,
thereby enhances their reactivity for nitrate reduction (Jiang et al.,
2011). Moreover, the immobilization of ammonia can be achieved by
the ion exchange reaction of surface ion.

There are many limitations, which affect the reduction performance
of supported ZVI composites. For example, the low attachment of nZVI
on the substrate surface (b10 wt%) and uneven distribution of nZVI on
the supporting materials (Lee et al., 2016); and the highly dispersed
nZVI in supported ZVI composites, which can be easily oxidized to
iron oxides, and decrease their reduction ability.Moreover, the relation-
ship between the characteristics of the loaded nZVI and their perfor-
mance needs further investigation (Jiang et al., 2012).

The reduction activity for nitrate by supported ZVI composites is
listed in Table 4.

3.1.3. Premagnetized ZVI
Premagnetization has been used to enhance the reactivity of ZVI

based on the good magnetic memory (remanence) function of ZVI (P.
Li et al., 2017; X. Li et al., 2017). ZVI or ZVI composites are firstly
premagnetized in a desired magnetic field (Zaidi et al., 2013). When
the external field is removed, the premagnetized ZVI or ZVI composites
still remains magnetized (Ghosh et al., 2012). During the nitrate reduc-
tion process, an inhomogeneous magnetic field around the
premagnetized ZVI or ZVI composites particles will generated, which
Table 4
The reduction activity for nitrate by supported ZVI composites.

ZVI composite NO3¯
concentration
(mg/L)

Composite
dosage (g/L)

Time
(h)

Reduction results

Reduction at
near-neural pH

Reductio

nZVI/alginate
substrate

90 – 2.0 73% –

nZVI/nanographenes 50 3 24 74.7% 68% und
nitrogen
NH4

+

nZVI/pillared clay 500 0.5 2 100% Main NH
nZVI/exfoliated
graphite

80 1.67 0.5 100% 87% NH4
+

nZVI/NaY zeolite 100 6 6 100% 80% N2,
nZVI-Cu/NaY zeolite 100 6 6 100% 85% N2,
nZVI/attapulgite 20 2.0 ~83.8% 72.1% N
nZVI/AC 200 1 1.5 54% ~27.2% N

~5.5% N2

nZVI/pillared
bentonite

100 – 100 100% ~93% NH
little N2

nZVI/SiO2–FeOOH 64 4 – 67.18% –

nZVI-Ni/biochar 20 2 1 ~100% 98% NH4
+

nZVI-Ni/kaolin 40 2.5 0.5 26.9% –
nZVI–Pd/chelating
resin

88.5 160 mg Fe/L 5 100% 69.2% N

ZVI-Pd/D201 anionic
exchanger

221 2.4 8.3 50% N97% NH

ZVI-Cu/zeolite 30 60 30 ~60% Main NH
can not only facilitate the transportation of NO3
− and Fe2+, but also ac-

celerate the corrosion of iron by enhancing the mass transfer (Fe2+,
H+, etc.), favoring the reduction of nitrate. Furthermore, the Lorentz
force can also promote the mass transfer process (Li et al., 2019), and
hence enhance the reaction rate. It was found that the nitrate reduction
rates of premagnetization Fe0/(Fe/Cu) system was 2.17 times higher
than that of un-premagnetization Fe0/(Fe/Cu) system. Similarly, the ni-
trate reduction rate of premagnetization Fe0 system was 1.99 times
higher than that of Fe0 system (Ren et al., 2017).

During the reduction of nitrate by premagnetized ZVI or ZVI com-
posites particles, the nitrate can be concentrated on the surface of parti-
cles of premagnetized ZVI or ZVI composites by the intensity of
magnetic field gradient force. Since the higher concentration of nitrate
is beneficial to select the nitrogen and can provide more opportunities
for N\\N recombination (for nitrogen generation). Therefore, the
premagnetized ZVI or ZVI composites can also enhance the N2 selec-
tively of nitrate reduction. The selectivity efficiency for nitrate reduction
([TN removal]/[NO3

−-N removal] ratio) by premagnetization Fe0/(Fe/
Cu)system and premagnetization Fe0 system were 54.3% and 40.0%, re-
spectively, while 38.2% of that by Fe0/(Fe/Cu) system, and 30.1% of that
by Fe0 system, respectively (Ren et al., 2017).

