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Preface

Soil and groundwater contamination remains a serious threat to humans and to the
ecosystem. Sources of contamination include accidental spills or routine improper
hazardous waste management from various industrial activities, for example, mining,
petrochemical, refinery, electronic, petrol station (underground storage tanks), treat-
ment, storage, and disposal facility industries. Hundreds of thousands of contami-
nated sites have been identified in the USA. Similarly, in Europe, in 2011,
approximately 1.2 million potentially contaminated sites and 130,000 contaminated
sites have been identified. In 2014, the Chinese National Soil Survey found that
16.1% of all soil and 19.4% of cultivated land were contaminated by hazardous
organic and inorganic chemicals. This amounted to roughly 25 million ha. of con-
taminated soil and 3.5 million ha. of farmland that was too contaminated to safely
allow agriculture. Even a small country like Thailand has more than 12 identified
contaminated sites and 40 potentially contaminated sites throughout the country.

Tremendous advances have been made regarding regulations, tools for site
characterization, risk assessment, and remediation technology. However, the cost
of remediation remains high. The US EPA (2004) estimated that cleaning up
294,000 sites from 2004 to 2033 would cost about US$209 billion. Similarly, in
Europe, 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]). In China, in 2016, the State Council of China issued a Soil Pollution
Prevention and Control Action Plan to restore 90% of contaminated farmland soil to
be safe for human use by 2020 and 95% by 2030. Thailand’s government is spending
US$14.44 million to clean up the lead-contaminated sediment at Klity Creek,
Kanchanaburi Province. This is the first court-ordered remedial action in Thailand.
Over the next several decades, remediation research and business will be needed to
address legacy and emerging pollutants (e.g., PFOS) in countries across worldwide.

Nanoscale zerovalent iron (NZVI) has proven to be versatile and has the potential
to compliment and overcome critical limitations of many of the standard remediation
technologies. The small size allows zerovalent iron (ZVI) typically used to build a
permeable reactive barrier, a passive technique, to become an active technique that
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can be delivered into deep or difficult to reach source zones to speed up remediation.
Over two decades of active NZVI research have provided a large body of knowledge
about the uses, benefits, and limitations of NZVI. The number of peer-reviewed
papers and citations related to NZVI has increased quadratically every year. In 2017,
there were 262 peer-reviewed NZVI journal papers and 8094 citations. There are
77 documented pilot- and full-scale demonstration sites where NZVI was used as
part of the remediation technology, primarily for chlorinated solvents. Significant
progress has been made in understanding how environmental conditions affect
reactivity, how to emplace NZVI in situ, and how to leverage the complex, coupled
interactions between NZVI and bioremediation. Remediation performance expecta-
tions are slowly becoming clear, depending on the type of NZVI, the type of
contaminant, site conditions, and injection methods. Thus, it is the right time for a
book that is solely devoted to advancing NZVI research and its field application.

This book presents the past, the present, and the future of NZVI research from
fundamental science to field-scale engineering applications. The 16 chapters are
based on more than two decades of laboratory research and development and field-
scaled demonstrations of NZVI implementation. The first chapter presents a brief
history of NZVI research and applications over the last two decades, while the other
15 chapters in this book provide detailed contents on the progress of NZVI, which is
essential for researchers and practitioners aiming to study or to deploy the technol-
ogy. The chapters review well-established aspects of NZVI, including NZVI syn-
thesis, characterization (Chap. 2), and reactivity toward organic contaminants
(Chap. 3), metals, and metalloids (Chap. 4), fundamental and modeling aspects of
NZVI modification for subsurface delivery including theoretical explanations of
rapid agglomeration and poor dispersion stability of NZVI and surface engineering
approaches to overcome these limitations (Chap. 5), and modeling tools for field-
scale applications (Chap. 6). Chapters 7 and 8 provide details of experiences and best
practices for field-scale applications of NZVI from real practitioners. Chapters 9, 10,
11, 12, 13, and 14 present recent advances and novel combined remedies using
NZVI, including sulfidation of NZVI (Chap. 9), NZVI and bioremediation
(Chap. 10), thermally enhanced NZVI remediation using electromagnetic induction
(Chap. 11), pre-magnetization and application of a weak magnetic field (Chap. 12),
vadose-zone applications of NZVI with electromagnetic induction (Chap. 13), and
aerosol-based iron-carbon nanocomposites for synergistic adsorption and reduction
of Cr (VI) (Chap. 14). Risk and environmental implication of NZVI is also discussed
in depth in Chap. 15. Finally, Chap. 16 concludes with the state of the knowledge
and future needs for NZVI applications in subsurface remediation.

