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Nanoscale zerovalent iron (nZVI) has shown great promise for water treatment and soil remediation. However, the rapid
aggregation of nZVIs significantly affects their mobility and reactivity, which considerably limits the practical applications.
Montmorillonite- (Mt-) supported nZVI (Mt-nZVI) has received increasing attention for the past decade because it can prevent
the aggregation of nZVI and incorporate the advantages of both nZVI and Mt in soil and water treatment. This work thus had a
comprehensive review on the use of Mt-nZVI for soil and water treatment. We first summarized existing methods used to
prepare Mt-nZV], indicating the advantages of using Mt to support nZVI (e.g., increase of the dispersion and mobility of nZVI,
reduction of the size and oxidation tendency of nZVI). We then presented the reaction mechanisms of Mt-nZVI for
contaminant removal and evaluated the critical factors that influence the removal (e.g., pH, temperature, and dosage of the
adsorbent). We further presented examples of applications of Mt-nZVTI for the removal of typical contaminants such as heavy
metals and organic compounds in soil and water. We finally discussed the limitations of the use of Mt-nZVI for water treatment
and soil remediation and presented future directions for the application of nZVI technology for soil and water treatment.

1. Introduction

Water and soil contaminations are becoming more and more
severe during the past few decades, which seriously damage
the natural ecological balance and threaten human health
[1]. Various techniques such as ion exchange, filtration,
chemical precipitation, and electrochemical treatment have
been employed to address the water and soil contaminations
[2-4]. However, these techniques have a series of limitations
including high cost, secondary pollution, and complicated
operations [5]. Recently, the fabrication of adsorption mate-
rials with low cost and high performance for the treatment of
soil and water has become a promising way [6]. Particularly,
the use of nanoscale zerovalent iron (nZVI) has received
focused attention [7].

The nZVIs refer to nanoscale iron particles with amor-
phous structures, which have been widely applied to

remove various contaminants because of their large specific
surface area (SSA), strong adsorption activity, and reduc-
tion ability 8, 9]. However, nZVI tends to agglomerate into
larger particles due to van der Waals and magnetic forces,
which decreases the SSA and limits its adsorption capacity
and mobility [10]. Moreover, nZVI is readily oxidized
before reaching the target contaminants during in situ soil
remediation, resulting in low longevity [11]. An effective
approach to overcome the aforementioned problems is to
load nZVI particles onto templates such as biochar [12],
zeolite [13], and polymers [14]. Nevertheless, these tem-
plates need to be manufactured and/or are relatively
expensive, and the fabrications are often complex [15].
Therefore, it is desirable to find low-cost load materials
and develop more efficient methods of immobilization of
nZVI on templates to take advantage of the real potential
of nZVI [16].
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Montmorillonite (Mt) is a typical 2: 1 layered silicate clay
mineral with low cost, high cation exchange, and adsorption
capacity (Figure 1) [17]. It is usually composed of an inter-
layer with a thickness of 0.1-0.8 nm due to the isomorphous
substitution within the layers (e.g., Si*' replaced by AI’* in
the tetrahedral sheet and AI’* replaced by Mg’* in the
octahedral sheet) (Figure 1). Hence, the Mt layers have per-
manent negative charges, which can be exchanged by other
cations residing at and/or near the Mt surfaces [18]. This
structure creates an ideal template to support nZVI particles
(Figure 2) [19]. For example, bentonite (Bt) is a kind of nat-
ural clay mainly composed of Mt, which has been extensively
used as a supporting material for nZVI [20]. Compared to
nZVI or Mt, Mt-supported nZVI (Mt-nZVI) had higher
removal efficiency for inorganic and organic contaminants
[21-23]. This is because Mt can improve the dispersion and
mobility of nZVI and reduce the particle size and oxidation
tendency of nZVI [24-26]. Therefore, the Mt-nZVI compos-
ites have shown great potential for application in water and
soil treatment.

To date, various papers have made reviews on the synthe-
sis, characteristic, application, or modification of nZVI
(Table 1) [1, 27, 28]. For instance, Li et al. [8] presented the
synthesis, characterization, and applications of nZVTI for the
treatment of organic and inorganic contaminants. O’Carroll
et al. [29] reviewed the application of nZVI and bimetallic
particles. Lefevre et al. [30] summarized the impacts of nZVI
applications on microbial communities. Ezzatahmadi et al.
[31] reported an overview of different types of clay-
supported nZVIs (e.g., Mt, kaolinite, zeolite, sepiolite, and
palygorskite) for the remediation of contaminated aqueous
solutions. However, no review has exclusively addressed the
use of Mt-nZVT for soil and water remediation to date.

This paper provides an overview of the current knowl-
edge of Mt-nZVI composites in water and soil applications.
We firstly present the preparation methods of Mt-nZVI
and discuss the advantages and disadvantages of the different
methods. We highlight the benefits of using Mt as supporting
material for nZVI. We then show in detail the reaction mech-
anisms of Mt-nZVI for contaminant removal and the main
influencing factors on the removal using the Mt-nZVI. We
turther give examples of the applications of Mt-nZVT in soil
and water remediation. We finally demonstrate the limita-
tions of Mt-nZVI composites and show future research
directions. Our work has important implications to improve
the Mt-nZVI composites for application in water treatment
and soil remediation.

2. Fabrication Methods of Mt-nZVI

2.1. Methods of Synthesizing Modified Mt. The properties of
Mt have a great influence on the application of Mt-nZVI.
The pristine Mt is commonly Ca-Mt, which has a permanent
negative char§e. Positively charged hydrated cations (e.g., K,
Na™, and Ca™") can be adsorbed in the layers to maintain
charge balance [32]. These cations can be exchanged by other
organic/inorganic cations, making Mt an efficient adsorbent
for cationic contaminants [33].
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FIGURE 2: Schematic representation of the sectional structure of
Mt-nZVI1. Modified from Wu et al. [43].

2.1.1. Inorganic Modified Mt. Na-Mt has better physico-
chemical properties compared to Ca-Mt, such as strong
cation exchangeability, high dispersion in the water medium,
large expansion capacity, and great thermal stability [34].
Therefore, Na-Mt is frequently used as the raw material to
prepare Mt-nZVI. Alternatively, K-Mt [21] and Al-Mt [33]
have also been used to synthesize Mt-nZVI.

Due to electrostatic interaction, the negatively charged
Na-Mt-supported nZVI normally favors the adsorption of
cationic contaminants [33, 35], while the positively charged
K-Mt- and Al-Mt-supported nZVIs favor the adsorption of
anionic contaminants [21, 33, 36]. For example, Sheng
et al. [25] revealed that the removal efficiency of U(VI)
(100 mgL’l) by Na-Bt-supported nZVI (O.ZgL’l) reached
99.2% after 90 min, which was higher than that by Al-Bt-
supported nZVI (65.6%) (Table 2). Li et al. [35] found that
Na-Bt-supported nZVI had higher removal efficiency for
Ni(II) (98.5%) compared to Al-Bt-supported nZVI (45.4%)
under the same condition (Table 2). However, the removal
efficiency of K-Mt-supported nZVI and Al-Mt-supported
nZVI for Cr(VI) was higher than that of Na-Mt-supported
nZVI [21]. The method of inorganic modification of Mt is
relatively simple, which can improve the adsorption of Mt-
nZVI to target inorganic contaminants.