3.2. Addition of reducing assistants

3.2.1. Metal cations
The addition of metal cations also affects the nitrate reduction. Fe2+,

Fe3+, Al3+ and Cu2+ ions were often added into the reduction systems
of nitrate by ZVI (Han et al., 2016; Huang et al., 2003; Huang and
Zhang, 2005b, 2006; Khalil et al., 2016b; Tang et al., 2012; Xu et al.,
2012). Fe2+ can reduce nitrate in theory, but the removal of nitrate
under initial acid conditions is low. For example, around 10% of the re-
moval efficiency of nitrate (50 mg/L) under initial neutral conditions
by Fe2+ (50 mg/L) alone were observed (Han et al., 2016). When Fe2+

was added in the Fe0/nitrate system under initial neutral conditions,
the nitrate reduction rate and removal efficiency was significantly im-
proved. Especially, the iron oxides (e.g. Fe3O4, FeOH(OH), α-FeO(OH))
Compared with unsupported ZVI
composites

Reference

n production Reduction at
near-neural pH

Reduction products

73% – (Krajangpan et al.,
2008)

etectable
species, 3.0%

59.8% 45% undetectable
nitrogen species, 20%
NH4

+

(Salam et al., 2015)

4
+ 62.3%, Main NH4

+, small NO2
− (Zhang et al., 2011)

, b4% NO2
− ~40% (Zhang et al., 2006)

20% NH4
+ 68.0% NH4

+ 99.0% (Zeng et al., 2017)
15% NH4

+ ~90% 70% N2, 30% NH4
+ (Zeng et al., 2017)

H4
+ 15.3% 14.1% NH4

+ (Dong et al., 2018)
H4
+, ~5.5% NO2

−, 41% ~9.2% NO2
−, ~13.9% N2 (Khalil et al.,

2016a, 2016b)
4
+, a little NO2

−, 30%, initial pH
of 3

– (Li et al., 2009)

– – (Ensie and Samad,
2014)

, 0.1% NO2
− 90% 93.5% NH4

+, 0.3% NO2
− (P. Li et al., 2017; X.

Li et al., 2017)
– – (Cai et al., 2014)

2 – – (Shi et al., 2016)

4
+ – – (Jiang et al., 2015)

4
+, b1% NO2

− – – (Fateminia and
Falamaki, 2013)
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would be formed and the Fe(II) adsorbed on these iron oxides could fur-
ther facilitate the reductive efficiency of nitrate (Han et al., 2016;
Williams and Scherer, 2004; Xu et al., 2012). A reasonable explanation
for the improvement of Fe2+ for the reductive efficiency of nitrate
may be that, Fe(II) on the surface of iron with a stronger reducing prop-
erty than Fe2+ in the solution, as well as the H+ consumption of the ni-
trate reduction of the system can be supplied by the hydrolysis of Fe2+.
Han et al. (2016) revealed that Fe2+aq and the characteristics of minerals
on the surface of ZVI played an important role in nitrate reduction. Both
nitrate reduction and the decrease of Fe2+aq exhibited similar kinetics and
were mutually promoted, depending upon the types of the surface
iron oxides of ZVI. Additionally, further reduction of nitrate produced
more surface iron oxides, supplyingmore active sites for Fe2+aq , resulting
in more electron transfer between Fe2+ and surface iron oxides, and
a higher reaction rate (Suzuki et al., 2012). The addition of Fe3+ also
improved the nitrate reduction rate by ZVI, which might be attributed
to the increased Fe2+ availability (according to Eq: Fe0 + 2Fe3+

→ 3Fe2+) (Tang et al., 2012).
The presence of Cu2+ increased removal efficiency and kinetics

around 3.5 times more than that by ordinary pristine nZVI alone,
i.e., nitrate reduction time was reduced from 1 h to 20 min (Khalil
et al., 2016b). The reason for high kinetic rate and better performance
is attributed to: (1) the presence of Cu2+ stimulated the corrosion of
iron in higher amounts and faster rates, yielding more electrons for ni-
trate reduction, increasing initial ferrous and protons concentration in
the reaction medium, which favors nitrate reduction; (2) copper and
its compounds can act as an inert electrode or provide catalytic surface
onwhich indirect electron transfer can reduce proton to formhydrogen,
which is a more powerful reducing specie than electron transfer (Hao
et al., 2005a, 2005b; Ren et al., 2016). It was also found that cation sig-
nificantly enhanced nitrate reduction with an order of Fe3+ N Fe2+

N Cu2+, through providing Fe2+directly or indirectly (Tang et al., 2012).