The authors of each chapter are leading researchers and/or practitioners in NZVI
technology. The intended audience includes remediation professionals,
policymakers, practicing engineers, researchers, and students seeking to understand
and to improve NZVI performance in remediation. This volume should serve as a
comprehensive technical resource for remediation professionals and researchers to
support effective application and development of NZVI-based technologies.

Phitsanulok, Thailand Tanapon Phenrat
Pittsburgh, PA, USA Gregory V. Lowry
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Chapter 1
Nanoscale Zerovalent Iron (NZVI)
for Environmental Decontamination:
A Brief History of 20 Years of Research
and Field-Scale Application

Tanapon Phenrat, Gregory V. Lowry, and Peyman Babakhani

Abstract Environmental contamination continues to pose a serious threat to human
health and the ecosystem. Over the next several decades, remediation research and
business will be actively restoring both legacy and newly spilled sites in many
countries worldwide. This chapter critically reviews the 20-year progress
(1997–2017) in nanoscale zerovalent iron (NZVI) research and development from
laboratory testing to pilot- and field-scale demonstrations. Several major areas of
NZVI research, including (1) NZVI synthesis and reactivity, (2) aggregation,
(3) transport in porous media, (4) polymer modification including carboxymethyl
cellulose (CMC), (5) toxicity, (6) sulfidation, and (7) use of electromagnetic fields to
enhance remediation, are discussed. Additionally, we summarize important aspects
of pilot- and field-scale NZVI applications from 27 peer-reviewed articles and
credible reports including the types of contaminants and NZVI used; delivery
techniques; injection concentration, rates, and durations; hydrogeological conditions
of the sites; pre-operations (before NZVI application); unexpected phenomena (such
as clogging) during or after NZVI application; and performance monitoring
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including the radius of influence, treatment efficiency, and rebound. Finally, this
chapter links the past, present, and future of NZVI research and application to the
remaining 15 chapters of this book.

Keywords Nanoscale zerovalent iron · Historical perspectives · Research and
development · Field-scaled implementation · Timeline

1.1 International Status of Soil and Groundwater
Contamination and Remediation

Environmental contamination with hazardous substances continues to pose a
serious threat to human and ecological health worldwide. Sources of contamina-
tion are broad and include accidental spills or routine improper hazardous waste
management from various industrial activities, for example, the mining, petro-
chemical, refinery, electronic, petrol station (underground storage tanks), treat-
ment, storage, and disposal facility industries. Contamination of soil and
groundwater is pervasive throughout the world. As of 2018, 1566 contaminated
sites have been listed in the National Priority List (NPL) in the USA, and only
381 have been sufficiently restored to meet acceptable risk and have been
announced for site deletion (US.EPA 2018b). In 2011, approximately 1.2 million
potentially contaminated sites and 130,000 contaminated sites have been identified
in the European Economic Area (European Environment Agency 2014). Many of
those sites contain chlorinated organic contaminants that are amenable to treatment
by NZVI (Panagos et al. 2013). In 2014, the Chinese government published a
national soil survey report showing that 16.1% of all soil and 19.4% of cultivated
land were contaminated by 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 lands,
likely leading to abnormally high levels of liver, lung, esophageal, and gastric
cancers for the people living near them (Lu et al. 2015). Thailand has significant
contamination problems from past mining activities (e.g., Phichit’s gold mine)
(Rujivanarom 2018). Metal contamination and hazardous organic contaminants,
such as phenol and total petroleum hydrocarbons, due to illegal dumping, contam-
inate shallow groundwater used for consumption by affected villagers (Phenrat
et al. 2017). For other Asian countries, such as Myanmar and Vietnam, contami-
nated sites and their effects on the quality of life have been increasingly reported
(Rujivanarom 2017; Phenrat et al. 2018). Thus, concern regarding the health
threats from groundwater and soil contamination in those countries may follow the
same path as China and Thailand.