2.1.2. Organic Modified Mt. While Mt is hydrophilic and neg-
atively charged, organic contaminants are usually hydropho-
bic [37]. Consequently, some nonionic or anionic organic
compounds have poor adsorption affinity with Mt-nZVI
[38]. To overcome the limitations, cationic surfactants have
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TaBLE 1: Summary of some key review papers on nZVI for water and soil treatments.

Publication Material Focus area Reference
date

2006 WZVI Synthesis, characterization, and. apphca.tlons of nZVI for the treatment of organic and (8]

inorganic contaminants
2012 nZVI Synthesis and applications of nZVT for water treatment [27]
2013 nZVI/bimetallic Application of nZVI/bimetallic nanometals for the in situ remediation of chlorinated [29]
nanometals solvents and heavy metals
2013 WZVI Reactivity, stabll%ty, and effgcts of QZVI amendment on the [52]
biogeochemical environment
2016 nZVI Impacts of nZVI applications on microbial communities [30]
2016 WZVI The toxicity of nZVIs prior to the{ process of ren.led1.at10n and their effect on living [28]
organisms after application
2016 nZVI Synthesis, applications, and properties of stabilized nZVI [47]
2017 Clay-supported nZVI Reaction mechanlsms‘ ar.ld removal emc1enc1es of clay—supported nZVI for the 31]
remediation of contaminated aqueous solutions
2019 Biochar-supported nZVI Synthesis, properties, and apphcatlo.ns of biochar-supported nZVI for water and [12]
soil treatment
2019 nZVI Synthesis of nZVI-based materials and reaction mechanisms and influential factors [46]

between nZVIs and antibiotics

been used as modifiers of Mt [39]. Quaternary ammonium
salt cations are common cationic surfactants such as cetyltri-
methylammonium (CTMA) [40, 41], cetyltrimethylammonium
bromide (CTMAB) [26, 42], and hexadecyltrimethylammo-
nium bromide (HDTMA) [43].

The advantages of using organic modified Mt-supported
nZVI to remove organic compounds have been reported.
Substituting the inorganic cations (e.g., Na) with organic
ammonium cations (e.g., DTA") in the Mt interlayer can fur-
ther increase the layer spacing and enhance the adsorption
capacity of organic contaminants on Mt by changing the
surface of Mt from hydrophilic to hydrophobic [19, 42, 44].
For example, Li et al. [40] reported that the efficiency of
pentachlorophenol  (53mgL”') removed by CTMA-
modified Bt-supported nZVI (0.6 g L") reached 96.2% within
120 min at pH6, which was higher than that by Bt-nZVI
(49.6%). Moreover, the degradation efficiency of decabromo-
diphenyl ether (DBDE) by tetramethylammonium- (TMA-)
modified smectite-supported nZVI was 10 times greater than
that by nZVI. Note that the organic modified Mt can also
inhibit the rapid consumption of nZVI by forming a hydro-
phobic environment in the clay interlayer. For example, Jia
and Wang [19] used N,N,N-trimethyl-1-dodecanaminium
salt- (DTA™-) modified smectite-supported nZVI to remove
2,4-dichlorophenol (2,4-DCP) and found that almost 100%
of 2,4-DCP could be dechlorinated even after five cycles on
organo-smectite-supported nZVI, but smectite-supported
nZVT only dechlorinated twice.

2.2. Methods of Synthesizing Mt-nZVI

2.2.1. Liquid-Phase Reduction. Wang and Zhang [45] were
the first to develop a liquid-phase reduction method to pre-
pare nZVLI. This technique has then become the most widely
used method to prepare nZVI in laboratories [46]. In this
approach, nZVI is synthesized by reduction of Fe** or Fe**

in aqueous solutions using NaBH, under N, atmosphere
(Equations (1) and (2)) [31, 47]:

4Fe’ +3BH,” + 9H,0 — 4Fe” + 3BO;™ + 12H" + 6H,

(1)

2Fe** + BH,” +3H,0 — 2Fe’ + BO,™ +4H" + 3H,
(2)

The Mt-nZV1 is synthesized by a slightly modified liquid-
phase reduction method with Mt as support [21]. Briefly, Mt-
nZVI is typically prepared under N, atmosphere by using
NaBH, to reduce Fe** or Fe** to Fe” in the presence of Mt
as the supporting material (Figure 3(a)). The Mt is used as
a layered template to limit the size of the nZVI formed
at the nanoscale (60-80nm) and direct the distribution of
nZVI clusters [19, 48-50]. The scanning electron micro-
scope (SEM) images of Bt-supported nZVI (Bt-nZVI)
(Figure 4(a)) synthesized by the aforementioned method
showed that the aggregation of nZVT particles was decreased
due to Bt [51]. Various organic or inorganic modifiers can be
used to modify Mt before the preparation of Mt-nZVI to
improve its adsorption performance and dispersibility in
organic media [33], which are detailed later in the paper.

There exist several drawbacks to the liquid-phase reduc-
tion method. First, it is relatively expensive due to the high
cost of NaBH, [52]. Second, NaBH, may destroy some chem-
ical bonds in Mt or Bt, resulting in a change of the proportion
of Mt or Bt [50]. Third, the nZVI is hard to be evenly distrib-
uted on the template surfaces. For example, Wang et al. [53]
prepared Mt-nZVI and observed that more nZVT particles
were dispersed at the edge of the Mt, and few particles were
distributed in the middle part of Mt. This ununiform distri-
bution of nZVT on template surfaces could affect the mobility
of the composite in the environment because the distribution
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FIGURE 4: SEM images of (a) Bt-nZVI [51] synthesized by liquid-phase reduction and (b) heteroaggregates of Mt with nZVIs [15]. TEM
images of (c) Bt and (d) Bt-supported “green” nZVI synthesized by green synthesis [60]. SEM images of (e) Fe-Mt and (f) Fe-Mt-H,

synthesized by thermal reduction method [64].

morphology of nZVI on the template surfaces influences the
interaction energy between the composite and the collector
surfaces and accordingly the attachment.

2.2.2. Heteroaggregates of Mt with nZVIs. Yin et al. [15] pre-
sented a novel technique to prepare Mt-nZVI based on the
liquid-phase reduction method. Specifically, nZVI colloidal
suspension was first synthesized by the liquid-phase reduc-
tion reaction [54], and the nZVIs were allowed to attach to
surfaces of Mt in solutions in a monolayer (Figure 3(b)).
The Mt solution was prepared by sedimentation siphon sep-
aration [55]. The SEM images of Mt-nZVI synthesized by

this method showed that the nZVT particles were evenly dis-
tributed on the Mt surfaces in a monolayer (Figure 4(b)) [15].

In this approach, the sizes of nZVI particles could be
changed via the liquid-phase reduction method and the
concentration of the attached nZVI particles on Mt could
be controlled by varying experimental conditions (e.g., the
ratio of concentrations of Mt and nZVI in suspension) [15].
The fabricated heteroaggregates of nZVIs with Mt had a
unique micro/nanostructure. This structure favors the het-
eroaggregates to attach to collector surfaces and then detach
even with a minor change of system conditions [56, 57].
Therefore, the Mt-nZVI has great mobility in the subsurface
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environments through continuous capture and release,
showing the promise for the in situ treatment of contami-
nants in soil [15]. Note that the previous method can also
change the sizes of nZVI particles by changing experimental
conditions.