3.2.2. Ligand
The ligand effects on nitrate reduction by ZVI are summarized from

three aspects: (1) the ability to offer potentially dissociable protons
from the ligands (Song et al., 2017); (2) the complexation ability to dis-
solve the passive oxide layer on the surface of iron, aswell as their buffer
performance (Singh et al., 2012); and (3) the ability to lower the redox
potentials of iron species. Therefore, the addition of ligand can promote
the nitrate reduction rate by ZVI at near neutral condition. Song et al.
(2017) found that at an initial nitrate concentration of 20 mg N/L, the
pseudo first-order reduction rate constant of nitrate in the ZVI-
acetylacetone (AA)-NO3

− system was 0.0991 h−1, which was 52 times
higher than that in the ZVI-NO3

− system. Under otherwise identical con-
ditions, the other five ligands, including EDTA, formate, acetate, oxalate,
and phosphate, had negligible effects on nitrate reduction. In this strat-
egy, it is important to choose the suitable ligands. For instance, EDTA
significantly enhanced nitrate reduction by zero-valent bimetallic
(Fe\\Ag) nanoparticle, via adsorption and complexation with the iron
corrosion products (Singh et al., 2012). However, some inner-sphere
complex of iron formed by specific adsorption could block up reactive
sites on the surface of ZVI, and decreased nitrate reduction by ZVI. For
example, Su and Puls (2004) found that nitrate reduction rates
(pseudo-first order) decreased in the following order: citric acid b oxalic
acid b formic acid b HCl, ranging from 0.00278 to 0.0913 h−1. Correla-
tion analysis showed a negative linear relationship between the
nitrate reduction rates for the ligands and the conditional stability con-
stants for the soluble complexes of the ligands with Fe2+ (R2 = 0.701)
or Fe3+ (R2 = 0.918) ions.

3.2.3. Hydrogen gas
Hydrogen gas could act as a reducing agent to prevent the formation

of iron oxide layer through nZVI corrosion due to DO (Lin et al., 2003).
Therefore, H2 could accelerate the kinetic reaction rate of nitrate by
nZVI. However, H2 supply did not significantly increase nitrate removal
in the presence of nZVI alone, due to a lack of adsorption of H2 to Fe sites
(Hamid et al., 2015). Pd/nZVI composite could increase the adsorption
of H2 to Pd sites. However, limited improvement of nitrate removal by
Pd/nZVIwas obtained, becauseH2 adsorbed onPd sites could not reduce
nitrate. It was proved that the H2 adsorbed on Cu sites could accelerate
the reduction of nitrate to nitrite, and the H2 adsorbed on Pd sites could
promote the further reduction of nitrite to ammonia or nitrogen gas
(Hamid et al., 2015). Therefore, Cu–Pd/nZVI composite combined with
H2 was used for the nitrate reduction (Hamid et al., 2015). Lubphoo
et al. (2015) found that the nitrate removal by Cu–Pd/nZVI catalyst in
the presence of H2 was 20% higher than that without H2.

During the nitrate reduction by Cu–Pd/nZVI, the feeding H2 gas was
not only directly bound onto Cu surface to accelerate nitrate reduction,
but also bound onto Pd surface to reduce nitrite to N2 or undesired am-
monia. Moreover, the feeding H2 gas provided synergistic effect to sup-
press ammonia formation. For example, Lubphoo et al. (2016) found
that in the absence of H2 feeding into the reaction, the selectivity (N2/
NH4

+) of (Pd\\Cu)–nZVI was 38:56, while it increased to 51:42 in the
presence of H2. Hamid et al. (2015) studied the catalytic nitrate removal
in a continuous reactor systemusing Cu–Pd/nZVI, and found that Cu, Pd,
and a proper supply of H2 were essential for enhancing the removal ef-
ficiency and N2 selectivity, and a complete nitrate removal was finally
achieved at 9 h,with 48% nitrogen gas selectivity. The catalytic hydroge-
nation of nitrate inwater has been carried out over Fe/C catalysts at am-
bient temperature using batch and continuous reactors. It was found
that nitrate reduction activity was 2.9 mmol·g metal−1 min−1, with
nearly 100% selectivity towards nitrogen (Shukla et al., 2009).

3.2.4. Light
ZVI was always loaded on the semiconductor photo-catalysts, such

as TiO2 to increase the promoting effect of light for nitrate reduction
(Kobwittaya and Sirivithayapakorn, 2014; Pan et al., 2012; Tugaoen
et al., 2017). There was no certain conclusion whether the addition of
TiO2would improve the removal of nitrate under UV irradiation. For ex-
ample, Krasae and Wantala (2016) found that the activity of Cu–nZVI/
TiO2 for nitrate removal was better than that without TiO2. However,
Pan et al. (2012) observed that both nZVI and TiO2/nZVI could effec-
tively remove nitrate. The reason might be that the solution pH was
not controlled during the reaction for the former; while acetate was
used as buffer to control pH during the reaction for the latter.