The costs to remediate these sites will be large. The USEPA (2004) estimated
that, from 2004 to 2033, the cost for remediation of US contaminated sites may be as
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high as US$209 billion for as many as 294,000 sites. As of 2018, 58,340 sites in EU
have been remediated (European Environment Agency 2014). Annual national
expenditures for managing contaminated sites are, on average, EUR 10.7 per capita
(an average of 0.041% of the national gross domestic product [GDP]). In 2016, the
State Council of China issued a Soil Pollution Prevention and Control Action Plan.
The plan was to restore 90% of contaminated farmland soil to be safe for human use
by 2020 and 95% by 2030, as specified in China’s 13th Five-Year Plan (Li et al.
2015). The government estimated that, with 3.33 million ha. of contaminated
farmland already identified, the total budget remediation could reach as much as
US$ 157 billion (based on 2018 USD) (Reuters 2017).

However, remediation also yields benefits to society from the redevelopment of
contaminated sites and cost savings from avoiding health risks from hazardous
substance exposure (US.EPA 2011). For example, an annual national benefit from
redevelopment at Superfund sites was estimated to be US$54.8 billion for 2017
alone (US.EPA 2018a). Kiel and Zabel (2001) estimated that the benefit from
cleaning up two Superfund sites in Woburn, Massachusetts, ranges from US$72 to
US$122 million (1992 USD), which is greater than the present estimated costs for
cleaning up these sites (Kiel and Zabel 2001). Remediation, especially in Asian
countries where remediation services markets are just emerging, will continue to be
an important business. This gives a plenty of opportunity to NZVI research and
development.

1.2 Nanoscale Zerovalent Iron: A Brief History of Research
and Development

Although more than 59 remediation technologies from 14 types of treatment
processes are available in various stages of development and application (FRTR
2016) (see examples in Table 1.1), innovative in situ remediation technologies like
NZVI are needed to overcome critical limitations of existing techniques. The small
size allows zerovalent iron (ZVI) typically used to build a permeable reactive
barrier, a passive technique (Table 1.1), to become an active technique that can be
delivered into deep or difficult to reach contaminant source areas to speed up
remediation. Figure 1.1 illustrates interesting statistics on the research and devel-
opment (R&D) in the NZVI field of study based on the Web of Science (WOS)
database from 2001 to 2018.

Notably, the number of peer-reviewed papers and citations in this field has
increased quadratically every year until now. In 2017, there were 262 peer-reviewed
journal papers and 8094 citations related to NZVI research. Figure 1.2 illustrates a
timeline of NZVI R&D over the last two decades (from 1997 to 2017). Based on our
perspective, we divide the NZVI R&D into several major topics, including (1) NZVI
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Table 1.1 Examples of available remediation technologies

Technology Description/definition Application Limitation

Steam-
enhanced
extraction

Combination of steam
injection and vacuum
extraction
Enhancement of soil
vapor and groundwater
extraction
Injection using pulsed
mode with continuous
vacuum extraction until
steam breakthrough

Recovery of organic
compounds from
unsaturated and satu-
rated subsurface
Most effective in
coarse-grained
aquifers

Limited applicability in
silt or clay

Thermal con-
duction
heating

Applies heat to the soil
using a combination of
thermal conduction and
vacuum
Heats soil to temperatures
above 100 �C
Configured for treatment
of the surface (thermal
blankets) or subsurface
(thermal wells)

High boiling-point
contaminants
Not dependent on per-
meability of soil

Limited to unsaturated
zones
May require extensive
dewatering or hydraulic
control, if applied in
saturated zones

Surfactant-
enhanced
aquifer reme-
diation
(SEAR)

Involves injecting and
extracting surfactant solu-
tion to solubilize and/or
mobilize dense
nonaqueous phase liquids
(DNAPLs)
Solubilized DNAPL
travels within
microemulsions that are
readily transported
through the aquifer
Includes hydraulic control
to direct the flow of
injectate and prevent
uncontrolled DNAPL
migration
Extracted fluids are
treated above ground to
separate contaminants
from the surfactant waste
stream

Applicable to treat-
ment of volatile and
semi-volatile com-
pounds in the saturated
zone
May work beneath
structures that are
inaccessible using
other techniques
Recovery and
recycling of surfactant
may be necessary to be
cost-effective

The DNAPL zone must
be carefully character-
ized prior to SEAR
activities to develop a
cost-effective design
Low-permeability zones
may not be treated
effectively
May result in
uncontrolled DNAPL
migration

