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Abstract Reductive technologies of groundwater and soil treatment, based on
nanoscale zero-valent iron (nZVI) particles, have been recognized and generally
accepted as modern remediation tools for elimination of broad range of both organic
and inorganic environmental contaminants, mainly at sites where fast and efficient
removal of persistent and emerging organic and inorganic pollutants is needed. In
this chapter, we summarize the basic principles and chemical pathways of the nZVI
interaction with water and contaminants, recent approaches to nZVI modifications
enhancing their reactivity and longevity (including electrostatic and steric stabiliza-
tion of nZVI, synthesis and applicability of bimetallic particles and nZVI-based
nanocomposites, emulsification of nZVI particles, and combination of nZVI with
electrokinetics), and present an overview on field-scale applications of nZVI for
remediation purposes all over the world. The main aim is to demonstrate the diverse
properties of nZVI particles and their possible limitations for water treatment.
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2.1 Groundwater and Soil Contamination as a Worldwide
Problem and Opportunity for Nanotechnologies

Groundwater and soil contamination caused by various toxic substances has posed a
serious threat to human and ecological health while it has been of great concern to
the general public worldwide for more than 40 years. In 2011, approximately
1.17 million potentially contaminated sites and 0.127 million contaminated sites
were identified in the European Economic Area (European Environment Agency
2014). Figure 2.1 illustrates the statistics on the prevalence of soil and groundwater
contaminants in Europe (Panagos et al. 2013). Over the last three decades, several
European countries have introduced national policies and practices for the manage-
ment of contaminated sites (Rodrigues et al. 2009). Although, in 2002, the EU
Thematic Strategy for Soil Protection was proposed by the European Commission
with the objective to protect soils across the EU, no specific regulations for soil
protection at the EU level have been introduced so far. ‘While the Commission in
May 2014 decided to withdraw the proposal for a Soil Framework Directive, the
Seventh Environment Action Programme, which entered into force on 17 January
2014, recognizes that soil degradation is a serious challenge (European Commission
2019). However, remediation activities in European countries are still going on. By
2018, 58,340 sites had been remediated (European Environment Agency 2014). A
substantial budget is used for contaminated site management. For example, annual
national expenditures for managing contaminated sites are, on average, EUR 10.7
per capita (an average of 0.041% of the national gross domestic product—GDP). Out
of this, 42% comes from public budgets and around 81% is used for remediation
measures, while 15% is used for sites.

Similarly, in the US, soil and groundwater contamination is a serious issue.
Infamous contamination cases, such as Times Beach, Love Canal, Woburn, and
the Valley of Drums, as well as their health effects (US EPA 2000, 2018a; Swartjes

Fig. 2.1 Prevalence of soil and groundwater contaminants in Europe (adapted from Panagos et al.
2013 with permission)
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2011) generated environmental cleanup regulations, including the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA) for aban-
doned sites and corrective action of the Resource Conservation and Recovery Act
(RCRA) for active sites and generated remediation engineering (Applegate and
Laitos 2006; US EPA 2018a). Progressively, hundreds of thousands of sites with
different degrees of contamination have been identified in the US. Table 2.1 sum-
marizes prevalent contaminants of concern (COCs) at National Priorities List (NPL)
sites. In 2018, the NPL featured 1566 contaminated sites. 381 of them have been
sufficiently restored, posing a minimal risk, and proposed for site deletion (US EPA
2018b). Nevertheless, over the next decades, cleanup research and business will still
be active in restoring the remainder as well as newly spilled sites. The US EPA

Table 2.1 Prevalent contaminants of concern (COC) at National Priorities List (NPL) sites
(adapted from Siegrist et al. 2011 with permission)

Contaminant of
concern (COC)

Priority as a COC at US
hazardous waste sites
(ATSDRa ranking)

Prevalence at US NPL sites US
drinking
water
standard
(μg/L)

Number of
NPL sites
with COC
present

Sites with COC
present as a % of
total NPL sites

Arsenic 1 1149 68 10

Lead 2 1272 76 15

Mercury 3 714 49 2

Vinyl chloride 4 616 37 2

Polychlorinated
biphenyls

5 500 31 0.5

Benzene 6 1000 59 5

Cadmium 7 1014 61 5

Polycyclic aro-
matic
hydrocarbons

8 600 42 –

Benzo(a)pyrene 9 – – 0.2

Chloroform 11 717 50 100

Trichloroethene 16 852 60 5

Chromium 18 1127 68 100

Tetrachloroethene 33 771 54 5

Pentachlorophenol 45 313 20 1

Carbon
tetrachloride

47 425 26 5

Xylene (total) 58 840 51 10,000

Toluene 71 959 60 1000

Methylene
chloride

80 882 56 5

1,1,1-
trichloroethane

97 823 50 200

Ethylbenzene 99 829 49 700
aATSDR Agency for Toxic Substances and Disease Registry
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(2011) estimated that between the years 2004 and 2033 the cost for remediation may
be as high as US$209 billion, while the number of cleanup sites could be as high as
294,000.

For Asian countries, remediation is at an infant stage, although soil and ground-
water contamination has long been threatening the quality of life. For example, in
China, according to the Ministry of Land Resources, in 2007, over 10% of cultivated
land was substantially contaminated with heavy metals from mining and metallic
smelting (approx. two million ha), oil extraction and refining (approx. five million
ha), solid-waste stockpiles (i.e., open dumps; approx. 50,000 h.), improper handling
of industry gaseous emission, wastewater discharge, and processing residue (approx.
ten million ha), and sewage irrigation (approx. 3.3 million ha) (Li et al. 2015). In
2014, the Chinese government published a national soil survey report showing that
16.1% of all soil and 19.4% of cultivated land was contaminated with both organic
and inorganic chemical contaminants. The total area of contaminated soil was
roughly 25 million ha, while 3.5 million ha of farmland was so contaminated that
no agriculture should be allowed on it (The Economist 2017). Cadmium and arsenic
were found in 40% of the affected land. China undertook 28, 40, and 32 remediation
projects for the years 2013, 2014, and 2015, respectively. The government estimated
that, with 3.33 million ha of contaminated farmland already identified, the total
budget remediation could reach as much as US$ 157,000 million (based on 2018
USD) (Gu and Stanway 2017).

Currently, more than 59 remediation technologies based on at least one of
14 different types of treatment processes are available in various stages of develop-
ment and application (Van Deuren et al. 2002). Nevertheless, there is always enough
room for nanotechnology to step in as an innovative in situ remediation technology.
This gives birth to nanoscale zerovalent iron particle (nZVI), one of the nanotech-
nologies that is most frequently applied for groundwater and soil remediation. The
primary utilization of ZVI is a passive remediation technology called permeable
reactive barrier (Fig. 2.2). For this technique, bulk zerovalent iron (ZVI) in the form

Fig. 2.2 Permeable reactive barrier using bulk ZVI
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of iron filings has been used as a reducing agent to build permeable reactive barriers
(PRB) since 1994 (Reynolds et al. 1990; Gillham and O’Hannesin 1994).

The fundamental chemistry of ZVI in an aqueous environment from a reaction
viewpoint is summarized in Eqs. (2.1–2.3). For environmental remediation pur-
poses, Fe0 can be oxidized by contaminants of concerns (COCs) (such as
trichloroethene—TCE) in Eq. (2.1)) (as electron acceptors) as long as COCs have
an EH

0 greater than �0.447 V (see Table 2.2 for more examples of COCs treatable
by ZVI and nZVI). As a result of the electron transfer, in most cases, ZVI transforms
such COCs to more environmentally benign by-products or immobilized state. This
transformation involves reductive dechlorination of chlorinated organics (trichloro-
ethylene [TCE], tetrachloroethylene [PCE], and vinyl chloride [VC]) and immobi-
lization of metals. In the meantime, Fe0 can also react with water (or H+) to produce
H2 gas (Eq. 2.3), which is a competing reaction to the reductive treatment and is
strongly controlled by the availability of H+ (i.e., pH).