Even so, the N2 selectivity of Cu-nZVI/TiO2 and nZVI/TiO2 was higher
than that without TiO2 under UV irradiation. For instance, in nZVI sys-
tem, the majority of nitrate was converted to ammonia, while only
10% was transformed to N2. In contrast, around 40% of nitrate was con-
verted to N2 inTiO2/nZVI system (Pan et al., 2012). Liu et al. (2014) pre-
pared TiO2/ZVI by chemical vapor hydrolysis deposition and used it as
photo-catalyst, while HCOOH was used as a hole scavenger for nitrate
reduction, and they found that the N2 selectivity was up to 60.9%. The
N2 selectivitywas 82% for Cu–nZVI/TiO2with 75mg/L initial nitrate con-
centration in neutral solution,while it was about 78% for Cu–nZVI at the
same condition.

The roles of loading TiO2 particles and UV irradiation for enhancing
denitrification performance of ZVI are possibly as follows (1) the oxida-
tion of ZVI to higher oxidation species is prevented, which maintains a
high concentration of ferrous ion, which is critical in nitrate conversion
and also delays the formation of the surface oxide layers on nZVI simul-
taneously (Hsieh et al., 2010; Pan et al., 2012); (2) with the help of TiO2

catalyst, large amount of H2 are released to further promote the reduc-
tion of nitrate (Lucchetti et al., 2017); and (3) allowing photo-generated
electrons to contribute to the nitrate reduction and also to the recovery
of nZVI via reduction of oxidized iron species (Sá et al., 2009). Although
nZVI/TiO2 or Cu–nZVI/TiO2 composites exhibited better performance
than nZVI alone under UV irradiation, the selectivity towards N2-gas,
which was 38–80%, was still considerably inferior to the selectivity by
other photo-catalysts. Many researchers reported that photo-
generated reducing species (e.g., CO2•−) radicals formed from some
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scavengers, such asmethanol, oxalic acid, and formic acid, etc., could in-
crease the N2 selectivity in the photocatalytic reduction of nitrate
(Doudrick et al., 2013; Shaban et al., 2016; Tugaoen et al., 2017; Zhang
et al., 2005). However, relatively a little information is available on the
role of CO2•− in the nitrate reduction by the photocatalytic system
using nZVI composite as catalyst.

4. Mechanism and pathway of nitrate reduction

4.1. ZVI alone

When ZVI is added to the aqueous solution, the protons and nitrate
are adsorbed onto the surface of ZVI and electrons are released from
ZVI for nitrate reduction. The adsorbed protons are also converted into
adsorbed atomic hydrogen (Hads) by accepting electrons. Nitrate can
also be reduced byHads (Ahn et al., 2001; Suzuki et al., 2012). The nitrate
reduction by ZVI alone is carried out according to following reactions
(Eqs. (1)–(8)) (Chen et al., 2005; Cheng et al., 1997; Rodríguez-
Maroto et al., 2009):

Fe0→Fe2þ þ 2e− ð1Þ

5Fe0 þ 2NO3
− þ 12Hþ→5Fe2þ þ N2 þ 6H2O ð2Þ

4Fe0 þ 2NO3
− þ 10Hþ→4Fe2þ þ NH4

þ þ 3H2O ð3Þ

Fe0 þ 2NO3
− þ 4Hþ→Fe2þ þ 2NO2

− þ 2H2O ð4Þ

6Fe2þ þ NO2
− þ 8Hþ→6Fe3þ þ NH4

þ þ 2H2O ð5Þ

At acidic condition : Fe0 þ 2Hþ→Fe2þ þH2 ð6Þ

At neutral condition : Fe2þ þ Fe3þ þH2O→iron oxidesþHþ ð7Þ

Fe0 þ 2H2O→iron oxidesþHþ ð8Þ

Then, the reduced form of nitrogen is desorbed from ZVI surface into
the solution. After ZVI transfer electron, ferrous ion is formed. The OH−

concentration increases gradually due to the consumption of protons.
The ferrous ion can be oxidized by nitrite or DO at high pH solution.
Under such conditions, the primary oxidized products were in the
form of various iron oxides (Fe2O3, Fe3O4, a-FeOOH, b-FeOOH, c-
FeOOH, etc.) (Huang et al., 2003; Sohn et al., 2006), which decreased
the rate of electron transfer. The components of iron oxides depended
on the size of ZVI, themorphology of ZVI, pH of the solution, DO in solu-
tion, reduction time etc. (Huang and Zhang, 2005a). It was found that
black coating, consisting of Fe2O3, Fe3O4 and FeO(OH), was formed on
the surface of iron grains as an iron corrosion product when the system
initial pH was lower than 5 and without dissolved oxygen control. The
proportion of FeO(OH) increased as reaction time went on, whereas
the proportion of Fe3O4 decreased (Fan et al., 2009). Kim et al. (2012)
found that the air-stable shell layers of FeBH nanoparticles consisted of
amorphous magnetite and maghemite, and those of FeH2 nanoparticles
had only magnetite. The shell layer of FeBH nanoparticles remained un-
changed during aging, while the shell layer of FeH2 nanoparticles in-
creased during aging.