Enhanced
reductive
bioremediation

Injection of organic sub-
strate into the subsurface
releases hydrogen (elec-
tron donor) upon fermen-
tation
Applied by direct-push
injection or backfill
auguring
Commercial electron

Applicable to hydro-
phobic adsorbed con-
taminants and
dissolved-phase con-
taminants
May be applicable to
moderate levels of
residual DNAPL

May not be cost-
effective in highly aero-
bic zones
May not be applicable at
DNAPL sources (unfa-
vorable conditions for
microbial communities)

(continued)
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synthesis and reactivity, (2) aggregation, (3) transport in a porous medium, (4) poly-
mer modification, (5) toxicity, (6) sulfidation, and (7) use of electromagnetic fields to
enhance remediation. NZVI synthesis and reactivity studies started with the first
introduction of NZVI and remain very active since there remains a need to develop
better NZVI-based materials for remediation. Other major topics emerged as

Table 1.1 (continued)

Technology Description/definition Application Limitation

donors (e.g., sodium lac-
tate, hydrogen release
compound, molasses,
methanol, and vegetable
oil) are available
Enhances reductive
bio-attenuation process
Facilitates desorption of
sorbed materials via
development of a steep
concentration gradient
and release of
biosurfactant

Permanganate Permanganate injected
into the subsurface
Delivery methods include
soil mixing, direct injec-
tion, and oxidant
recirculation
Results in direct oxidation
of organic contaminants

Oxidizes many
CVOCs

Subsurface heterogene-
ities can cause
nonuniform distribution
of oxidants
Limited by mass transfer
limitations and/or poor
contact with oxidant
May cause increase in
dissolved manganese
levels
Effective subsurface
porosity may be reduced
due to precipitation of
MnO2

May need more than one
application of oxidant to
remediate rebound
effects

Permeable
reactive
(or sorption)
barrier

Emplacement of reactive
or sorptive media in the
subsurface is designed to
intercept a contaminant
plume to transform the
contaminants into benign
forms to attain remedia-
tion concentration goals
downgradient of the
barrier

Treats many contami-
nants
Cost-effective remedi-
ation with low mainte-
nance and operational
cost
Good for corrective
action since the site
can be used during
remediation

Lengthy time for
cleanup and monitoring
Passive treatment cannot
address the DNAPL
source zone to speed up
remediation
Long-term reduction of
permeability of the per-
meable reactive barrier
Installation is difficult
and expensive
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researchers increasingly understand NZVI applications and limitations. Each major
topic has seminal papers, which revealed the importance of the topic and called for
attention from the research community to perform further investigations. The time-
line in Fig. 1.2 shows such seminal papers for each major field of study selected with
respect to the year of publication and total citations from WOS.

The timeline illustrates the brief history of NZVI R&D from the authors’
perspective. The application of ZVI in the form of iron filings or micron-sized
particles in a permeable reactive barrier started in 1990 (Reynolds et al. 1900;
Gillham and O’Hannesin 1994). The synthesis of nanoscale iron particles from the
borohydride reduction of Fe(II) and Fe(III) salts was reported more than 50 years
ago (Oppegard et al. 1961), but the application of NZVI to degrade environmental
contaminants was first introduced in 1997 by Wang and Zhang. NZVI is an
excellent electron donor (Eq. 1.1) capable of reductive transformation of contam-
inants with EH

0 greater than �0.447 V (Table 1.2). The transformation involves
reductive dechlorination of chlorinated organics (trichloroethylene [TCE],
tetrachloroethylene [PCE], and vinyl chloride [VC]) and reduction and immobili-
zation of metals. For the metals with an EH

0 lower than �0.41 V, detoxification by
NZVI is mainly by sorption/surface complexation (Li and Zhang 2007).