2.2.3. Green Synthesis. The chemical synthesis methods of
Mt-nZVI may lead to toxic chemicals (e.g., borohydride)
absorbed on their surfaces [58]. Alternatively, the green syn-
thesis method used plant extracts containing naturally
derived polyphenolic compounds (instead of NaBH,) as
reducing agents to synthesize Mt-nZVI [59]. For example,
Soliemanzadeh and Fekri [60] used green tea extracts to pre-
pare Bt-loaded “green” nZVI. The green tea extract solution
was prepared by heating the plant extracts to a temperature
close to the boiling point, and then it was mixed with the Bt
and Fe** solution (Figure 3(c)). The transmission electron
microscope (TEM) images (Figures 4(e) and 4(f)) indicated
that nZVIs were successfully supported on the Bt surface.
Moreover, the composite material prepared by this method
was found to be effective for the adsorption of Cr(VI) in con-
taminated soil and aqueous environments.

The green synthesis method has the following advan-
tages. First, plant extracts can better stabilize the reaction
surface of nanoparticles than NaBH, and decrease their bio-
toxicity [52]. Second, excess polyphenols in solution during
preparation could encapsulate the synthesized Mt-nZVI
and prevent its further oxidation [58]. Third, the use of nat-
ural active biological components can reduce the total cost of
the synthesis process [61]. However, it should be noted that
plant extracts may not completely reduce iron to nZVI,
resulting in other forms of iron on template surfaces. More-
over, the preparation method of “green” extracts is relatively
complicated, and the disposal of residues after extraction
needs to be addressed [62]. These limitations decrease the
application of green synthesis [28].

2.2.4. Thermal Reduction Method. Mt-nZVI can also be
obtained through the thermal reduction of iron compounds
[28]. In this method, the thermal energy and gaseous
reducing agents were adopted to drive the reduction of
iron oxide or hydrous Fe®" at elevated temperatures in
the presence of Mt [63]. For instance, Yang et al. [64]
added an aqueous dispersion of Mt to the mixture of ferric
nitrate and sodium carbonate to synthesize iron-pillared
Mt (Fe-Mt) [65] and obtained Fe’-Mt composites (Fe-Mt-
H,) through thermal reduction under mixed H, and N,
atmosphere (Figure 3(d)). The SEM images of Fe-Mt showed
that small needle-like Fe particles attached to the surface of
Mt (Figure 4(e)). With high-temperature pyrolysis, small
needle-like protrusions distributed on the Mt surfaces par-
tially turned into large cube-like particles (Figure 4(f)). Com-
pared with Mt-nZVI prepared by the aforementioned liquid-
phase reduction, Fe-Mt-H, embedded more Fe’ in Mt with
larger sizes, which might be more difficult to be oxidized.
The thermal reduction method is cheaper and energy-
saving because it does not require NaBH, for Fe ion
reduction compared to the liquid-phase reduction method.
The production of toxic chemicals is also avoided [12].

The method is also environmentally friendly because only
gaseous products are generated [28]. However, this method
requires high-temperature conditions, which is energy-
consuming and may bring potential risks during the prepara-
tion [31].

Although the cost of producing Mt-nZVI has been
reduced, large-scale preparation and application are still
expensive. Further improvement is thus necessary to produce
high-quality, low-cost, and environmentally friendly Mt-
nZVL For example, it is vital to develop some cheap and
environmentally friendly reducing agents to replace NaBH,.
Additionally, different modifying agents can be used to intro-
duce various functional groups into the Mt interlayer to
increase Mt-nZVT’s adsorption activity to target contami-
nants [66].

2.3. Advantages of Using Mt to Support nZVI. The clay min-
erals are nontoxic, low cost, and environmentally friendly.
Moreover, they have a high surface area and adsorption
ability [67, 68]. A number of studies demonstrated that the
adsorption capacity of Mt was stronger than that of other
clay minerals [69-71]. Furthermore, the combination of Mt
and nZVT can result in a synergetic effect between adsorption
by the Mt and removal by nZVI particles [31]. There are
several advantages of using Mt to support nZVI, such as
improvement of the dispersion and mobility and reduction
of the particle size and oxidation tendency [21, 26]. These
advantages will be elaborated on in detail in the following.

2.3.1. Increased Dispersion. Typically, the bare nZVI particles
were spherical and formed prominent chainlike aggregates;
adding Mt into nZVI can improve the dispersibility of nZVI
[19]. Several possible reasons have been used to explain the
increased dispersion of nZVI in Mt. First, during the prepa-
ration of the Mt-nZVI, Fe’*(or Fe**) is uniformly absorbed
into the interlayer of Mt through ion exchange [19]. This
can control the nucleation of nZVI clusters produced by
the reduction of Fe**(or Fe*") and limit the growth of parti-
cles, thereby preventing the aggregation of nZVI clusters
[72]. Second, the interlaminar distance (between clay sheets)
of Mt clay is between 0.1 and 0.8 nm, which creates an ideal
template to carry nZVI clusters (Figure 2) [18]. Adding nZVI
into Mt can increase its interlayer spacing. The basal spacing
of Mt-nZVI calculated by Pang et al. [73] was 2.450 nm,
which was 0.571 nm larger than that of Mt. This phenome-
non might be explained by the fact that the hydration radius
of Fe’* was much larger than that of Na*, and when Na* was
replaced by Fe’*, the interlayer spacing of Mt was increased.
In short, the nZVI clusters have intercalated the interlayers of
Mt and acted as pillars, thus expanding the interlayer dis-
tance. In addition, the surface area of Mt is much larger than
that of nZVI, which can significantly increase the surface dis-
persion of nZVI [21]. Third, as a 2:1 layer silicate due to the
swelling of the interlayer, the layers in Mt are separated into
discrete single-layer units, which make Mt highly accessible
in the suspension to some extent, thereby enhancing the
reactivity of Mt-nZVI [72, 74]. Notably, the nZVI aggrega-
tion decreased as Mt loadings increased [22, 68, 75].
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2.3.2. Small nZ VI Size. The presence of templates such as Mt
or Bt can reduce particle sizes of nZVI [76]. For example,
Arancibia-Miranda et al. [77] found that the average
diameter of Mt-nZVI was 9.3 nm, which was smaller than
that of nZVI (16.9nm). The X-ray diffraction (XRD) pat-
terns from Peng et al. [26] have shown that the peak value
of the organo-Mt- (OMt-) supported nZVI (OMt-nZVI)
was weaker and broader at 44.78° compared with that of
bare nZVI (Figure 5(a)), indicating the smaller crystallite
size of nZVI within OMt-nZVI. The sizes of nZVI can
be further decreased with the increase of the mass ratios
of Mt/iron [68, 75, 76].

Smaller size of nZVI means larger SSA and stronger
adsorption capacity [34]. Compared with Mt, the SSA of
Mt-nZVI is increased as a result of massive nZVI particles
supported on the surface or interlayers of Mt [24, 36].
Although the SSA of Mt-nZVI is lower than that of nZVI,
the stability and reactivity of nZVI are stronger after being
monodispersed on Mt [68].