Fe2þ þ 2e� ! Fe0, E0
H ¼ �0:447V ð2:1Þ

Table 2.2 Contaminants of concern amendable by ZVI and nZVI as well as their standard redox
potentials (E0) in aqueous solution at 25 �C (Bard et al. 1985; O’Carroll et al. 2013)

Aqueous solution Half reactions E0 (V)

Chromium (Cr) CrO2�
4 þ 8Hþ þ 3e� $ Cr3þ þ 4H2O 1.51

Chromium (Cr) CrO2�
7 þ 14Hþ þ 6e� $ 2Cr3þ þ 7H2O 1.36

Platinum (Pt) Pt2+ + 2e– $ Pt 1.19

Palladium (P) Pd2+ + 2e– $ Pd 0.92

Mercury (Hg) Hg2+ + 2e– $ Hg 0.86

Silver (Ag) Ag+ + e– $ Ag 0.80

Arsenic (AsV) H3AsO4 + 2H+ + 2e– $ HAsO2 + 4H2O 0.56

Copper (Cu) Cu2+ + 2e– $ Cu 0.34

Uranium (U) UO2þ
2 þ 4Hþ þ 2e� $ U4þ þ 2H2O 0.27

Arsenic (AsIII) H3AsO3 + 3H+ + 3e– $ As + 3H2O 0.24

Copper (Cu) Cu2+ + e– $ Cu+ 0.16

Lead (Pb) Pb2+ + 2e– $ Pb �0.13

Nickel (Ni) Ni2+ + 2e– $ Ni �0.25

Cadmium (Cd) Cd2+ + 2e– $ Cd �0.40

Iron (Fe) Fe2+ + 2e– $ Fe �0.44

Zinc (Zn) Zn2+ + 2e– $ Zn �0.76

Barium (Ba) Ba2+ + 2e– $ Ba �2.92

1,2-Dichloroethane ClH2C � CH2Cl + 2e– $ H2C ¼ CH2 + 2Cl– 0.74

Carbon tetrachloride (CT) CCl4 + H+ + 2e– $ CHCl3 + Cl– 0.67

Tetrachloroethylene (PCE) Cl2C ¼ CHCl + H+ + 2e– $ Cl2C ¼ CH2 + Cl– 0.57

Trichloroethylene (TCE) Cl2C ¼ CHCl + H+ + 2e– $ Cl2C ¼ CH2 + Cl– 0.53

Vinyl chloride (VC) ClHC ¼ CH2 + H+ + 2e– $ H2C ¼ CH2 + Cl– 0.45

1,1-Dichloroethane (1,1-DCE) Cl2C ¼ CH2 + H+ + 2e– , ClHC ¼ CH2 + Cl– 0.42
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TCEþ ne� þ n� 3ð ÞHþ ! product þ 3Cl� ð2:2Þ
Hþ þ e� ! H� ! ½H2 ð2:3Þ

Although the oxidation of Fe0 to Fe2+ (Eq. 2.1) is usually assumed, in environ-
mentally relevant applications (i.e., groundwater at a natural pH), the transformation
of Fe0 core to the iron oxide shell, such as magnetite (Fe3O4) (Eq. 2.4) and
maghemite (Fe2O3), is often observed (Liu et al. 2005; Reinsch et al. 2010).

3Fe0 þ 4H2O ! Fe3O4 þ 8Hþ þ 8e� ð2:4Þ

PRB is an established and effective technique to intercept contaminant plume;
however, it is a passive technique meaning that the site owner has to maintain the
PRB as long as the contaminant source exists and keeps generating toxic plume,
which can last decades or even a century. This situation called for an active
technique which can actively manage the source zone and expedite site closure.
As shown in Fig. 2.3, the nanoscale conceptually allows ZVI to become an active
technique that can be intentionally delivered to attack the source zone, thus speeding
up the remediation.

The small size of nZVI not only offers the potential for injection into the
subsurface for in situ remediation (Elliott and Zhang 2001; Schrick et al. 2004)
but also results in an increasing fraction of atoms at the surface, excess surface
energy, and high surface area (Wang and Zhang 1997). These properties lead to
higher contaminant degradation/immobilization rates per mass of the remediation
agents compared to bulk materials. Moreover, polymeric surface modification and
supporting materials can be used to modify nZVI in order to enhance dispersion
stability as well as to selectively target some specific COCs such as dense
non-aqueous phase liquid (chlorinated organics). NZVI-focused research has
progressed, over the past two decades, from laboratory development to field scale
applications. This historical perspective has recently been reviewed by Phenrat and
Lowry (2019). They divide the nZVI research and development into eight major
topics, including (1) nZVI synthesis and reactivity, (2) aggregation/agglomeration,
(3) transport/delivery/deposition, (4) polymer modification, (5) CMC modification,
(6) toxicity, (7) sulfidation, and (8) weak magnetic/electromagnetic field, all of
which are essential vehicles for effective in situ subsurface remediation. Figure 2.4
shows statistical results of peer-reviewed journal papers and the total citations of
each major field. Noticeably, the number of peer-reviewed papers and citations in
this field has increased quadratically so far. In 2017 alone, there were 262 peer-
reviewed journal papers and 8094 citations in the nZVI field of study. Obviously,
nanotechnology for subsurface remediation has been an active field of study for two
decades and will continue to be active as long as contamination exists.

This chapter aims to summarize the recent development of nZVI technology
including chemical pathways of pollutants treated by nZVI, modification and
enhancement of nZVI, and pilot applications of nZVI as published in the scientific
literature before 2018. For more details on nZVI research and development see the
recently published book dealing with this topic Phenrat and Lowry (2019).
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Fig. 2.3 Idealized conceptual mode of delivering nZVI for in situ non-aqueous phase liquid
(DAPL) source-zone remediation. Particle mobility and contaminant targetability are needed for
effective remediation (adapted from Phenrat and Lowry 2019 with permission)

Fig. 2.4 (a) Total number of peer-reviewed papers and (b) total citations per year for each major
field of nZVI research based on the Web of Science Database from 2001 to 2018 (February)
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2.2 Chemical Pathways of Pollutants Removal by
Zerovalent Iron

Under anaerobic conditions, Fe0 can be oxidized by H2O or H+ yielding Fe2+ and H2,
both of which are also potential reducing agents for contaminants. There are two
main dehalogenation reactions by which the organic compounds can be reduced by
ZVI: hydrogenolysis (replacement of a halogen atom by a hydrogen) and reductive
elimination, in which two halide ions are released. In both reactions, there is a net
transfer of two electrons and they can be mediated either by atomic hydrogen
transfer or by direct electron transfer.

The mechanism and reactivity of chlorinated compounds reduction by ZVI is
somewhat controversial and still not very well understood. While some papers show
an increased reactivity with an increasing number of halogen atoms in the organic
compounds, others show the opposite trend. It seems that these conflicting data result
from differences in the materials—ZVI produced by borohydride reduction versus
ZVI produced by hydrogen reduction from iron minerals—as well as from differ-
ences in the experimental conditions (Elsner and Hofstetter 2011).

Wang and Farrell (2003), for example, observed that TCE reduction occurred
almost exclusively by atomic hydrogen transfer at low pH values and by atomic
hydrogen transfer and direct electron transfer at neutral pH values, while PCE
reacted mainly via direct electron transfer at both low and neutral pH values.
However, in acid conditions and micromolar concentrations, TCE reaction rates
were faster than those of PCE due to faster reduction of TCE by atomic hydrogen
transfer, while in neutral environment and millimolar concentrations, PCE reaction
rates were faster than those of TCE. This variation of relative reaction rates was
explained by a lower contribution of the atomic hydrogen reaction mechanism with
increasing pH values and pollutant concentrations.

In the case of chlorinated methanes, the degradation pathways by reaction with
zerovalent iron may differ from the chlorinated ethenes. Song and Carraway (2006),
for example, observed that CCl4 (CT), CHCl3, and CH2Cl2 degradation rates were
not affected by changing the hydrogen concentration in water or reaction atmo-
sphere. So, in contrast to TCE degradation by nano ZVI synthesized by borohydride
(Liu et al. 2005), no catalytic hydrogenation was found to be the degradation route
for any of these compounds. Actually, CH2Cl2 is the main degradation product
during CCl4 reduction by ZVI and it is considered a as the final product since no
degradation was observed by ZVI reaction. However, CH4 is also produced but in
very low amounts and is claimed to be generated directly through CCl4 via a
concerted elimination steps mechanism mediated by carbon radicals and carbanions.