Fe2þ þ 2e� ! Fe0 EH
0 ¼ �0:447 V ð1:1Þ

The small size of NZVI results in an increasing fraction of atoms at the surface,
excess surface energy, and high surface to volume ratio (Wang and Zhang 1997).
These properties lead to higher contaminant degradation/immobilization rates per
mass of the remediation agents compared to bulk materials. Additionally, the small
size of NZVI offers the potential for injection into the subsurface for in situ

Fig. 1.1 Total peer-reviewed papers and total citations of NZVI research per year from 2001 to
2018 (as of February 2018) based on the Web of Science database

6 T. Phenrat et al.
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remediation (Elliott and Zhang 2001; Schrick et al. 2004). Thus, after several
relevant papers on synthesis and reactivity evaluation of bimetallic NZVI and
supported NZVI from 1997 to 2001 by Zhang’s group and Mallouk’s group
(Wang and Zhang 1997; Zhang et al. 1998; Lien and Zhang 1999, 2001; Ponder
et al. 2000, 2001), NZVI research rapidly moved to its first field-scale trial in 2001
(Elliott and Zhang 2001). In this demonstration, the TCE reduction efficiency was
reported to be up to 96% over a 4-week monitoring period with the highest values
observed at the NZVI injection well (Elliott and Zhang 2001).

This first field trial used uncoated bimetallic NZVI, so a low concentration of the
NZVI dispersion (0.75 and 1.5 g/L) was used to reduce subsurface pore clogging by
NZVI due to aggregation (Elliott and Zhang 2001). Not long after that first field trial,
researchers realized the high reactivity and small size alone were insufficient to make
NZVI a good in situ remediation agent. The NZVI must also be readily dispersible in
water such that it can be delivered at a relatively high particle concentration (3–20 g/
L for effective source-zone removal) through a water-saturated porous medium to
the contaminated area and must be able to target specific contaminants such as dense

Table 1.2 Contaminants of concern amendable by NZVI and 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) CrO4
2� + 8H+ + 3e� $ Cr3+ + 4H2O 1.51

Chromium (Cr) Cr2O7
2� + 14H+ + 6e� $ 2Cr3+ + 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) UO2
2+ + 4H+ + 2e� $ U4+ + 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� $ H2C¼CH2 + 2Cl� 0.74

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

Tetrachloroethylene (PCE) Cl2C¼CCl2 + H+ + 2e� $ Cl2C¼CHCl + Cl� 0.57

Trichloroethylene (TCE) Cl2C¼CHCl + H+ + 2e� $ Cl2C¼CH2 + Cl� 0.53

Vinyl chloride (VC) ClHC¼CH2 + H+ + 2e� $ H2C¼CH2 + Cl� 0.45

1,1-Dichloroethane (1,1-DCE) Cl2C¼CH2 + H+ + 2e� $ ClHC¼CH2 + Cl� 0.42

1 Nanoscale Zerovalent Iron (NZVI) for Environmental Decontamination: A. . . 9



nonaqueous phase liquid (DNAPL; Fig. 1.3). Researchers realized that the mobility
of uncoated NZVI in saturated porous media is very limited (i.e., practical transport
distances of only a few centimeters or less for uncoated, unsupported particles;
Schrick et al. 2004; Phenrat et al. 2007; Saleh et al. 2007). They hypothesized that
the limited mobility may be due to either NZVI deposition or aggregation or both
(Schrick et al. 2004; Phenrat et al. 2007; Saleh et al. 2007).

Thus, from 2004 on, research was aimed at developing approaches to enhance
NZVI mobility and deliverability in porous media (Fig. 1.2). Mallouk’s group
proposed the first synthesis of carbon-supported NZVI in 2004 (Schrick et al.
2004), while Lowry and Tilton’s group proposed the use of triblock copolymers
and homopolymers as surface modifiers for pre-synthesized NZVI in 2005 (Saleh
et al. 2005; Phenrat et al. 2008, 2009b). This polymeric surface modification pro-
vides not only electrosteric repulsion to decrease agglomeration and deposition
(Phenrat et al. 2009a, 2010b; Phenrat and Lowry 2009) but also functional groups
to target the nonaqueous phase liquid (NAPL) source zone (Saleh et al. 2005;
Phenrat et al. 2011).