2.3.3. Improved nZVI’s Stability against Oxidization. The
nZVlis easily oxidized when exposed to the air, which greatly
affects its reducibility [72]. Mt can reduce the surface
corrosion of nZVI and improve its stability [12]. According
to the XRD results of Mt-nZVI by Zhang et al. [21]
(Figure 5(b)), the characteristic peaks of iron oxide were
not observed, indicating that the nZVI particles were not oxi-
dized or only a small part of them was oxidized to form
amorphous iron oxide. Rao et al. [78] investigated the antiox-
idant abilities of Mt-nZVI and nZVI by observing their color
changes in the air at different time slots. The black nZVI
solution totally turned yellow at 72 h, while only a small part
of the Mt-nZVI solution turned yellow, revealing that nZVI
loaded on Mt was more difficult to be oxidized compared
to pristine nZVI. This phenomenon can be explained by

the fact that Mt has a layered structure, and when the nZVIs
are inserted in the interlayer of Mt, they were not readily
available for oxidization [25].

Li et al. [79] found that fewer oxides were formed on Bt-
nZVI compared to nZVI. The removal efficiency of Se(VI) by
Bt-nZVT only decreased 3.7% after four cycle experiments.
The results indicated that Bt-nZVI displayed much higher
stability and reusability than nZVI, which was partly due to
the fact that Bt inhibited the oxidation of nZVI. Another pos-
sible reason was the buffering effect of some particular func-
tional groups of Bt [79]. Moreover, when Fe,O, was formed
and precipitated on the surfaces of nZVI during the reaction
of Bt-nZVI with contaminants, Bt could help to transfer
some precipitates from nZVI surfaces and prolong the reac-
tivity of nZVI [65].

2.3.4. Other Advantages. Tomasevic et al. [67] and Kerkez
et al. [69] demonstrated that the total pore volume of the
Mt-nZVI was larger than that of Mt and nZVI This is
because of the formation of more mesoporous structures by
the intercalated nZVI, which enhanced the diffusion and
adsorption of contaminants [26]. In addition, the introduc-
tion of Mt may improve the sustainability of nZVI, inhibit
the rapid consumption of nZVI, and ultimately enhance the
service life of composite materials [19]. Finally, Bt-nZVI
has higher stability (lower sedimentation) and greater mobil-
ity in porous media than nZVI [80]. For example, Shi et al.
[68] conducted column experiments and revealed that the
sedimentation rate of Mt-nZVI was greatly decreased and
its mobility was significantly increased compared with that
of bare nZVI. This is because the zeta potentials of nZVI par-
ticles changed from positive to negative after the addition of
Mt, which led to the repulsive interaction between Bt-nZVI
and quartz sand [80].
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3. The Reaction Mechanisms of Mt-nZVI

There are four typical pathways to remove contaminants by
Mt-nZVI (Figure 6), including adsorption [19, 81, 82], reduc-
tion [18, 26, 83], precipitation [16, 21], and oxidation [44].
These mechanisms can occur simultaneously or sequentially
when using them to remove contaminants. Particularly,
adsorption is commonly the major removal mechanism for
Mt, while reduction is the main mechanism for the nZVI
[18, 19]. These processes are described in detail in the
following.

Adsorption has been considered a typical reaction pro-
cess for contaminant removal by Mt-nZVI. As mentioned
above, Mt-nZVI has small particle sizes, large SSA, and abun-
dant active sites due to functional groups, which have a great
ability for adsorbing many contaminants [15]. Additionally,
nZVI has a core-shell structure (Figure 6). Specifically, the
core is mainly nZVI, and the shell is the product due to
oxidation of the nZVL. The shell can be oxidized to Fe** (fast
process) and further to Fe** (slower process) by dissolved
oxygen in aqueous media according to Equations (3) and
(4) [30]:

2Fe’ + 0, + 2H,0 — 2Fe* + 40H™ (3)

4Fe** + 0, + 4H' — 4Fe’* + 2H,0 (4)

The outer oxidized layer of nZVI will thicken once
exposed in water or air even if this process is reduced
due to the Mt. This positively charged layer can act as
an efficient adsorbent for various contaminants with negative
charges through electrostatic interaction [27]. Reduction was
regarded to be the main mechanism of contaminant removal
by Mt-nZV], in which nZVI plays as an electron provider
[33, 84]. Generally speaking, the removal mechanisms of
Mt-nZVI on heavy metals depend on its E° (Table 3) [29].
The heavy metals with more positive standard redox poten-
tial (E°) than nZVI (E° = —0.44 V) such as Pb(IT) and Ni(II)
can be removed by reduction and adsorption [85]. For exam-
ple, Wang et al. [34] showed that Mt-nZVI could remove
Pb(II) to Pb° by reduction and adsorption. First, Pb(II) ions
were absorbed on the surface of Mt-nZVI (Equations (5)
and (6)). Then, it was converted to Pb° through reduction
by nZVI (Equation (7)) [34]:

Pb*" + Mt — Pb*" — Mt (5)
Pb** + Fe,O,H, — Pb*" —Fe, O H, (6)
Pb”* — Mt(or Pb*" — Fe O H,) +2¢"

— Pb’ — Mt(or Pb’ — Fe, O, H,)

x~Myttz

(7)

When the E° of the compound is smaller or similar to
that of nZVI, Mt-nZVI removes it purely by adsorption.
For example, due to the fact that E° of Zn(II) is much smaller
than that of nZVI, Fe’ cannot reduce it into Zn°, but it is
absorbed and deposited on the Mt-nZVI in the form of
Zn(II) [53, 68, 81]. In contrast, the reduction reaction of
Mt-nZVI occurs for heavy metals with higher E° (e.g., Cr(VI)
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FIGURE 6: Schematic model of reaction mechanisms of Mt-nZVI
with various contaminants.

is preferentially reduced in the presence of nZVI) [12]. Inter-
estingly, Mt-nZVI can reduce nitrate to ammonium and
nitrogen gas (Equations (8)-(10)) [86]:

Fe’ + NO,™ + 2H" — Fe?* + H,0 + NO," (8)

3Fe” + NO,™ + 8H" — 3Fe** + 2H,0 + NH,* (9)
3Fe’ +2NO,” + 8H" — 3Fe** +4H,0 +N,(g)  (10)

This means that Mt-nZVI may help to reduce the
amount of total nitrogen in the water. Mt-nZVI can also pro-
vide electrons for the reduction of halogenated organics. The
halogenated organics are reduced to the olefins and alkane by
reductive dehalogenation (Equations (11) and (12)) [8]:

Fe’ — Fe?* + 2¢~ (11)

R-X+H"+2e — RH+X (12)

The reaction involves the adsorption of contaminants
onto the Mt-nZVI surface and subsequent breakage of the
carbon-halogen bonds [52]. Based on the reductive dehalo-
genation, Mt-nZVI could remove chlorinated and bromi-
nated organics [19, 31].