Li and Farrell (2001) published an electrochemical investigation of the rate
limiting mechanisms for TCE and CCl4 reduction and concluded that rates of CT
reduction were limited by the rate of outer-sphere electron transfer, while rates of
TCE reduction were not limited by rates of electron transfer. Reduction via an outer-
sphere mechanism requires only physical adsorption of CT on or near the ZVI
surface. Then the production of chlorinated byproducts from chloroalkanes would
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be explained by a stepwise dechlorination process in which a brief interaction of this
compound with the ZVI surface would promote an electron transfer one at time. On
the other hand, the TCE reduction mechanism starts with a chemisorption step that
controls the overall rate of reaction before the electron transfer.

The degradation of chlorinated ethanes has been observed to be dependent on the
number of chlorine atoms as well as on their position in the molecule. Song and
Carraway (2005) studied the degradation of a series of chlorinated ethanes and
observed that the reactivity increased by increasing chlorination. They also reported
that among tri and tetrasubstituted compounds, the reactivity was higher for com-
pounds with chlorine atoms more localized in only one carbon, e.g., 1,1,1-
TCA > 1,1,2-TCA. The proposed explanation for this difference in the reactivity is
the shifting of the mechanism, in which the 1,1,1-TCA reacts by a concerted
pathway involving α-elimination and hydrogenolysis, while 1,1,2-TCA reduction
would proceed by β-elimination.

With the aim of increasing the reactivity; mobility; and transport in subsurface,
along with the inhibition of ZVI passivation, many research groups have been
studying the effect of adding metal catalysts (Schrick et al. 2004); coating
nanoparticles with polymers/surfactants (Wang et al. 2010); supporting
nanoparticles on different substrates (Jia et al. 2011); and applying ZVI in water-
in-oil emulsions (Berge and Ramsburg 2009).

Schrick et al. (2004), using Fe0/Ni bimetallic nanoparticles, observed a TCE
degradation rate constant that was 50 times faster than pure ZVI, indicating that
the bimetallic nanoparticles were more efficient in degrading TCE when compared
to the monometallic iron nanoparticles.

The introduction of a second catalytic metal could also prevent toxic byproduct
formation by dehalogenating TCE via hydrogen reduction rather than via electron
transfer and even enables the reduction of persistent compounds like
monochlorophenols, which cannot be reduced by ZVI itself (Morales et al. 2002).
On the other hand, the presence of different metals increases water promoted
corrosion of iron, which can result in lower reactivity and lifetime. Yan et al.
(2010) observed that Pd-doped ZVI nanoparticles immersed in water for 24 h did
not exhibit any metallic iron component in the XPS spectrum, while the Fe0 peak,
although with decreased intensity, remained observable for pure ZVI nanoparticles
kept on the same conditions. Besides, in a reactivity TCE reduction study with
Pd-ZVI nanoparticles, the apparent reaction rate constant decreased from 5.7 1/h for
the fresh particles to 0.96 1/h upon 24 h aging.

In bimetallic systems, the atomic hydrogen adsorbed on the reductant surface
(Hads) is postulated to be responsible for bimetal reactivity and the generation of Hads

species has been proposed by different ways. It could be produced by the dissocia-
tive chemisorption of H2, itself generated by water reduction, or as an intermediate to
H2 generation. It is also suggested that absorbed atomic hydrogen (Habs) within the
metal additive lattice, instead of surface-adsorbed atomic hydrogen (Hads), would
represent the reactive entity in iron-based bimetallic systems (Cook 2009).

ZVI can also be used for oxidative degradation of organic compounds, either
providing Fe2+ to Fenton process (Eq. 2.5) or by reacting with oxygen itself through
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a superoxide radical (O2
–•) intermediate leading to the production of hydrogen

peroxide in situ (Eq. 2.6).

Fe2þ þ H2O2 ! Fe3þ þ OH�þ •OH ð2:5Þ
Fe0 þ O2 þ 2Hþ ! Fe2þ þ H2O2 ð2:6Þ

It is expected that during the oxidative process the compounds are not only
dehalogenated but mineralized as well. The degradation process at this time is
claimed to be promoted by hydroxyl radical (•OH), which is a non-specific and
powerful oxidant (E0 ¼ 2.73 V).

Keenan and Sedlak (2008) evaluated the effect of different ligands (oxalate,
nitrilotriacetic acid (NTA), or ethylenediaminetetracetic acid (EDTA) on nZVI/
H2O/O2 system and observed that all of them promoted an increase in the oxidant
yield by limiting iron precipitation and accelerating the rates of key reactions like
ferrous iron oxidation by oxygen and hydrogen peroxide.

On the other hand, Correia de Velosa and Pupo Nogueira (2013) also evaluated
the effect of some ligands (EDTA, glycine, citrate, oxalate and DTPA) on
2,4-Dichlorophenoxyacetic acid (2,4-D) degradation by nZVI/H2O/O2 and reported
that the only effective ligands on the catalysis of 2,4-D oxidation were EDTA and
DTPA. They also postulate that the catalysis process is run by the ligand-Fe(II)
species at pH values lower than 5 and by Fe(II) species at pH higher than this.

Presenting a standard potential of �440 mV, ZVI is considered a potential
reductant agent for any other metal holding reduction potentials more positive than
it. This property makes ZVI an interesting material for removal of heavy metals like
Ni(II), Cu(II), Cr(VI), Pb(II), e.g., from groundwater or wastewater matrices.

The main mechanisms by which heavy metals are removed from solution in the
ZVI/H2O system are reduction, adsorption, and precipitation/co-precipitation,
according to the metal. For example, the reduction of Cu(II) (Eqs. 2.7 and 2.8) or
As(V) (Eq. 2.9) by ZVI is more thermodynamically favorable than precipitation and
sorption, as well as it is less affected by pH change and the presence of ligands
(Li et al. 2017).

Cu2þ þ Fe ! Fe2þ þ Cu ð2:7Þ
2Cu2þ þ Feþ H2O ! Fe2þ þ Cu2Oþ 2Hþ ð2:8Þ

H2AsO
�
4 þ Feþ 3Hþ ! Fe2þ þ H3AsO3 þ H2O ð2:9Þ

On the other hand, if the metal/metalloid is present like an oxyanion, such as
AsO4

3� or SeO4
2�, then the precipitation by Fe2+ (Eq. 2.10) becomes important.

This can be even the main cause of As removal, for example.

3Fe2þ þ 2HAsO2�
4 ! Fe3 AsO4ð Þ2 sð Þ þ 2Hþ ð2:10Þ
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It is postulated that the Cr(VI) removal by ZVI occurs via immediate adsorption on the
surface of the materials followed by electron transfer (reduction) through the oxidation of
Fe0 to Fe3+ (Eq. 2.11). The just generated ions (Fe3+ and Cr3+) are then removed from the
solution by precipitation of mixed hydroxides (Eq. 2.12) (Fu et al. 2014).

Cr2O
2�
7 þ 2Feþ 14Hþ ! 2Cr3þ þ 2Fe3þ þ 7H2O ð2:11Þ

Cr3þ þ Fe3þ þ 6OH� ! Cr OHð Þ3 sð Þ þ Fe OHð Þ3 sð Þ ð2:12Þ

Ling et al. (2017) followed the removal of several metals (Ag(I), Ni(II), Cr(VI),
As(V), Cs(I) and Zn(II)) by nZVI via high-sensitivity X-ray energy-dispersive
spectroscopy-scanning transmission electron microscopy (XEDS-STEM). Since
the studied metals presented very different electrochemical and coordination prop-
erties, they were used like probes, in order to understand the reactive pathways.
Some of their conclusions are the following: strong oxidizing agents like Cr
(VI) react by diffusion and encapsulation in the core of nZVI, while metal cations
with a reduction potential close to or more negative than that of ZVI, such as Cs
(I) and Zn(II), are removed by sorption or surface-complex formation.

From the application point of view, it is important to evaluate the effect of
common ions on metal/metalloid removal by ZVI. Smedley and Kinniburgh
(2002), for example, reported that high concentrations of phosphate in groundwater
can inhibit As(V) removal by sorption since phosphate competes for sites on hydrous
ferric oxides. The presence of Ca2+ or humic acid alone did not affect the Cr
(VI) removal by ZVI in batch studies; however, the presence of bicarbonate ions
increased it (Liu et al. 2009b).