During nitrate reduction process, many influencing factors deter-
mined the efficiency of nitrate reduction, such as the mass transfer
rate of nitrate from solution onto iron particle surface and the reduction
products from iron surface into solution, and the chemical reaction rate
of nitrate on the iron particle surface. Higher initial nitrate concentra-
tion, higher solution temperature and higher surface area of iron parti-
cles, all will benefit the reduction efficiency of nitrate due to the increase
of transfer rate of nitrate onto iron surface. High reduction efficiency can
also be obtained by the adsorption removal of ammonia formed on iron
surface by zeolite (Zeng et al., 2017), owing to the increase of mass
transfer of reduction products. Chemical reaction rate of nitrate on the
iron surface was affected by the surface electron concentration and ac-
tivation energy. The reduction efficiency of nitrate decreased on the sur-
face of ironwith passivation layer, because the surface passivation layer
inhibited the transfer of electron from iron to nitrate. The reduction ef-
ficiency of nitrate by nZVI was higher than that by mZVI, it was also
higher by pretreated mZVI using H2 than that by mZVI (Liou et al.,
2005b), partially due to the lower activation energy of nZVI or
pretreated mZVI using H2.

Nitrate reduction by ZVI alone includes two steps: NO3
− → NO2

−

→NH4
+ or N2 (Huang and Zhang, 2006), and themain product of nitrate

reduction is ammonia. The nitrate or nitrite can gain electrons on the
surface of ZVI and then be reduced (Fig. 3). Moreover, Fe2+ in acid solu-
tion or on the surface of ZVI particles are confirmed as powerful reduc-
ing agents for nitrite reduction (Xu et al., 2012; Yang et al., 2018; Zhang
et al., 2019), suggesting that nitrate was firstly converted into nitrite on
the surface of ZVI, then the formed nitrite was further reduced to am-
monia in acidic solution or on the surface of ZVI in neutral solution.

4.2. Mechanism of enhancing the nitrate reduction efficiency by ZVI

According to basic processes of the nitrate reduction by ZVI alone, it
can be concluded that two conditions at leastmust be satisfied for keep-
ing the nitrate reduction by ZVI at a sustainable rate: (1) supplying ad-
equate protons to favor the nitrate reduction; (2) minimizing as much
as possible the adverse effect of iron oxides. Therefore, itmay be feasible
for enhancing the nitrate reduction efficiency by ZVI: (1) accelerating
the corrosion rate of iron in order to increase the abilities of offering
electron; (2) increasing the concentration of ferrous ions or the surface
associated Fe(II); and (3) adding non-ferrous reducing assistants to pro-
vide synergistic effects with ZVI.

4.2.1. At acidic condition
It has mentioned above that the nitrate reduction in acidic solution

by ZVI can reach high efficiency (Huang and Zhang, 2004). A lot of pro-
tons favor not only for the nitrate reduction, but also for the inhibition of
the formation of iron oxides.Moreover,many ferrous ions are generated
through the reduction of protons by ZVI, which helped the reduction of
nitrate.

4.2.2. At neutral condition
In neutral condition, the protons can be supplied through following

ways: (1) the reaction of ZVI and H2O (Dong et al., 2018), as shown in
Eq. (8). The nZVI has higher activity to reduce H2O for the generation
of protons than that of mZVI, which is one of the reasons that nZVI
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has higher efficiency for nitrate reduction; (2) the oxidation and hydro-
lysis of ferrous ions (Yang et al., 2018), as shown in Eq. (7); and (3) the
addition or generation of hydrogen donor, such as some of the carriers
supported ZVI composites (Cho et al., 2015; Lee et al., 2016; Zhao
et al., 2018), the addition of H2 (Lubphoo et al., 2015) and the genera-
tion of H2 by the photocatalytic water splitting process (Krasae and
Wantala, 2016).