The precipitation mechanism may occur between heavy
metals and iron ions. This can significantly decrease the
toxicity and mobility of heavy metals since the formed pre-
cipitation is stable [87]. For instance, Cr(VI) can be removed
by Mt-nZVI through adsorption, reduction, and precipita-
tion [16, 36, 43, 81]. The reaction includes (1) the adsorption
of Cr(VI) on the surface of Mt-nZVI, (2) the reduction to
Cr(III) with the oxidation of nZVI to Fe**, and (3) the forma-
tion of chromium hydroxide or chromium iron hydroxide
precipitation (Equations (13) and (14)):

Cr,0,% +2Fe’ + 14H* — 2Cr’* + 7H,0 + 2Fe**  (13)

Cr’* + Fe’* + 60H™ — Cr(OH), + Fe(OH), (14)

Mt-nZVI can also remove U(VI), Cu(Il), Se(IV), and
As(V) through above processes [25, 33, 82, 88]. In some
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TasLE 3: The standard redox potentials (E°) of heavy metals at 25°C [29].
Heavy metal E° (V) Half reactions Removal mechanism Reference
7n -0.76 Zn*" o Zn* Adsorption [68]
Fe -0.44 Fe’* +2¢” & Fe Reduction [29]
Ni -0.23 NiZ* +2¢” & Ni Reduction and adsorption [85]
Pb -0.13 Pb*" +2e” & Pb Reduction and adsorption [108]
U 0.27 UO,*" +4H" +2¢” & U** +2H,0 Reduction and precipitation [25]
Cu 0.34 Cu*" +2¢ & Cu Reduction and precipitation [88]
As 0.56 H,AsO, + 2H" + 2¢” & HAsO, + 2H,0 Reduction and precipitation [76]
Cr 1.36 Cr,0,% + 14H" + 6e” < 2Cr’* + 7H,0 Reduction and precipitation [16]

special environmental remediation systems (e.g., the Fe’-
H,O mixture system), oxidation is also a possible reaction
mechanism. Mt-nZVI can degrade and oxidize a series of
organic compounds in the presence of oxidants. For example,
Diao et al. [22, 23] used Bt-nZVI as a catalyst to activate per-
sulfate for the removal of phenol. The results indicated that
the presence of persulfate in Bt-nZVI could significantly pro-
mote the oxidation of phenol. The reaction mechanisms
include the following: (1) SO,* was formed by the reaction
of aqueous Fe** with persulfate, and (2) phenol was degraded
by SO,* and hydroxyl radicals (OH). These processes can be
described in the following equations:

2Fe’ + 0, + 4H' — 2Fe** + 2H,0 (15)
Fe** + 5,0, — Fe’* +SO,™ +SO,*~ (16)

H,0 +S0,” — HSO,” +‘OH (17)

Phenol + SO, /°OH — oxidation product (18)

Bao et al. [89] added H,0O, when using Mt-nZVI to
remove bisphenol A. They found that the bisphenol A degra-
dation mechanism might involve a couple of adsorption
reactions with the Fenton-like reaction (e.g., a reaction sys-
tem made up of H,0, and Fe*"). The combination of H,O,
and Fe** could generate ‘OH, which had a strong capability
to oxidize a variety of organic compounds (Equations (19)
and (20)) [1]:

Fe’ + H,0, + 2H* — Fe** + 2H,0 (19)

Fe’* + H,0, — Fe’* + "OH + OH~ (20)

Kerkez et al. [56] reported that the heterogeneous Fenton
oxidation system was considerably superior in dye decolori-
zation than the reduction degradation mechanism. Chen
et al. [65] used Fe-pillared Mt as a heterogeneous photo-
Fenton catalyst to enhance the degradation efficiency of dyes.
However, under common natural environmental conditions,
oxidation is rare for the removal of contaminants by Mt-
nZVI [90].

The synergistic effect between nZVI and Mt on the
removal of many contaminants has been reported [50, 79].
For example, the removal efficiency of Mt-nZVI for Cr(VI)

(99%) is even better than the sum (72%) of individual
removal efficiency of nZVI and Mt (66% and 6%, respec-
tively) [81]. The synergistic effect is due to several reasons.
First, as mentioned previously, the Mt can decrease the size
of nZVI and enhance the dispersity of nZVI, thus providing
more effective electron donors and active sites [18]. Second,
the Mt of Mt-nZVI can facilitate the capture of contaminants
from the solution on the Mt-nZVI surfaces through exchange
and adsorption due to its high cation exchange capacity and
SSA [50]. For example, the negatively charged Mt can attract
cationic contaminants (such as Pb, Cd, and Cu) via electro-
static attraction and promote the mass transfer of these con-
taminants from the solution to the nZVI surface, thereby
improving the removal efficiency [33]. Third, the pH buffer-
ing effect of silanol groups in the Mt may also promote the
synergetic effect of Mt on the reduction of contaminants by
nZVI [79]. Finally, the interlayer of raw Mt can be modified
by cation exchange reaction. Therefore, the surface and
structure of Mt can be adjusted to create properties compat-
ible with various contaminants [33], which will be discussed
in Section 5.

4. Factors Affecting Mt-nZVI Reactivity

When applying Mt-nZVI for water and soil remediation, the
reactivity of Mt-nZVI with contaminants is dependent on a
variety of environmental conditions (e.g., pH, temperature,
and dosage of the adsorbent). The impact of environmental
factors on the removal of contaminants by Mt-nZVI is fre-
quently examined using experimental methods such as batch
and column techniques [15]. Understanding the impact of
environmental conditions is critical to optimizing the proce-
dure for the removal of contaminants via Mt-nZVI.

4.1. pH. The pH value can change the surface properties of
Mt-nZVI and species of the molecules or irons, thereby
affecting the removal efficiency [90]. First, the surface equi-
potential point of Mt-nZVI and accordingly the affinity for
contaminants change with pH [47]. When Mt is dispersed
in the aqueous solution, the Si-O and Al-O bonds in the crys-
tal lattice can be broken [50]. When the aqueous solution is
acidic, the broken bond will adsorb H" ions, resulting in pos-
itive charges of the crystal lattice. In contrast, the bond is
adsorbed by the OH™ and the lattice is negatively charged
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under alkaline conditions [80, 83]. Hence, Mt-nZVI has a
stronger adsorption capacity for cationic contaminants at
higher pH values (e.g., Co(II) [49], U(VI) [25], Zn(II) [53],
and Pb(II) [50, 77]). In addition, nZVI in the solution will
form a passive film of iron hydroxide at a higher pH value,
further enhancing the adsorption of cationic contaminants
[36]. At a low pH value, Mt-nZVI has a stronger adsorption
capacity for anionic contaminants (e.g., Cr(VI) [43, 53, 80],
phenol [22, 89], halogenated organic contaminants [42, 73],
nitrobenzene [70], and acid dyestuff [24, 69, 74, 78]). More
H* can promote the reaction and consume more nZVlIs,
and the nZVI corrosion produces abundant hydrogen at
lower pH values, which may support the hydrogenation reac-
tion between organic compounds and hydrogen [45]. Nota-
bly, the pH not only changes properties of Mt-nZVI but
also affects the charges of tar%et contaminants (e.g., HCrO,~
(pH =2-5), Cr2072_ or CrO,” (pH > 5)) [62].

4.2. Temperature. Temperature can change the energy of the
reaction system, thus influencing contaminant removal effi-
ciency by Mt-nZVI [90]. For example, Shi et al. [81] found
that 82.4% of Cr(VI) was removed by Mt-nZVI at 40°C, while
only 73.4% of Cr(VI) was reduced at 25°C in 60 min. A
possible explanation was that high temperature could facili-
tate the molecular thermodynamic movement and average
kinetic energy of contaminants [46]. The increase in the
removal efficiency with increasing temperature was observed
for degradation of organic contaminants, such as sulfameth-
azine [44], methyl orange [24], and amoxicillin [91] by OMt-
nZVI. Overall, increasing temperature has a positive effect on
the ability of Mt-nZVI to adsorb contaminants, which favors
in situ remediations of the environment.