Fig. 1.3 Ideal conceptual mode of delivering NZVI for in situ nonaqueous phase liquid (NAPL)
source-zone remediation. Particle mobility and contaminant targetability are needed for effective
remediation

10 T. Phenrat et al.



Additionally, in 2005, Zhao’s group proposed a one-pot synthesis of
carboxymethyl cellulose (CMC)-modified NZVI to enhance NZVI mobility in
porous media (He and Zhao 2005), while Quinn et al. (2005) developed emulsified
zerovalent iron (EZVI) to deliver NZVI into the NAPL source zone. In addition to
abiotic degradation by NZVI, biodegradation enhanced by the presence of oil and
surfactant in the EZVI emulsion was hypothesized in its first field trial (Quinn et al.
2005). Later, NZVI entrapped in porous silica particles was first synthesized by
John’s group (Zhan et al. 2008; Zheng et al. 2008). The importance of the magnetic
properties of NZVI on its rapid agglomeration and limited mobility in porous media
was revealed by Phenrat et al. (2007). After these works, NZVI agglomeration and
transport in porous media became a significant area of NZVI R&D. Moreover,
polymeric surface modification, especially CMC modification, became a very pop-
ular approach to prepare NZVI for both laboratory study and field-scale application.

Around 2006, the potential for undesirable effects of nanotechnologies became a
concern in the scientific community (Wiesner et al. 2006). Several research groups
studied environmental fate and transport and the toxicity of various nanoparticles
used in commercial products. Unavoidably, for NZVI, which is directly applied to
the environment, there was a need to understand the mobility of polymer-modified
NZVI at low particle concentrations in porous media to assess the potential for
unintended off-site migration and ecological or human toxicity and risk. The first
paper quantifying NZVI mobility (at a low particle concentration) using the clean-
bed filtration theory via determination of the sticking coefficient was published in
2008 (Saleh et al. 2008). They revealed that electrosteric stabilization of polymer-
modified NZVI at a low particle concentration (30 mg/L) provides resistance to
NZVI particle attachment to aquifer materials, resulting in potential transport dis-
tances of tens to hundreds of meters in unconsolidated sandy aquifers at the injection
velocities used for NZVI emplacement. At low particle concentration, agglomeration
of the polymer-modified NZVI is minimal, and classical filtration theory can suc-
cessfully model NZVI transport behavior.

Similarly, the first papers on NZVI toxicity to bacteria and mammalian cells were
published in 2008 and 2009 (Lee et al. 2008; Phenrat et al. 2009c). Lee et al. (2008)
reported that NZVI rapidly inactivated Escherichia coli via induced oxidative stress
using dissolved Fe2+ and intracellular oxygen or hydrogen peroxide. They also noted
that the bactericidal effect of uncoated NZVI was unique and was not observed in
other types of iron-based particles or dissolved Fe(II) and Fe(III) species. For
mammalian cells, Phenrat et al. (2009c) found that, while fresh NZVI produced
morphological evidence of mitochondrial swelling and apoptosis, aged NZVI and
surface-modified NZVI were much less toxic to mammalian cells, presumably due to
the reduction of redox activity and particle exposure to the cells due to particle aging
and surface modification, respectively. Environmental trade-offs between benefits
and risks due to in situ remediation using NZVI were first assessed in 2010 (Grieger
et al. 2010). They concluded that, based on the current state-of-the-art knowledge,
there are no significant grounds to indicate that NZVI poses significant environmen-
tal risk. However, they also noted that evaluations of the most serious criteria for
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environmental concern (i.e., persistence, bioaccumulation, and toxicity) were largely
unknown at that time due to a lack of suitable data.

Meanwhile, research on NZVI applications progressed for both reactivity and in
situ emplacement. The first studies using NZVI for DNAPL source-zone treatment
and a combined remedy of NZVI and bioremediation were published in 2010
(Taghavy et al. 2010; Xiu et al. 2010). Taghavy et al. (2010) found that delivering
NZVI (60 g/L) into a PCE DNAPL (5% residual in sand) source zone resulted in
partial conversion (30%) of PCE to ethane. Placement of NZVI within and
downgradient from the DNAPL source zone enhanced the transformation
efficiency of PCE and also reduced the effluent concentrations of PCE. The
efficiency of DNAPL source-zone treatment was a strong function of flow rate
and size of the source zone.

Studies assessing the viability of combining NZVI with bioremediation or natural
attenuation emerged around 2010. Xiu et al. (2010) reported that NZVI can contrib-
ute a biostimulatory effect associated with H2 production during its anaerobic
corrosion and an inhibitory effect upon contact with cell surfaces. While
methanogens were significantly biostimulated by NZVI, TCE-dechlorinating bacte-
ria were initially inhibited by NZVI but later recovered following the partial oxida-
tion and presumable passivation of the NZVI. Kirschling et al. (2010) found that
NZVI addition stimulated both methanogens and sulfate reducers, but did not
negatively affect total bacteria (Kirschling et al. 2010). A field-scale demonstration
of this combined remedy concept was not evaluated until 2015 (Kocur et al. 2015).
They found that the abundance of Dehalococcoides spp. increased throughout the
NZVI/CMC-affected area relative to preinjection abundance, as well as other evi-
dence that indicated biostimulation had occurred in the injection area.