The presence of nitrate, an oxidant usually reduced by ZVI, on Pb2+ solutions
influences drastically its removal. At a low concentration of nitrate, the removal of
Pb2+ by precipitation is increased by the pH increase promoted by nitrate reduction.
However, in excess of nitrate (in relation to ZVI), the ferrite particles responsible for
adsorption of Pb2+ are dissolved by the nitrate driven oxidation of Fe2+ and Pb2+

cations are remobilized to solution (Su et al. 2014).
Actually, nitrate can impact the performance of ZVI-driven reductions by two

main ways: since it can also be reduced by ZVI, it competes with the target
compounds for the reactive sites on iron particles and it works like a passivating
agent, which leads to the generation of an Fe(III) (oxyhydr)oxide shell that inhibits
the reactivity and decreases the lifetime of ZVI. Liu et al. (2007), for example,
reported that an increase in the nitrate concentration led to the inhibition of TCE
reduction up to seven-fold when the nitrate concentration reached 5 mM.

Other anions, like silicate or bicarbonate, also inhibit the degradation processes.
Although these anions cannot be reduced by ZVI, they can complex to iron surface
generating compounds like FeH3SiO4, FeH2SiO4

�, and �FeHSiO4
2� or FeCO3,

decreasing the access of target compound to iron surface by forming a film or
protective layer. On the other hand, chlorine and sulfate ions play corrosive roles
in attacking and breaking the iron oxide layers and exposing the bare metal to the
target compounds. Then, these anions usually increase the reactivity of ZVI system
(Sun et al. 2016).
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2.3 Modification of nZVI Particles and Enhancement
of Their Reactivity

In spite of their high surface activity and remarkable environmental uptake capacity,
most synthetic ZVI nanoparticles display some significant disadvantages from the
technological/chemical engineering and cost/benefit perspectives. Therefore, draw-
backs such as the strong tendency towards aggregation, fast oxidation, and rapid
sedimentation can eliminate their long-term reactivity and decrease their maximum
capacity.

Generally, it has been reported that the limited mobility of nZVI particles in
saturated porous media is attributed to two reasons; firstly, nZVI can be filtered from
the solution by attaching to aquifer materials and secondly, agglomeration and
aggregation remarkably immobilize the particles (Phenrat et al. 2007). Agglomera-
tion and aggregation phenomena decrease the specific surface area, and in turn,
affects the reactivity and mobility in the subsurface and porous media, such as sand
and soil (Ponder et al. 2000; Sun et al. 2007). The strong tendency towards nZVI
aggregation is to a large extent attributed to their unstable colloidal nature and long-
ranged attractive magnetic interactions between the particles (Phenrat et al. 2009).

Gravitational sedimentation of nZVI particles is a result of the aggregation effect
and can be a good indicator of the colloidal stability of the particles. When
nanoparticles are dispersed in a media, they can remain stable for very long time
under some conditions. These conditions demand that the diffusion flux of
nanoparticles overcomes the sedimentation flux. The diffusion flux of nanoparticles,
that opposes gravity, is inversely proportional to the particle size, while the sedi-
mentation flux is proportional to the square of the particle radius (Phenrat et al.
2008). When nanoparticles start to aggregate to bigger clusters in the range of
micrometers, they settle as a result of the fact that the sedimentation flux turns to
be bigger than the diffusion flux. Thus, their delivery and mobility is limited.

The effects of the fast oxidation of nZVI particles include a gradual loss of
reactivity and permeability (Keum and Li 2004). While metallic iron exists in an
aqueous environment, dissolved oxygen (DO) and water initialize its oxidation-
dissolution. The whole reaction involves the formation of soluble ionic products or
insoluble oxides/hydroxides. In other words, in aqueous environment, the nZVI
oxidation creates species such as soluble Fe2+(aq), H2 and various precipitates, e.g.,
Fe(OH)2, Fe(OH)3, Fe3O4, Fe2O3, FeOOH, Fe5HO8�4H2O, and green rusts (Crane
and Scott 2012). In this manner, when the precipitates are formed as a layer on the
surface of nZVI and reach a critical thickness, the reactivity of nZVI is inhibited. In
this point, the reactivity is eliminated while the surface of metallic iron is blocked to
interact with any media or with the pollutants. These factors concerning the oxida-
tion of the particles can be critical for the overall efficacy of this material since nZVI
can react, be oxidized, consumed, or blocked before it reaches the target and
remediates a desired site.

For all the above-mentioned reasons, the modification and/or stabilization of the
nZVI nanoparticles, which can lead to steady or even enhanced remediation ability
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and improved mobility, is deemed necessary. In the past few years, different
approaches and a large number of research works have led to a new field of
modification of nZVI particles. Therefore, new various methods have been devel-
oped in order to synthesize more active (Wu and Ritchie 2006), stable (Sun et al.
2007; Siskova et al. 2012), and mobile nZVI particles (Tiraferri et al. 2008; Kim
et al. 2009) to simplify the synthetic procedure; reduce the cost; and finally enhance
the efficacy (Zhang et al. 2012; Alessi and Li 2001), availability, and applicability to
large-scale (Chen et al. 2012) and delivery capabilities (Kanel and Choi 2007).

Surface modification by electrostatic and steric stabilization, such as coating with
polyelectrolytes or nonionic surfactants (Alessi and Li 2001), dispersing the particles
in oil–water emulsions (Quinn et al. 2005), use of a support material for their
synthesis (Wu et al. 2012; Ponder et al. 2001) and bimetallic particles with iron
and a second less reactive metal, are strategies that have been investigated thor-
oughly. These methods have proved that it is possible to overcome the magnetic
attraction between the iron nanoparticles, change the surface or interfacial properties,
increase mobility and stability, minimize aggregation, and significantly increase the
reactivity.

2.3.1 Electrostatic and Steric Stabilization

Surface modification by electrostatic and steric stabilization can provide conditions
that overcome the magnetic attraction between the iron nanoparticles and change the
surface or interfacial properties (Fig. 2.5), thus enhancing the colloidal stability and
mobility. By electrostatic stabilization the surface charge is changed and repulsive
forces overcome the affinity of aggregation. On the other hand, steric stabilization is
typically attained by the adsorption of long-chain hydrophilic polymers whose long
loops and tails extend out into the solution (e.g., surfactants) (Tiraferri et al. 2008).
Combined electro-steric stabilization is also promising in terms of the use of ionic
polymeric molecules that provide good dispersion and high efficacy (Sun et al.
2007). Such ionic polyelectrolytes have been applied successfully in the past (see
Fig. 2.6) including polyaspartate (PAP), carboxymethyl cellulose (CMC), and poly-
styrene sulfonate (PSS). The modified nZVI particles in these cases have exhibited
mobility in porous media due to slow desorption of polymeric surface modifiers.
Every time, according to the contaminant that is targeted, the election and usage of

Fig. 2.5 Schematic
representation of
electrostatic, steric and
electrosteric stabilization of
nanoparticles (adapted
from Tang and Lo 2013 with
permission)
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the appropriate surfactant can dramatically enhance the capacity and the colloidal
stability. The higher efficiency is attributed not only to the lower extent of agglom-
eration of the iron particles, but also to the increased local concentration and sorption
of the contaminant on the surface of iron (Alessi and Li 2001; Zhang et al. 2002). It
has been reported that even the hydrodynamic diameter of the modified particles was
increased after modification, their colloidal stability was enhanced, and the activa-
tion energy in the transformation of toxic compounds was decreased (Li et al. 2006;
Saleh et al. 2005; Lien and Zhang 1999).