The thermodynamic parameters (e.g., change in free
energy (AG), enthalpy change (AH), and change in entropy
(AS)) can reveal the reaction mechanisms [92]. For example,
the thermodynamic study by Wang [92] demonstrated that
the adsorption of rare earth elements by Mt-nZVI was spon-
taneous based on the negative AG values and exothermic
since the value of AH was negative. In addition, the random-
ness of the system after adsorption was decreased (negative
value of AS). Moreover, the adsorption reaction of Pb(II)
and Cr(VI) on Mt-nZVI was spontaneous (AG < 0) and exo-
thermic (AH < 0) [15, 34].

4.3. Dosage of the Adsorbent. The dosage of Mt-nZVI has a
significant impact on the removal of contaminants. Shi
et al. [51] presented that the removal efliciency of Cr(VI)
by 3gL" of M-nZVI was 100% after contacting for 3h at
pH 5, while only 54.6% Cr(VI) was removed when Bt-nZVI
concentration was 1gL™'. This observation could be
explained by the fact that for a given condition, the increase
in the dosage of Mt-nZVI increased the surface area and
adsorption sites of Mt-nZVI, which promoted the reduction
of contaminants [50, 60, 91, 93-95]. Using an optimum dos-
age of the adsorbent is also of great significance for saving
application costs [90].

Wu et al. [44] observed that the sulfamethazine degrada-
tion increased from 58% to 97% with 10 min interaction
when the OMt-nZVI dose increased from 0.15mM to
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1.5 mM. However, if the OMt-nZVI further increased from
1.5mM to 12mM, the degradation of sulfamethazine was
reduced from 97% to 35%. Similarly, when the dose of Bt-
nZVI exceeded 2gL", the removal efficiency of chemical
oxygen decreased slightly in wastewater [96]. This is likely
because more Mt-nZVI dosage would induce greater aggre-
gation of the Mt-nZV], causing the decrease of the SSA and
its dispersibility [22, 69].

4.4. Other Factors. The initial concentration of contaminants
influences the relative adsorption sites of Mt-nZVI [16, 32,
74, 83]. Dissolved oxygen controls the adsorption capacity
of Mt-nZVI by controlling the oxidation degree of nZVTI par-
ticles [24, 73]. In addition to these factors, inorganic anions
[44], reaction time [73], ionic strength [16, 32, 60], natural
organic matter (e.g., humic acid), and other ions [67] have
an influence on the activity of Mt-nZVI. However, due to
the complexity of soil and water environments, the factors
that influence the removal of contaminants by Mt-nZVT are
not fully elucidated to date. Hence, further research is still
necessary to identify the impact factors and to reveal the
coupled influence of these factors on the removal of the
contaminants in soil and water environments.

5. Remediation of Contaminated Water and Soil
5.1. Remediation of Contaminated Water

5.1.1. Heavy Metals. Heavy metals enter the environment
mainly through industrial production. They are difficult to
be biodegraded and tend to accumulate in living organisms,
thus posing a high potential risk to the ecosystem and human
body [32]. Mt-nZVTI has been applied to successfully remove
heavy metals such as Pb(II), Zn(II), Cu(II), and particularly
Cr(VI) in laboratory studies (Table 2).

Yin et al. [15] examined the removal of Cr(VI) by Mt-
nZVI. They found that the adsorption data was well
described by the Langmuir model and pseudo-second-order
kinetics (Table 4). The Cr(VI) was retained on the Mt-
nZVI surface in a monolayer through chemical adsorption
[60]. However, Shi et al. [51] showed that the removal of
Cr(VI) by Bt-nZVI followed pseudo-first-order reaction
kinetics. To improve the removal efficiency of Cr(VI) by
Mt-nZVI, Mt or nZVI was modified [43, 95]. For example,
Wu et al. [43] reported better removal capacity for Cr(VI)
(109.9mgg™") by HDTMA-modified Mt-supported nZVI
compared to Mt-nZVI (90.9 mg g’l) (Table 2). Wang et al.
[95] fabricated Bt-supported organosolv lignin-stabilized
nZVI and found that lignin could improve the loaded quan-
tity and dispersity of nZVI. The Cr(VI) removal efficiency
could reach 62.3% when the dosage of this fabricated struc-
ture was 1.0 gL'1 and initial Cr(VI) concentration was
50 mg L', which was higher than that of Bt-nZVTI (56.8%).

Arancibia-Miranda et al. [77] observed that the maxi-
mum Pb(II) adsorption capacity on Mt-nZVI was 115.1 +
11.0mgg™, and the reaction followed the pseudo-second-
order kinetic model and the Langmuir model. Wang et al.
[34] examined the adsorption of Zn(II) and Pb(II) by Mt-
nZVI. The adsorption data of Zn(II) followed the Freundlich,
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TaBLE 4: Fitting results for the adsorption kinetic and isotherm models of contaminant removal by Mt-nZVL
Material Contaminants Adsorption kinetic Adsorption isotherm Reference
model model

Mt-nZVI Cr(VI) Pseudo-second-order Langmuir [15]

OMt-nZVI Cr(VI) Pseudo-second-order — [43]

Bt-nZVI Cr(VI) Pseudo-first-order — [51]

Bt-nZVI Cr(VI) Pseudo-second-order Langmuir [60]

Mt-nZVI Pb(1I) Pseudo-second-order Langmuir [77]
Pb(II) Pseudo-second-order Freundlich

Mt-nZVI Freundlich, Temkin, and [34]
Zn(IT) Pseudo-second-order Dubinin-Radushkevich

Bt-nZVI Cu(II) and Zn(II) Pseudo-first-order — [68]

Bt/graphene-supported nZVI Cu(II) Pseudo-second-order — [88]

Bt-nZVI U(VvI) Langmuir-Hinshelwood — [25]

Mt-nZVI U1 Langmuir [71]

Pillared Bt-supported nZVI NO;y Langmuir-Hinshelwood — [86]

Cetyltrimethylammonium bromide-modified = Decabromodiphenyl

Mt-supported nZVI ether Pseudo-first-order B (73]

Cetyltrimethylammonium-modified — .

Bt-supported nZVT Chlorophenols Langmuir-Hinshelwood Langmuir [66]

Cetyltrimethylammonium-modified R

Bt-supported nZVT Pentachlorophenol Langmuir-Hinshelwood — [40]

Bt-nZVI Acid violet red B Pseudo-first-order — [74]

Bt-nZVI Methyl orange Pseudo-first-order — [24]

Mt-nZVI Rhodamine 6G Pseudo-first-order — [78]

Bt-nZVI Se(VI) Langmuir-Hinshelwood — [79]
Se(VI) Pseudo-first-order Freundlich

Mt-nZVI _ [76]
As(V) Pseudo-second-order Freundlich

Cetyltrimethylammonium-modified Nitrobenzene Langmuir-Hinshelwood — [41]

Bt-supported nZVI

Temkin, and Dubinin-Radushkevich isotherm models,
meaning the copresence of physical and chemical adsorption.
The Pb(II) adsorption process was chemisorption, and the
reaction data was described by the Freundlich isotherm
model. Shao et al. [88] presented that the removal efficiency
of Cu(Il) (C,=100mgL™") was 82% in Bt- and graphene
oxide-supported nZVTs (1 gL™") within 16 h. The adsorption
data followed the pseudo-second-order kinetic model.