In neutral condition, a series of pathway can lessen the adverse effect
of iron oxides: (1) minimizing the formation of iron oxides, such as the
addition of complexing ligands and the inhibition of oxidation of ferrous
ion by photoelectrons; (2) minimizing the deposition of iron oxides on
the surface of ZVI, such as the supported ZVI composites, doped ZVI
composites, and the premagnetization of ZVI. For example, in doped
ZVI composites, when iron (anode) and second metal particles or car-
bon with higher potential (cathode) contacts, massive microscopic gal-
vanic cells will be formed spontaneously between two electrodes. A
relative potential difference drives the electron from iron to the doped
metal or carbon before the adsorbed nitrate and proton accept elec-
trons. Therefore, the nitrate reduction is mainly performed on the sur-
face of second metal or carbon, which decreased the adverse effect of
iron oxide on the surface of ZVI particles on nitrate reduction
(Hosseini et al., 2011; Sparis et al., 2013).

In neutral condition, the way for accelerating the corrosion rate of
iron may be as follows: (1) the formation of microscopic galvanic cells
with ZVI as cathode, such as the addition of Cu2+ (Khalil et al., 2016b)
and the doped ZVI composite. During the nitrate reduction by doped
ZVI composite, a lot of microscopic galvanic cells are formed with ZVI
as cathode. The relative potential difference can accelerate the corrosion
of iron (Luo et al., 2014; Vilardi and Di Palma, 2017); (2) the increase of
the surface of ZVI, such as nZVI or supported nZVI composites. As previ-
ously described, the activity of nZVI particles for nitrate reduction was
higher than that of mZVI particles, and the activity of supported nZVI
composites is higher than that of supported nZVI composites under
the same reaction conditions.

In neutral condition, the reaction of mZVI with oxidant (Guo et al.,
2015) or the addition of ferric or ferrous ions (Suzuki et al., 2012; Han
et al., 2016) may be feasible for increasing the concentration of ferrous
ion or surface associated Fe(II). Moreover, some non-ferrous reducing
agents, such as H2 (Hamid et al., 2015) or photoelectrons (Kobwittaya
and Sirivithayapakorn, 2014), can provide synergistic effects with ZVI
for the nitrate reduction in neutral condition.

4.3. Strategies of enhancing N2 selectivity of nitrate reduction by ZVI

During the nitrate reduction by ZVI, the formation of intermediate
nitrite is regard as a key step in determining the selectivity for N2 and
ammonia. Since the product of nitrite reduction by the surface of ZVI
or Fe(II) wasmainly ammonia, the inhibition of nitrite reduction to am-
monia by ZVI surface or Fe(II) played a key role for enhancing N2 selec-
tivity of nitrate reduction. Therefore, the introduction of reductive
species which can compete with ZVI surface or Fe(II) for converting ni-
trite to N2 may be a passable solution for enhancing N2 selectivity of ni-
trate reduction by ZVI. Taking doped ZVI composite for example, the
galvanic couple can be formed between Fe and the secondmetal or car-
bon in the nitrate/doped ZVI composite system. Fe acted as anode, at
which oxidation of Fe(0) to Fe(II) took place; while the doped metal
or carbon served as cathode, at which nitrate reduction occurred. The
adsorption performance and reduction rate of nitrate and proton, as
well as the reduction of intermediate products on the doped metal or
carbon, determined the reduction pathway and reduction end product
(Zeng et al., 2017). For example, for (Pd\\Cu)/nZVI system, a relative
redox potential difference drove the electron from ZVI to Cu, and proton
was transferred to the surface of Cu, which was then obtain electron
from the surface of Cu to form Cu-Habs. Nitrate was diffused and also
adsorbed onto the surface of Cu, the adsorbed species [Cu–NO3

−
ads]

could further reacted with Cu–Hads. Oxygen atom in nitrate was then
abstracted to form nitrite. The low affinity of Cu surface to nitrite led ni-
trite diffusing into solution (Sparis et al., 2013; Vilardi and Di Palma,
2017). Though the formed nitrite might be reduced to ammonia by
ZVI surface or Fe(II), the formednitrite could alsomigrated to the neigh-
boring surface of Pd and further reacted with Pd–Hads to formN2, which
increased the N2 selectivity by 48% (Hamid et al., 2015).