2.3.2 Bimetallic Particles

Bimetallic particles of iron with a second less reactive, i.e., usually noble, metal, e.g.,
Pd/Fe, Ni/Fe, Pt/Fe, Ag/Fe, Cu/Fe, have exhibited a significantly high efficacy for
the degradation of many compounds (Chen et al. 2008). The incorporated metal,
even in a small amount, can substantially enhance the overall nZVI reaction rate by
acting as a catalyst for electron transfer and hydrogenation (Li et al. 2006). The
additive metal lowers the activation energy of the reaction and increases the reaction

Fig. 2.6 Examples of nZVI surface modified by different surfactants (a) methoxyethoxyethoxyacetic
acid (MEEA) (adapted from Kharisov et al. 2012 with permission), (b) 3-aminopropyltriethoxysilane
(APS) (adapted from Liu et al. 2009a with permission), (c) carboxymethyl cellulose (CMC) (adapted
from Zhao and He 2011 with permission), (d) aromatic diazonium salts (ADSs) (adapted from
Guselnikova et al. 2015 with permission)
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rate. Thus, bimetallic particles have been involved in applications where bare nZVI
usually shows a slow reaction rate, e.g., aromatics and polychlorinated biphenyls
(PCBs) (O’Carroll et al. 2013). The doped metals that are chosen in these systems
have a much higher redox potential (E0) than iron. In that way a galvanic cell is
formed, i.e., iron acts as an anode, and electron release reactions are accelerated, i.e.,
the reduction of pollutants is promoted in a higher rate (Elliott and Zhang 2001).
Moreover, the additive metal can play an important role in prevention of the surface
precipitation of iron oxide products, thus hindering the inhibition of the reactivity of
iron. Thereby, iron particles can be more stable on air while those that have lost their
surface activity by the degradation of toxic contaminants can be reactivated.

Bimetallic particles can be formed through different methods and different
structures can be obtained as it is depicted in the Fig. 2.7. Among the most popular
ways of synthesis are counted coating and growing of metal ions around nZVI
particles by co-reduction, electrochemical synthesis and inverse micelles, indepen-
dent nucleation and growth of two kinds of metal species, and the deposition of the
noble metal onto the surface of nZVI particles (Liu et al. 2014; Ferrando et al. 2008).

However, a critical point in their application is their potential structural change
over the time and the potential environmental risk concerning the addition of one
more metal in the aquifer horizon, especially in the case of Ni/Fe nanoparticles.

2.3.3 Emulsification

When there is a need of nZVI application to treatment of dense nonaqueous phase
liquid (DNALP) source zones, the best way to be delivered is in emulsified oil–water
suspensions (Fig. 2.8). Emulsified nano zerovalent iron (EnZVI) is a biodegradable
emulsion, composed of a surfactant, biodegradable vegetable oil, water, and

Fig. 2.7 (a) Schematic
representation of bimetallic
NPs with severe possible
structures (1) core–shell
segregated structures (2)
heterostructure (3)
intermetallic or alloyed
structures and (4) multishell
structures (adapted from Liu
et al. 2014; Ferrando et al.
2008 with permission) and
examples of dimetallic
particles based on nZVI (b)
Si/Fe (adapted
from Fernández-Pacheco
et al. 2006 with permission),
(c) Ag/Fe (adapted
from Marková et al.
2013 with permission)
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nanoscale or micro-scale zerovalent iron particles in an emulsion (Su et al. 2012;
Yang and Chang 2011). In that case, nZVI dispersed in water is surrounded by a
liquid oil membrane forming droplets; the droplets then shield nZVI from direct
contact with the media into which it is applied to. EnZVI possesses hydrophobic
properties, making it miscible with DNALP contaminants. In that context, when the
oil emulsion droplet comes in contact with DNALP, DNALP can easily diffuse into
the interior place of the droplet where it can interact with nZVI and be degraded. The
degradation by-products subsequently diffuse from the droplet out to the aqueous
phase (O’Hara et al. 2006). In these systems, vegetable oil and surfactants sequesters
some of the organic contaminants and can further serve as electron donors facilitat-
ing the total degradation process (Su et al. 2012; Singh and Misra 2015). Application
of EnZVI on a large scale has been reported in several real cleanup scenarios mainly
focused on organochlorine contaminants. For example, volatile organic compounds,
e.g., trichloroethylene (TCE) and tetrachroroethylene (PCE) (Lee et al. 2007), and
pesticides, e.g., atrazine and cyanazine (Waria et al. 2009), have been successfully
and efficiently removed from subsurface aqueous systems. Namely, in USA almost
10% of the applied nZVI processes is related to the EnZVI, while, in Europe, no such
a field application has been reported so far (Mueller et al. 2012). Su et al. (2012)

Fig. 2.8 (a) Magnified image and schematic illustration of EnZVI (Su et al. 2012) (b) Photos
showing the dispersion of ZVI and EnZVI in a mixture of water and trichloroethene, TCE, solution
dyed with Sudan IV, (A) are shown the two distinct phases of water and TCE, (B) distinct phases of
water and TCE while the ZVI that was added remains separated from the TCE phase, (C) distinct
phases of water and TCE but EZVI is dispersed in the TCE phase (adapted from Quinn et al.
2005 with permission)
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described the pneumatic and direct injection as two different delivery methods of
EnZVI, providing promising results relating to the dechlorination and reductive
dechlorination of chlorinated ethenes. Extensive tests by O’Hara et al. (2006)
revealed the synergetic removal effect of EnZVI, while the combination of seques-
tration and abiotic degradation mechanisms driven by the oil emulsion and nZVI,
respectively, was found. Moreover, there have been promising results relating to the
stability and targetability of nZVI (Sheu et al. 2015). Dong et al. (2015) showed that
nZVI in emulsion appears to form fewer aggregates in comparison with bare nZVI,
while the oil concentration can be optimized, which leads to an efficient and long-
term reactivity toward toxic compounds removal. Furthermore, in a pilot-scale study
where a nZVI-emulsified colloidal substrate was used for PCE degradation, Sheu
et al. (2016) not only observed the efficient dechlorination after 130 days of
operation, but also noticed that the use of the nZVI-emulsified colloidal substrate
increased the popolutation of Dehalococcoides spp. (DHC) and Desulfitobacterium
spp. (DSB). The increase of DHC and DSB population promotes the PCE dechlo-
rination process (Grostern and Edwards 2006). It has to be noted that there are some
challenges that have to be dealt with in relation to the injection of such particles to a
subsurface, e.g., due to the viscosity of these emulsions (Bhattacharjee and Ghoshal
2016). The type of surfactant and the concentrations of all the components, e.g., oil,
could be tuned in order to maintain the highest remediation performance. For
instance, it was found that ionic surfactants are more preferable than nonionic
surfactants since they can lead, to some extent, to the enhancement of the degrada-
tion ability of nZVI (Cook 2009).

2.3.4 Using Electrokinetics

Electrokinetic (EK) remediation technology has been applied successfully to many
pilot-scale sites for soil and underwater treatment of various organic and inorganic
contaminants (Virkutyte et al. 2002; Gomes et al. 2012). An electrokinetic system
includes a pair of electrodes and direct-current power imbedded in the soil. A low
intensity electric current passes between a cathode and an anode. In that way,
different ions, charged particles, and water are moving towards the opposite charged
electrode. Mechanisms such as electro-migration, electro-osmosis, electrophoresis,
and electrolysis take place (Mulligan et al. 2001; Weng et al. 2006). The contami-
nants and their byproducts can be collected by electroplating or precipitation/co-
precipitation at the electrodesby the generated H2 and OH

�. In Fig. 2.9a are depicted
the electrokinetic phenomena that can occur involving the movement of electricity,
charged particles and fluids.

The integration of both techniques, electrokinetics and nZVI, can couple the
advantages and increase the benefits regarding water remediation. Among the
overall reactions that occur during the application of the electrokinetics, electrolysis
reaction of water causes the creation of H+ and OH� ions, with the first one to be
more mobile. The protons (H+) are very beneficial to the reaction with ferrous ions
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and in that way they eliminate formation of the iron oxide-passivation layer on nZVI
surface, thus extending the operational life of nZVI (Chang and Cheng 2006).
Moreover, electro-migration phenomena provide inhibition of sedimentation and
aggregation of nZVI, i.e., their mobility and advection is increased (Černík et al.
2019). Subsequently, long-term and high reactivity of nZVI is guaranteed. In
Fig. 2.9b is depicted a model example of the merge of the two techniques for
hexavalent chromium (Cr(VI)) removal, where nZVI is positioned as a reactive
wall and constant electric potential gradient was applied in order to move the
electrolyte solution within the soil cell. Weng et al. (2007) showed the successful
incorporation of nZVI and EK by presenting the synergetic effect of this combina-
tion in hexavalent chromium reduction. Chowdhury et al. (2012) investigated the
impact of an external electric field on nZVI mobility in two different porous media.
Due to the surface properties of nZVI, the nZVI injection into the media was
preferably applied near the cathode. The obtained results revealed the potential of
the minimization of nZVI oxidation and the enhancement of nZVI migration when
electrokinetics was applied.