The applications of Mt-nZVT for the treatment of indus-
trial wastewater have been reported. For example, Shi et al.
[68] used Bt-nZVI to remediate electroplating wastewater
and found that 100% Pb(II), 92.7% Cu(II), and 59.4% Zn(II)
were removed within 1h by 10gL™" Bt-nZVI. Wang et al.
[97] studied the remediation effect of Bt-nZVI on leachate
wastewater originating from Cr-polluted soil. The results
indicated that 90% Cr(VI) from leachate wastewater with
an initial concentration of 52.89mgL™' Cr(VI) could be
removed within 10 min using 3mgg ' of Bt-nZVL

5.1.2. Uranium. U(VI), as a radioactive and toxic heavy
metal, has relatively high solubility and mobility in the envi-
ronment. Therefore, it readily invades the food chain [93].
Previous laboratory work demonstrated that soluble uranium
compounds could be removed by using Mt-nZVI to reduce

U(VI) to less-soluble U(IV) [25, 32, 33]. For example, Sheng
et al. [25] revealed that the adsorption data of U(VI) on Bt-
nZVTI followed the Langmuir-Hinshelwood model, and the
removal efficiency of U(VI) (100 mg L") reached 99.2% after
90 min when using 0.2gL™" Bt-nZVL. Kornilovych et al. [71]
used clay (e.g., kaolinite, Mt, and palygorskite)-supported
nZVT to remove U(VI) from mineralized groundwater. They
found that the adsorption process was better described by the
Langmuir model. Mt-nZVI had the highest adsorption
capacity (about 120 mgg™'), which might be related to the
high dispersibility of the Mt sample in the aqueous solution.
Xu et al. [32] reported 97.8% U(VI) (100 mg L") removal by
Mt-nZVI (0.1gL™") within 30 min at pH =3.0. The afore-
mentioned work indicated that Mt-nZVI was suitable for
the removal of U(VI) from the aqueous solution.

5.1.3. Nitrate. Nitrate (NO;") is widely presented in the sur-
face and groundwater due to the widespread use of nitrogen
fertilizers and improper treatment of industrial wastewater,
causing deterioration of water quality, eutrophication of riv-
ers, and toxicities to organisms [98]. Numerous laboratory
studies have shown that the nitrate can be reduced by Mt-
nZVI [20, 86, 99]. Zhang et al. [86] combined nZVI and
pillared Bt (prepared by intercalation with poly(hydroxo
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AI(IIT)) cations) to remove NO;” from the aqueous solution.
The adsorption data was fitted well to the Langmuir-Hin-
shelwood model. This composite could completely remove
NOj; at pH7.0 within 120 min. The nZVT could only remove
62.3% NO;™ under the same condition. Zhao et al. [99] used
Mt-nZVI immobilized in sodium alginate (SA/Mt-nZVI) as
electron donor-acceptor compounds to enhance the nitro-
gen (NO;-N) removal from constructed wetland (CW).
The removal efficiency of NO,-N (C,=60mgL™) by
0.67mgL"' SA/Mt-nZVI in CW was 32.60+1.9% at
pH?7, which was higher than that by CW without adding
sodium alginate. The introduction of SA/Mt-nZVI could
enhance the biological diversity and richness in CW. These
results meant that it might be feasible to add SA/Mt-nZVI
as a carbon source to treat low C/N-polluted water.

5.1.4. Halogenated Organic Compounds. Halogenated organic
compounds are widely present in industrial wastewater.
They have persistence, lipophilicity, high toxicity, and carci-
nogenicity [100]. They are difficult to be biodegraded and
can be enriched in aquatic organisms [101]. Batch experi-
ments have shown that Mt-nZVI could successfully degrade
a large number of halogenated organics, such as chlorinated
and brominated organics [19, 31]. For example, Pang et al.
[73] demonstrated that the removal efficiency of decabro-
modiphenyl ether (C,=2mgL™) by CTMAB-modified
Mt-supported nZVI (0.6 gL™") was 98.02%. The adsorption
data fitted well to pseudo-first-order reaction. Yu et al.
[42] applied TMA-modified smectite-supported nZVI
(4gL") to reduce 2.5mgL™" of DBDE. After a 9 h reaction,
>80% DBDE was removed. This composite was shown to
be much faster and more eflicient for debromination com-
pared to nZVL. Li et al. [40] immobilized CTMA onto Bt
to load nZVI. They found that this novel composite had
good stability and reusability, which could quickly and
completely dechlorinate chlorophenols. The equilibrium
adsorption was well described by the Langmuir and Lang-
muir-Hinshelwood kinetic models.

Recently, nZVI was sulfurated to accelerate reduction
efficiency for organochlorine compounds and maintain the
stability of composite material in water [102]. For instance,
Mt-supported sulfurated nZVI (Mt-S-nZVT) was synthesized
[102] and exhibited higher removal efficiency for trichloro-
ethylene (78.7%) than sulfurated nZVI and Mt-nZVI. Even
aging for 30 days, Mt-S-nZVI could still retain 68.1% of
trichloroethylene.

5.1.5. Dyes. Dyes include high levels of organic contaminants
with deep colors. Their degradation products may be carci-
nogenic and toxic to mammals [69]. Reaction using Mt-
nZVI composite materials to remove dyes has become a
promising method [31]. Lin et al. [74] reported that the
removal efficiency of acid violet red B on Bt-nZVI was
95.6% in 9 min under the condition of 2.8 gL™" of Bt-nZVI
and 800 mgL™" acid violet red B solution. This was higher
than that of nZVI (75.1%). The adsorption was well fitted
to the pseudo-first-order model. The degradation of azo dye
methyl orange by Bt-nZVI was also fitted well to the
pseudo-first-order model [24]. Kerkez et al. [69] demon-
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strated that Bt-nZVI had a higher adsorption capacity on
degrading industrial azo dye Rosso Zetanyl B-NG compared
with kaolin- and native clay-supported nZVIs. This was
probably because the SSA of Bt was three times that of kaolin
and natural clay (Table 2).

Mt-nZVT has been combined with microwave treatment
for the decolorization of dyes. Microwave treatment can
directly heat the reactant molecules and provide more energy
to the reaction system, accelerating the efficiency of the deg-
radation reaction [103]. Rao et al. [78] applied Mt-nZVI to
remove Rhodamine 6G (Rh 6G) through microwave treat-
ment and revealed that the removal amount of Rh 6G
reached 500mgg" when the initial Rh 6G concentration
was 5000mgL™" after degradation for 15min by 10gL™
Mt-nZVL

5.1.6. Phenolic Compounds. Phenolic derivatives are fre-
quently detected in the wastewater generated by the petro-
chemical, textile, and pharmaceutical industries [104]. They
are highly toxic and harmful to organisms even at low con-
centrations [105]. Mt-nZVI composites have been proven
to be highly efficient for removing phenolic compounds in
the laboratory.

Mt-nZVI coupled with oxidants (e.g., O5, H,0O,, peroxy-
monosulfate, and persulfate) can enhance the degradation of
phenolic compounds [22, 26, 64]. For instance, Bao et al. [89]
reported that the adsorption capacity of bisphenol A on Bt-
nZVI was increased in wastewater when H,0, was added.
Peng et al. [26] investigated tetrabromobisphenol A and
bisphenol A removal using cetyltrimethylammonium bro-
mide- (CTMAB-) modified Mt-supported nZVI in the
aqueous solution. When O, (4mgL™") was employed as an
oxidant, this composite (0.1gL™") could remove up to
98.6% of tetrabromobisphenol A and 94.7% of bisphenol A
during 60 min at pH 7 with an initial contaminant concentra-
tion of 10 mg L Yang et al. [64] used Fe-Mt-H, (0.4 gL'l) as
an activator for peroxymonosulfate activation to remove
bisphenol A (25mgL") and found that more than 99.3%
bisphenol A was degraded within 3h at pH 3.