In the nitrate/ZVI system, the simultaneous introduction of reductive
species which can convert nitrite to N2 and oxidative species which can
oxidize Fe(II) may be also an efficient solution for increasing the N2 se-
lectivity of nitrate reduction. For example, Zhang et al. (2019) synthe-
sized a novel Cu2O-Cu0@Fe0 composite using mZVI sheets as substrate
materials and used for nitrate reduction, combining with HCOOH
under UV radiation. In Cu2O-Cu0@Fe0/HCOOH/UV-A system, nitrate
was firstly reduced to nitrite by the synergistic effect of species, such
as e− from the galvanic cell, CO2•−, photoelectron, and so on. Nitrite
was further reduced quickly to N2 by CO2•−. The further reduction of ni-
trite to ammonia did not proceed because the reduction rate of nitrite to
N2 by CO2•− was far higher than that of nitrite to ammonia by ZVI sur-
face or Fe(II), as well as the nitrite reduction by Fe(II) was inhibited
due to that Fe(II) had to take part in the recombination of photoelec-
trons and holes, which led to high N2 selectivity of 95% (Fig. 4).

For another instance of TiO2/ZVI composite, the nitrate reduction by
TiO2/ZVI composite under UV irradiation consisted of the following
steps: (1) the generation of photoelectrons and holes through exciting
TiO2 by UV irradiation (Doudrick et al., 2013); (2) the transport of pho-
toelectrons to ZVI due to the higher electron affinity than that of TiO2,
which acted as electron sink (Kobwittaya and Sirivithayapakorn,
2014); (3) nitrate was reduced to nitrite by photoelectrons on the sur-
face of ZVI, or by electron released directly from ZVI (Liu et al., 2014);
and (4) the formed nitrite was reduced to N2 by H2 produced from the
action of holes and H2O, which increased N2 selectivity (Pan et al.,
2012; Krasae and Wantala, 2016). The nitrite reduction to ammonia
by ZVI surfaces or Fe(II) was weakened due to the competition of pho-
toelectrons and holes for ZVI surfaces and Fe(II). Some scholars argued
that high N2 selectivity in the TiO2/ZVI/UV system could be attributed
to themaintenance of high level of ferrous ions due to its reducing con-
dition (Pan et al., 2012). However, why themaintenance of high level of
ferrous ions affected the nitrogen gas selectivity, is required for further
investigation.
5. Concluding remarks and perspectives

5.1. Concluding remarks

ZVI as a reactive metal has been widely used for the reduction of ni-
trate due to its high efficiency, non-toxicity, low price and abundance.
The performance of ZVI for the reduction of nitrate is affected by the
physical characteristics of ZVI, such as its size, specific surface area,mor-
phology, which are determined by their synthetic methods. The optimi-
zation of the ZVI performance can be obtained by modifying the
morphology and structure of ZVI. However, what is the optimal particle
size, specific surface area, shape or morphology of ZVI for maximizing
nitrate reduction, is still unclear. Some operational parameters, such as
solution pH, temperature, concentrations of DO, concentrations of ni-
trate and other water quality constituents, could also affect nitrate re-
duction by ZVI. Thus, the optimization of operational parameters is
needed in order to increase the removal efficiency of nitrate. Even so,
high nitrate reduction efficiency is always obtained at acid solution be-
cause the reduction of nitrate by ZVI often accompanied by the corro-
sion of ZVI, and the formation of iron oxide under neutral or alkaline
conditionsmight inhibit the further reduction process. In order to over-
come the shortcoming of the nitrate reduction in acid aqueous solution,
such as inconvenient operation and the consumption of acid or alkali
agent, more andmore researches are focusing on the removal of nitrate
with high efficiency by ZVI under near-neutral or neutral conditions.



Fig. 4. Schematic representation of nitrate reduction Cu2O-Cu0@Fe0 composite in the presence of formic acid and light (Zhang et al., 2019).
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Two strategies have usually been used to increase the nitrate reduc-
tion efficiency of ZVI under near-neutral or neutral conditions. One is to
increase the performance of ZVI composites by modifying their chemi-
cal composition and structure, the other is to optimize the reduction
conditions. According to the corrosion electrochemistry theory, part of
electron from ZVI as anode in galvanic cells during micro-electrolysis
process will transfer to the cathode surface, resulting in the reduction
of nitrate on the surface of cathode. Therefore, even if the passivation
on the ZVI surface at neutral condition hinders electron transfer from
the ZVI core, good reduction efficiency of nitrate could be gained by
doped ZVI composites. As for the supported ZVI, the dispersion of sup-
porter for the iron oxides and the buffer function for the acid and base
is in favor of the high reduction efficiency of nitrate at neutral aqueous
solution. Various support matrices were developed, such as rectorite,
bentonite, palygorskite, silica materials, zeolite, porous carbon
materials, resin, and exfoliated graphite, etc. The physical-chemical na-
tures of the carrier (such as surface state, constituent, chemical stability,
etc.) have great influence on the activity and nitrogen gas selectivity of
supported ZVI composites. The nitrate reduction by the premagnetized
ZVI or ZVI composites can be high efficiency because the generated ho-
mogeneous magnetic field and Lorentz force can promote the mass
transfer process and corrosion of iron.