Moreover, electrokinetics offers the flexibilty to involve any nZVI based material
in such processes. For instance, Reddy et al. (2011) studied the transport and
reactivity of aluminum lactate modified nZVI in dinitrotoluene contaminated soils
under applied electric potential, showing the altered properties both in mobility and

Fig. 2.9 (a) Basics of electrokinetic phenomena (adapted from Glendinning et al. (2007) with
permission), (b) Model of the combination of nZVI and electrokinetics process setup (adapted
from Weng et al. (2007) with permission), (c) Total iron distribution on the electrophoretic cell
(adapted from Gomes et al. (2013) with permission) (d) The effect of electrokinetics on water
chemistry (adapted from Chang and Cheng (2006) with permission) (e) The effect of electrokinetics
on TCE removal (adapted from Yang and Chang (2011) with permission)
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reactivity terms. Yang and Chang (2011) analyzed the removal efficiency of emul-
sified nZVI combined with electrokinetic remediation technique, providing promis-
ing insights into the application of such integrated methods. Gomes et al. (2013)
tested the transport properties of polymer coated nZVI when it is combined with EK,
indicating that nZVI mobility in various porous media can be enhanced with the use
of direct current.

2.3.5 nZVI Supported on Various Materials

Immobilization and stabilization of highly active nZVI can be achieved by synthet-
ically entrapping them onto a matrix. Aggregation phenomena are reported to be
considerably reduced when a matrix or the support material is used for the synthesis
of nZVI. In this case, nZVI possesses a higher specific area, colloidal stability,
homogeneous dispersion, and narrower size distribution (Ponder et al. 2000). There-
fore, supported nZVI display higher activity compared with non-supported systems
(Ponder et al. 2001). Additionally, a support material can serve as a “host” for the
byproducts that are formed during the nZVI reaction with the pollutants, e.g.,
degraded pollutant/Fe(III) hydroxides precipitates. Thus, the surface of nZVI
remains longer and highly active.

The synthesis and investigation of the stability and mobility of nZVI has been
achieved with great results in the presence of various support materials such as clays
(Zhang et al. 2012; Üzüm et al. 2009; Wu et al. 2012; Olson et al. 2012), polymer
resins (Ponder et al. 2000, 2001), amorphous silica and silica sand (Oh et al. 2007;
Dorathi and Kandasamy 2012), exfoliated graphite (Zhang et al. 2006), water-
soluble starch (He and Zhao 2005), cationic exchange membranes (Kim et al.
2008), cellulose acetate membranes (Meyer et al. 2004), alginate bead (Kim et al.
2010), activated carbon (Mackenzie et al. 2012), mesoporous silica (OMS) (Li et al.
2011), mesoporous silica microspheres (Qiu et al. 2011), nanostructured silica
SBA-15 (Saad et al. 2010), zeolites (Zhang et al. 2002), chitosan (Geng et al.
2009; Liu et al. 2012), graphene, and ordered mesoporous carbon (Ling et al.
2012). In Table 2.3 are listed some of the support materials and their functions
that have been used according the literature; in Fig. 2.10 are shown some results that
compare the efficacy of bare nZVI with supported nZVI.

Besides the benefits that arise from limiting the aggregation of nZVI, synergetic
effects can boost the total degradation ability of these materials even more
(Table 2.4). When an appropriate support material is used, absorption; reduction;
or photocatalytic properties can be added and multiply the effects. Thus, the use of a
support material is a matter of high technological importance because it can extend
the use and sustainability of nZVI. Moreover, the range of the targeted pollutants can
be widened, involving nZVI in a larger variety of environmental scenarios.
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Table 2.3 Various nZVI support materials and their function (Zhou et al. 2016)

Modified material Function

Silica Protect the particles from intersystem dipolar interactions;
provide numerous hydroxyl groups on the surface as active
sites

Quercetin Form complexes with some metal ions

Silver zeolite High reactivity (e.g., antimicrobial activity) and good thermal
stability; cation exchange and adsorption

Bifunctional polymer (outer
PEO and inner PPO)

Outer hydrophilic region for colloidal stability and an inner
hydrophobic region for solubilization of organic compounds

AMT-TMSPT To form a stable complex with soft transition metal ions (e.g.,
Ag and Cd).

CTAB and CPC Retain analytes by strong hydrophobic and electrostatic
interactions

PV3A Reduce particle size, ζ-potential, isoelectric point
Graphene Have excellent mechanical, electrical, thermal, and optical

properties and very high specific surface area; to form a strong
π-π stacking interaction with the benzene ring

PDA Offer biocompatibility, dispersibility in water, multifunctional
groups (amino and catechol groups), and provide π-π stacking
interaction to targets

PDMS Full of functional groups such as hydrocarbyl, high biocom-
patibility, hydrophobic

PNIPAM Thermosensitive, change the morphology by controlling tem-
perature to accomplish the release of target compounds

MOFs Possess extremely large surface area, low density, micropo-
rosity, easily designed or modified to have different pore sizes,
and regarded as promising candidates for storage, separation,
and catalysis

Chitosan Hydrophilic, biocompatible, and biodegradable; full of amino
groups, can form a chelate complexes with heavy metal ions

Clay Large surface area, hydrophilic, widely available, inexpensive
and safe

Fig. 2.10 Enhanced removal ability of nZVI (a) towards Cr(VI), B-nZVI: nZVI supported on
bentonite (adapted from Shi et al. 2011 with permission), (b) towards hexachlorobenzene (HCB),
nZVI/AC: nZVI supported on activated carbon (I and A refer to different processes followed for
loading of iron on activated carbon) (adapted from Chen et al. 2014 with permission)



2.4 Remediation Using nZVI

While nZVI has been widely used for site remediation in USA since the beginning of the
new millennium, the number of full-scale remediations employing nZVI is lower in
Europe (Mueller et al. 2012). Nevertheless, there is an increasing tendency to use nZVI
as a novel in situ reduction technology and this material has become a well-known reagent
for many environmental consultants. Although RNIP particles (TodaKogyo Corp., Japan)
have been applied to a few pilot-scale applications over the past 20 years, NANOFER
nZVI (NANO IRON s.r.o., Czech Republic) is the only commercially produced nanoscale
ZVI used for groundwater remediation in Europe nowadays. It has been used to treat over
twenty sites, mainly in Belgium, France, Switzerland, Spain, Portugal, Italy, Denmark and
the Czech Republic (Bardos et al. 2018).

Despite the great number of laboratory studies focused on pollutant removal by
nZVI published in the form of scientific papers, the number of the articles
documenting the full-scale or at least pilot-scale applications of nZVI is much
smaller. Their summary is provided in Table 2.5. What can account for such a
lack of literary sources could be the (hydro)geological as well as geochemical
complexity of groundwater and soil on site (i.e., leading to much higher degree of
uncertainty than in case of laboratory tests under the well-defined conditions)
complicating interpretation of the observed results (Litter et al. 2018).