5.1.7. Other Contaminants. Ren et al. [41] used CTMA-
modified Bt to load nZVI. This composite could almost
completely reduce nitrobenzene to aniline. The removal
followed the Langmuir-Hinshelwood equation. Wu et al.
[44] assessed the persulfate activated with OMt-nZVI-
degraded sulfamethazine. Sulfamethazine (20mgL™) was
degraded by up to 97% in 10min by using 1.5mM OMt-
nZVI and 4 mM persulfate at pH 6.8. Additionally, Mt-nZVI
also could effectively degrade atrazine [106], amoxicillin
[91], and oxytetracycline [75].

The Mt-nZVI is commonly used to treat a single type of
contaminant in water. However, Suazo-Hernandez [76]
investigated the coremoval of Se(VI) and As(V) using Mt-
nZVL. The removal of Se(VI) was fitted well to pseudo-first-
order reaction, while the removal of As(V) followed
pseudo-second-order reaction. The adsorption of As(V)
was the chemisorption process, and the adsorption of Se(VI)
was mainly through the formation of bidentate inner-sphere
complexes [107]. The removal efficiency of As(V) (68.43%)
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was higher compared with that of Se(VI) (42.76%). This work
demonstrated that Mt-nZVI was effective to simultaneously

remove both oxyanions (but with a marked preference for
As(V)).

5.2. Remediation of Contaminated Soil. Although nZVT has
excellent removal capability for various contaminants from
water, the application of nZVI for soil remediation is chal-
lenging. Firstly, due to strong magnetic attractive forces,
nZVlIs often aggregate into micron-sized particles (homoag-
gregation) or are associated with minerals and organic col-
loids to form heteroaggregates. These aggregates frequently
have low mobility in soils [29]. Secondly, the reactivity of
nZVI may be decreased when it is released into the complex
soil environment [47]. It is necessary to consider the interfer-
ence of various soil components and the physicochemical
properties of soil during the application of the nZVIs [12].
Finally, nZVT will be oxidized in the soil [108]. As mentioned
previously, adding Mt into nZVI can improve the dispersibil-
ity of nZVI and reduce the surface corrosion of nZVI. Further-
more, loading nZVI on Mt can also increase the mobility of
the nZVI. This is because the attraction between nZVI parti-
cles and soil grain surfaces can be eliminated by the strong
repulsion between the Mt and the surfaces [15, 69].

The advantages of using Mt-nZVI to remove contami-
nants from soil have been reported. For example, Solieman-
zadeh and Fekri [60] used Bt-nZV1 for the treatment of soil
with 200mgCrkg'. The soil samples were incubated at
25°C for 5 months and extracted with diethylenetriamine-
pentaacetic acid solutions. They found that the Cr was
effectively removed by the composite, and the adsorption
followed the Langmuir model with a maximum adsorption
capacity of 66.10mgg™. Yu et al. [109] added ethanol to
the soil slurry as an organic cosolvent to promote the degra-
dation of decachlorobiphenyl by Bt-nZVI. The results
showed that 70% of decachlorobiphenyl from the soil-water
slurry containing 30 mgL™" of decachlorobiphenyl could be
dechlorinated within 13h using 5gL" of Bt-nZVI when the
water/ethanol volume ratio was 1:1. Only 18% of decachlo-
robiphenyl was removed when ethanol was not added. This
is likely because ethanol could increase the degree of
decachlorobiphenyl desorption into the liquid phase,
thereby enhancing the decachlorobiphenyl dechlorination
with nZVL

Tomasevic et al. [67] used Bt-nZVI and kaolinite-
supported nZVI to immobilize As, Pb, and Zn in the contam-
inated sediment from the Nadela river basin (Serbia). They
showed that kaolinite and Bt could prevent the aggrega-
tion of nZVI and enhance their mobility in soil media
and the treated sediment was safe for disposal. Liu et al.
[94] assessed the removal of Cr(VI) by Bt-nZVI from soil
suspended liquid. The maximum removal efficiency of
Cr(VI) (15.68 mg L) was 99.75% at 35°C when the dosage
of Bt-nZVI was 6gL"' and pH=5.

6. Conclusions and Future Challenges

The use of Mt-nZVT for the removal of contaminants from
water and soil has received increasing attention. The com-
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mon methods to prepare Mt-nZVI include the liquid-phase
reduction method, green reduction method, and thermal
reduction method. The nZVI particles have also been loaded
on Mt surfaces in a monolayer to form a micro/nanostruc-
ture. The introduction of Mt can improve the dispersion
and mobility of nZVI and reduce the particle size and oxida-
tion tendency. The reaction mechanisms of Mt-nZVI with
contaminants include adsorption, reduction, oxidation, and
precipitation. The reaction is influenced by various envi-
ronmental factors including pH, temperature, dosage of
the adsorbent, and natural organic matter. Mt-nZVI has
been shown to have high removal efficiency for contami-
nants such as heavy metals, uranium, nitrates, halogenated
organic compounds, dyes, and phenolic compounds. While
Mt-nZVI has been shown as a promising material for
water and soil remediation, future work is still necessary
to fulfill the large-scale application of Mt-nZVI, as shown
in the following:

(i) More attention should be paid to exploring new
preparation methods of Mt-nZVI with low cost.
For example, it is desired to find some cheap and
environmentally friendly reducing agents to replace
NaBH, for producing nZVI. It is also desired to
develop methods to improve the adsorption perfor-
mance of Mt

(ii) The underlying mechanisms between Mt-nZVI and
target contaminants at a microscale are still not very
clear and required to be further elucidated using
modern analytical tools such as X-ray absorption
spectroscopy and atomic force microscopy

(iii) The critical factors that affect the removal of con-
taminants via Mt-nZVTI in soil and sediments still
need to be identified. The influence mechanisms of
these factors are also necessary to be elucidated

(iv) Although Mt can improve the mobility of nZVTI in
soil, it is still necessary to further improve the
mobility of Mt-nZVI with novel methods to
improve the in situ remediation efficiency. In addi-
tion, the efficiency of soil extraction is an important
problem that needs to be addressed during the
remediation of contaminated soils using Mt-nZVI

(v) Field experiments are still lacking, which are critical
to assess the performance of Mt-nZV1 for the in situ
remediation of water and soil. Larger-scale field
studies are also useful to explore the application of
Mt-nZVT at a commercial scale

(vi) It is necessary to extend the reactivity of Mt-nZVI
and increase its selectivity to target contaminants.
For example, adding a hydrophobic coating to nZVI
may extend the reactive lifetime of Mt-nZVI. Func-
tionalization of chemical groups with Mt-nZVI can
increase their selectivity to target contaminants

(vii) It is vital to conduct risk assessments of Mt-nZVI to
ensure that they are safe while achieving their full
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potential because it is still not clear where they can
pose a potential threat to organisms. It is also useful
to develop mathematic models to simulate the
transport of Mt-nZVI
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