The optimization of the reaction conditions includes the addition of
assistants in ZVI-nitrate system. These assistants include metal cations,
organic or inorganic ligands, H2 and light, etc. In the system of ZVI-
nitrate with addition of assistant, besides the contribution of ZVI to
the reduction of nitrate, other reducers also play an important role in
the reduction of nitrate. The addition of metal cations, such as Fe2+,
Fe3+, Al3+, or Cu2+, etc. can accelerate the corrosion of iron surface by
buffering pH of the system or forming electrochemical reactions or im-
proving the composition and structure of iron oxides; The ligands can
eliminate iron oxide precipitates from the surface of ZVI by the com-
plexation with Fe(II)/Fe(III); H2 can accelerate kinetic reaction rate of
nitrate by nZVI through preventing the formation of iron oxide layer.
High reduction efficiency was obtained by Cu–Pd/nZVI composite com-
binedwith H2while H2 supply in the presence of nZVI alone did not sig-
nificantly increase nitrate removal due to a lack of adsorption of H2 to Fe
sites. The furtherance of light for the nitrate reduction always requires
TiO2/ZVI composite as reducer because the formation of oxidation spe-
cies of iron was prevented by the role of photo-generated electrons
and H2 from the reaction between TiO2 and light.
5.2. Challenges and future prospects

The desired reduction of nitrate by ZVI should be the high reduction
efficiency of nitrate andhigh selectivity of nitrogen gas for nitrate reduc-
tion under awide range of pH condition, especially under neutral condi-
tion. As previously mentioned, many methods were developed to
enhance nitrate reduction/conversion and the kinetics by ZVI under
neutral condition. However, the products of nitrate reduction by ZVI re-
actions were ammonia, nitrite, and nitrogen gas. Nitrogen gas is the de-
sired end product, and nitrite concentration can be maintained at a
lower concentration via slightly increasing the dosage of nZVI or reac-
tion time. However, ammonia generation is still a problem during the
nitrate reduction by ZVI. As well known, ammonia itself is a water pol-
lutant, which is needed to be concerned. Some strategies have been de-
veloped to remove ammonia from the nitrate reduction system, such as
using zeolite derivatives or stripping under the basic condition. How-
ever, future researches should be devoted to the exploration of new
ZVI composites that improve the desirable end-product (nitrogen gas)
selectivity during reduction of nitrate. As abovementioned, Cu–Pd/
nZVI composite combined with H2 and TiO2/ZVI composite combined
with light could increase the nitrogen gas selectivity, although the nitro-
gen gas selectivity is still low (below 85%). ZVI composite combined
with other reducers could increase the nitrogen gas selectivity. There-
fore, future efforts should be committed to further optimize the struc-
ture and composition of ZVI composite by developing new
preparation method and to combine ZVI composite with other reducer
in order to increase the nitrogen gas selectivity of nitrate reduction.

The application of ZVI and ZVI-basedmaterials for the nitrate reduc-
tion in real water is still a great challenge. Although nitrate reduction by
ZVI and ZVI-based materials has been widely investigated in aqueous
solution, a few studies reported the nitrate reduction by ZVI and ZVI-
based materials in actual water and wastewater, such as groundwater,
industrial wastewater, the contaminated river water, and so on. Three
issuesmust be facedwhen ZVI and ZVI-basedmaterials was used for ni-
trate reduction in actual water: (1) pH control. Many real wastewater
are in neutral pH condition. It is a problem to sustain the reactivity of
ZVI for a longer period of time at neutral pH condition. Some strategies,
such as the combination ofmicro-scale ZVI particles with granular ferric
hydroxide (Song et al., 2013), iron nanoparticles synthesized by green
tea and eucalyptus leaves (Wang et al., 2014) and Fe(0)/magnetite
nanoparticles entrapped in Ca-alginate beads (Cho et al., 2015), were
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proposed to reduce nitrate in actual water without pH control; (2) the
fluctuations and complexity of actualwater compositions, which can re-
strain the activity of ZVI particles. The addition of copper ions during the
treatment could counteract the retardation effect and greatly enhanced
the nitrate reduction (Khalil et al., 2018); and (3) Ammoniamaybe gen-
erated during the process of nitrate reduction, which is also a pollutant,
may pose a threat to human health and ecosystem. How to improve the
N2 selectivity of nitrate reduction is most important problem for practi-
cal application of ZVI-based materials for the nitrate reduction in real
water and wastewater.
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