The first documented pilot application of nZVI (in form of Fe/Pd bimetallic
nanoparticles) was performed by the pioneers of this technology, D. W. Elliott and
W. Zhang, in 2001 (Elliott and Zhang 2001). In the area of an active industrial zone
in Trenton, New Jersey, 1.7 kg of nZVI was fed by gravity through infiltration wells
within 2 days. The concentration of PCE (target contaminant; initial concentration
up to 800 μg/L) was reduced by 96% in 1 month after the application. Since that
time, bimetallic or bare nZVI has been used in plenty of pilot tests in USA but only

Table 2.4 Summary of examples of the nZVI modifications and their properties

Modified nZVI Beneficial features/added properties

nZVI supported on mesoporous silica (Petala
et al. 2013)

Elimination of agglomeration, high surface
area and reactivity

nZVI supported on biochar (Dong et al. 2017) Alleviation of passivation, biochar acts as a
scavenger for byproducts such as Cr(III)/Fe
(III) hydroxides, enhanced remediation ability

nZVI modified with sodium dodecyl sulfate
(SDS, an anionic surfactant) (Huang et al. 2015)

High stabilization (less aggregation and sedi-
mentation), higher remediation ability

nZVI/chitosan (Jin et al. 2016) Avoidance of agglomeration and air-oxidation

nZVI/titanium oxide (Petala et al. 2016) Synergetic photocatalytic and reductive
properties

nZVI/activated carbon (Tseng et al. 2011) Combination of physical adsorption capacity
and dechlorination destructive capacities

nZVI/amphiphilic polysiloxane graft copoly-
mers (Krajangpan et al. 2012)

Higher remediation ability, higher
dispersibility, colloidal stability
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some of them have been summarized with the results published in scientific journals
(see Table 2.5). In most cases, nanoparticles were prepared directly on site using
reduction of ferric salt by borohydride and only small amount of nZVI (less than
20 kg) was applied. The researchers focused not only on the remediation efficiency
of nanoparticles (Glazier et al. 2003; Bennett et al. 2010; Chowdhury et al. 2015) but
also on their migration ability and influence on microbial communities (Bennett et al.
2010; Kocur et al. 2014, 2015).

A pilot-scale application of nZVI in Marine Corps Depot former dry cleaners on
Parris Island, South Carolina, was unique by its scale among other published pilot
tests. Total amount of 275 kg of RNIP nZVI was emulsified with corn oil and
surfactant in order to enhance its mobility in the subsurface. The emulsion was
applied deploying two methods—pneumatic injection and direct injection. The
authors described the effects of nZVI on CHCs levels in the first paper (Su et al.
2012), and transport and transformation of the nanoparticles in the second one
(Su et al. 2013).

The use of nZVI for Cr(VI) reduction in a pilot in situ remediation was recently
reported (Němeček et al. 2015). The polluted site is located in the northern part of the
Czech Republic where potassium dichromate spread from the leather processing
plant. Prior to the treatment of the site, the Cr(VI) concentration in the soil,
accounting for up to 46 mg/kg, prevailed over those in the groundwater (3 mg/L).
The contaminated aquifer is situated in the quaternary sands and gravels with clayey
admixtures and the water table was found 4.5–5.5 m bgl (aquifer thickness about
5 m). The groundwater flows with a velocity 0.2–2 m per day and discharges into a
river 500 m away. In August 2012, 120 kg of nZVI (NANOFER 25 from NANO
IRON s.r.o., Czech Republic) was applied to the saturated contaminated zone
through three injection wells situated perpendicularly to the groundwater flow with
spacing of 2.8 m (i.e., configuration of the injected geochemical barrier). Another
four monitoring wells (1 of them up-gradient and 3 down-gradient) has been drilled
at the site and the evolution of selected physico-chemical parameters and changes in
Cr(VI) contamination level were monitored before and after the nZVI. The nZVI
application resulted in an immediate decrease in the redox potential down to
�484 mV (within 1 day), followed by a rapid decrease in the concentration of
both Cr(VI) and total Cr. The rapid reductive effect of nZVI was observed at a
distance of 7 m down-gradient.

A similar approach, which seems to be highly promising due to the partial
regeneration of the applied nZVI through successive abiotic and biotic reduction
steps, was applied by the same authors at another site in the Czech Republic
(Němeček et al. 2016). In this case, the aquifer is located in quaternary sandy gravel
with silty admixtures and overlaid by clay and clayey loam. It is approx. 4 m thick
and drained by the groundwater flow equal to 1.5 m per day into a river at the
distance of 430 m. The groundwater was contaminated with Cr(VI) (4–57 mg/L) and
TCE/cis-DCE (400–6000 μg/L of sum of CHCs) as a consequence of the historical
chromium coating industrial activities. Two types of nZVI particles (20 kg of
NANOFER STAR followed by another 20 kg of NANOFER 25S, both from
NANO IRON s.r.o., Czech Republic) were applied by direct push technology during

40 T. Phenrat et al.



T
ab

le
2.
5

S
um

m
ar
y
of

th
e
pi
lo
ta
pp

lic
at
io
ns

of
nZ

V
I
as

pu
bl
is
he
d
in

th
e
sc
ie
nt
ifi
c
lit
er
at
ur
e
be
fo
re

20
18

Y
ea
r
of

pu
bl
ic
at
io
n

N
am

e
of

th
e
si
te

S
ta
te
,

pr
ov

in
ce

T
yp

e
of

nZ
V
I

(a
dd

iti
on

al
su
bs
tr
at
e)

A
m
ou

nt
of

Z
V
I

A
pp

lic
at
io
n

m
et
ho

d
T
ar
ge
t

co
nt
am

in
an
t

A
qu

if
er

de
sc
ri
pt
io
n

R
ef
er
en
ce

20
01

T
re
nt
on

N
ew

Je
r-

se
y,

U
S
A

B
or
oh

yd
ri
de
-

nZ
V
I
w
ith

pa
lla
di
um

1.
7
kg

F
ed

by
gr
av
ity

th
ro
ug

h
in
fi
ltr
a-

tio
n
w
el
ls

T
C
E

E
lli
ot
t
an
d

Z
ha
ng

(2
00

1)

20
03

R
es
ea
rc
h

T
ri
an
gl
e

P
ar
k

N
or
th

C
ar
-

ol
in
a,
U
S
A

B
or
oh

yd
ri
de
-

nZ
V
I

11
.2

kg
P
re
ss
ur
e
in
je
c-

tio
n
th
ro
ug

h
pe
rm

an
en
t
w
el
l

C
H
C
s

D
is
tin

ct
,s
ta
ck
ed
,a
nd

re
pe
at
in
g
se
di
m
en
ta
ry

pa
ck
ag
es

co
ns
is
tin

g
of

sa
nd

st
on

e
gr
ad
in
g
an
d

fi
ni
ng

up
w
ar
d
in
to

si
lts
to
ne

G
la
zi
er
et
al
.

(2
00

3)
an
d

Z
ha
ng

(2
00

3)

20
10

S
an

F
ra
nc
is
co

B
ay

C
al
if
or
ni
a,

U
S
A

B
or
oh

yd
ri
de
-

nZ
V
I
an
d

bo
ro
hy

dr
id
e-
F
e/

P
d
(0
.1

w
t%

)
(C
M
C
)

0.
24

8
kg

S
in
gl
e
w
el
l

pu
sh
-p
ul
l
te
st

T
C
E

H
ol
oc
en
e
an
d
P
le
is
to
-

ce
ne

al
lu
vi
al
se
di
m
en
ts
,

pr
ed
om

in
an
tly

si
lts

an
d

cl
ay
s,
an
d
co
ar
se
-

gr
ai
ne
d
se
di
m
en
ts

B
en
ne
tt

et
al
.(
20

10
)

20
10

K
ao
hs
iu
ng

T
ai
w
an

B
or
oh

yd
ri
de
-F
e/

P
d
(1

w
t%

),
F
e/
P
d
(1

w
t%

)
fr
om

L
eh
ig
h

na
no

te
ch
,L

L
C

60
kg

F
ed

by
gr
av
ity

th
ro
ug

h
in
fi
ltr
a-

tio
n
w
el
ls

V
C

U
nc
on

fi
ne
d
aq
ui
fe
r,

co
m
po

se
d
of

m
ed
iu
m
to

co
ar
se

sa
nd

an
d
fe
w
si
lt

W
ei
et
al
.

(2
01

0)

20
12

,2
01

3
P
ar
ri
s

Is
la
nd

S
ou

th
C
ar
-

ol
in
a,
U
S
A

R
N
IP

(c
or
n
oi
l)

27
5
kg

P
ne
um

at
ic

in
je
ct
io
n
an
d

di
re
ct
-p
us
h

C
H
C
s

S
ha
llo

w
,u

nc
on
fi
ne
d

aq
ui
fe
r
ge
ne
ra
lly

co
ns
is
tin

g
of

pe
rm

e-
ab
le
,fi

ne
to

m
ed
iu
m
,

P
le
is
to
ce
ne

ag
e
sa
nd

S
u
et
al
.

(2
01

2,
20

13
)

20
14

,2
01

5
S
ar
ni
a

O
nt
ar
io
,

C
an
ad
a

B
or
oh

yd
ri
de
-

nZ
V
I
(C
M
C
)

0.
75

kg
F
ed

by
gr
av
ity

th
ro
ug

h
in
fi
ltr
a-

tio
n
w
el
ls

C
H
C
s

B
ro
w
n
w
ea
th
er
ed

cl
ay
,

un
de
rl
ai
n
by

gr
ay

cl
ay

K
oc
ur

et
al
.

(2
01

4,
20

15
)

(c
on

tin
ue
d)

2 Nanoscale Zero-Valent Iron Particles for Water Treatment: From Basic. . . 41



T
ab

le
2.
5

(c
on

tin
ue
d)

Y
ea
r
of

pu
bl
ic
at
io
n

N
am

e
of

th
e
si
te

S
ta
te
,

pr
ov

in
ce

T
yp

e
of

nZ
V
I

(a
dd

iti
on

al
su
bs
tr
at
e)

A
m
ou

nt
of

Z
V
I

A
pp

lic
at
io
n

m
et
ho

d
T
ar
ge
t

co
nt
am

in
an
t

A
qu

if
er

de
sc
ri
pt
io
n

R
ef
er
en
ce

20
15

L
on

do
n

O
nt
ar
io
,

C
an
ad
a

B
or
oh

yd
ri
de
-

nZ
V
I
(C
M
C
)

0.
14

2
kg

F
ed

by
gr
av
ity

th
ro
ug

h
in
fi
ltr
a-

tio
n
w
el
ls

T
C
E

S
an
d
an
d
gr
av
el
fi
ll
or

br
ow

n
re
w
or
ke
d
si
lty

sa
nd

co
nt
ai
ni
ng

sa
nd

an
d
si
lt

C
ho

w
dh

ur
y

et
al
.(
20

15
)

20
14

,2
01

5
H
rá
de
k

na
d
N
is
ou

C
ze
ch

R
ep
ub

lic
N
A
N
O
F
E
R

25
(w

he
y)

12
0
kg

P
re
ss
ur
e
in
je
c-

tio
n
th
ro
ug

h
pe
rm

an
en
tw

el
ls

C
r(
V
I)

Q
ua
te
rn
ar
y
sa
nd

s
an
d

gr
av
el
s
w
ith

cl
ay
ey

ad
m
ix
tu
re
s

N
ěm

eč
ek

et
al
.(
20

14
,

20
15

)

20
16

__
C
ze
ch

R
ep
ub

lic
N
A
N
O
F
E
R
25

S
,

N
A
N
O
F
E
R

S
T
A
R
(w

he
y)

40
kg

D
ir
ec
t-
pu

sh
C
r(
V
I)
,

C
H
C
s

Q
ua
te
rn
ar
y
sa
nd

y
gr
av
el
s
w
ith

si
lty

ad
m
ix
tu
re

N
ěm

eč
ek

et
al
.(
20

16
)

20
16

W
on

ju
S
ou

th
K
or
ea

N
A
N
O
F
E
R
25

S
30

kg
In
je
ct
io
n

th
ro
ug

h
a

pa
ck
er

T
C
E

U
nc
on

so
lid

at
ed

so
il

la
ye
r,
w
ea
th
er
ed

ro
ck
,

an
d
an

in
ta
ct
Ju
ra
ss
ic

bi
ot
ite

gr
an
ite

bo
tto

m
zo
ne

A
hn

et
al
.

(2
01

6)

20
17

H
ru
še
vo

S
lo
ve
ni
a

N
A
N
O
F
E
R

25
,N

A
N
O
F
E
R

S
T
A
R
,b

or
oh

y-
dr
id
e-
nZ

V
I

F
ro
m

0.
5
to

5
g/
L

in
a
dy

na
m
ic

op
er
at
io
n
m
od

e

T
re
at
m
en
t
of

ef
fl
ue
nt

fr
om

an
ex
is
tin

g
w
as
te

w
at
er

tr
ea
tm

en
t

pl
an
t

H
ea
vy

m
et
al
s,

ni
tr
og

en
in

va
ri
ou

s
fo
rm

s,
ba
ct
er
ia

__
O
pr
čk
al

et
al
.(
20

17
)

20
17

Ji
an
gx

i
C
hi
na

B
or
oh

yd
ri
de
-

nZ
V
I

A
pp

ro
x.

0.
46

2
g/

L
in

a
co
nt
in
uo

us
op

er
at
io
n
m
od

e
(r
un

ni
ng

fo
r

12
0
da
ys
)

nZ
V
I
re
ac
to
rs

co
nn

ec
te
d
to

th
e

ex
is
tin

g
w
as
te

w
at
er

tr
ea
tm

en
t

pl
an
t

H
ea
vy

m
et
al
s

__
L
ie
t
al
.

(2
01

7)

42 T. Phenrat et al.



the period of 4 months into the three boreholes situated perpendicularly to the
groundwater flow. In the second step, the whey was applied a few months later
using a circulation system resulting in 60 mg/L of TOC in the groundwater. The
application of nZVI caused a decrease in the redox to below�400 mV, subsequently
stabilized at 50–100 mV after the injection of whey. The evolution of chlorinated
volatile organic compounds concentration during the pilot test is presented in
Figs. 2.11 and 2.12.

Another pilot application of NANOFER particles was performed in South Korea
(Ahn et al. 2016). nZVI was injected into the groundwater in order to treat TCE
source in the aquifer of the Road Maintenance Office. Except the evaluation of the
nZVI effectivity in the groundwater, the authors focused on the effect of nitrate and
DO on TCE reduction and studied also reactive lifetime of injected nZVI particles.
The application resulted in removal of >95% of the total TCE in 60 days. The

Fig. 2.11 Evolution of chlorinated VOCs (CHCs) concentration in the groundwater (a) before and
(b) after the first nZVI application (adapted from Němeček et al. 2016 with permission)

Fig. 2.12 Evolution of CVOCs (CHCs) concentration in the groundwater (a) before and (b) after
the second nZVI application (adapted from Němeček et al. 2016 with permission)
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undesirable reactions of nZVI with dissolved oxygen and nitrates were identified as
contributing to Fe(0) consumption to a large extent. The reactive lifetime of the
nanoparticles at the site was found to be at least 103 days but some residual Fe
(0) was proved to be present on site even after 165 days.

Not only were pilot trials on the in situ groundwater remediation reported, but
also the usage of nZVI for waste water treatment was documented. A Slovenian
research team investigated the effects of different nZVI particles (NANOFER
25, NANOFER STAR and borohydride-nZVI) on metal, bacteria and content of
nitrogen in a real effluent water from a small biological wastewater treatment plant
(Oprčkal et al. 2017). This work showed that there can be a risk of releasing trace
elements into the water if these are bound to nZVI particles. Therefore, careful
optimization of the iron load, and of the mixing and settling times, is necessary for
the efficient process optimization. Despite in-house nZVI being the most efficient at
inactivating pathogenic bacteria, these nanoparticles are not appropriate for remedi-
ation since it was found that the high levels of B and Na, originating from the NaBH4

used for their synthesis, contaminated the remediated water. The NANOFER
25 slurry most effectively removed potentially toxic elements and at optimal mixing
and settling times (400 and 180 min, respectively) effectively disinfected effluent
water at a low (0.5 g/L) iron load.

In another study, a full-scale application of nZVI for heavy metal removal from
waste water of the Jiangxi Copper Company, China, has been reported (Li et al.
2017). The waste water was contaminated predominantly with Cu, Ni, Zn, Pb, As, Se
and Sb. Borohydride-reduced nZVI was applied in 5 m � 5 m � 3 m separated
modules connected to the existing waste water treatment plant. The performance of
the technology over 120 days proved that nZVI acted as a highly efficient reagent
(>99.5% removal of key metals with capacities of 245 mg and 226 mg of As and Cu
per 1 g of nZVI, respectively) providing a low redox potential and subsequent
separation of metals. The advantage of such a technology lies in the fact that nZVI
keeps a low redox condition in the closed reactors, lowering the required nZVI
demand over time (>12 months) with partial recycling of nZVI.
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