Because delivering NZVI in situ to create a reactive treatment zone at a specific
location is needed for effective in situ remediation, several research groups devel-
oped modeling tools for the design of NZVI injection at a high concentration
(3–20 g/L) in the subsurface. In 2008, Kanel et al. applied SEAWAT to model
polyacrylic acid-modified NZVI in a 2D flow cell (Kanel et al. 2008). In 2009,
Phenrat et al. (2009a) clearly demonstrated that deep-bed filtration theory provides
poor estimates of transport and deposition of concentrated polyelectrolyte-
modified NZVI dispersions because particles agglomerate during transport,
which violates a fundamental assumption of the theory. In 2010, Phenrat et al.
proposed two empirical correlations for estimating the deposition and transport of
concentrated polyelectrolyte-modified NZVI dispersions in saturated porous
media. The first correlation determines the apparent stable agglomerate size
formed during NZVI transport in porous media for a fixed hydrogeochemical
condition. The second correlation estimates the attachment efficiency (sticking
coefficient) of the stable agglomerates. Both correlations are described using
dimensionless numbers derived from parameters affecting deposition and agglom-
eration in porous media. The exponents for the dimensionless numbers are deter-
mined from experimental data (Phenrat et al. 2010a). They also suggested that
these empirical correlations when coupled with flow-field simulations in 2D or 3D
can be an effective tool for designing NZVI delivery systems (see Chap. 6, where
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these correlations are coupled with the COMSOL-based flow model for predicting
the emplacement and transport of polymer-modified NZVI in 2D heterogeneous
porous media). In 2010, Bennett et al. conducted the first single-well push-pull
tests to evaluate the in situ transport of CMC-stabilized NZVI particles in saturated
sediments. The first field-scale modeling of CMC-NZVI injection and transport
was conducted in 2013 (Krol et al. 2013). More recently, Babakhani et al. modified
standard tools for groundwater modeling like MODFLOW and M3TD to include
advection, dispersion, attachment, detachment, and agglomeration of polymer-
modified NZVI (Babakhani et al. 2015). This approach, owing to the use of
standard MODFLOW modules, provides NZVI modeling tools for remediation
practitioners and researchers who are already familiar with MODFLOW.

Modifications to NZVI were introduced to the scientific community. For exam-
ple, in 2013, sulfidation of NZVI was found to be a viable approach to enhance the
reactive longevity of NZVI through inhibiting the reaction between Fe0 and H2O but
maintaining significant reactivity with contaminants like TCE (Fan et al. 2013,
2016). Sulfidation of NZVI appears to be a very promising solution for nonselective
oxidation of NZVI, a critical obstacle for effective in situ remediation using NZVI
(see Chap. 9).

Other methods have been proposed to increase reactivity of NZVI. Based on an
innovative cancer treatment via hyperthermia using magnetic nanoparticles, Phenrat
et al. (2016) proposed a novel combined remediation technique for enhanced
treatment of source-zone chlorinated volatile organic compounds (CVOCs) and
CVOC-contaminated soil using NZVI and an electromagnetic field (EMF; Phenrat
et al. 2016). A low-frequency (LF) EMF (180 kHz) is emitted to induce NZVI to
generate heat within the contaminant source zone (Phenrat and Kumloet 2016). This
heat will enhance the dissolution (mass transfer) of contaminants and their degrada-
tion by reductive dechlorination using NZVI. This novel application of EMF with
NZVI enhances the treatment rate by 58 times (Phenrat and Kumloet 2016).

In addition to the saturated zone, researchers proposed to use NZVI for vadose-
zone treatment. Ding et al. (2013) first reported the synthesis of a foam-based NZVI
for vadose remediation to overcome the technical difficulty of dispersing water-
based NZVI into the vadose zone, which may cause unintended CVOC dissolution
and migration to underlying aquifers. Although the vadose zone may not have
enough water or sufficient CVOC dissolution into pore water for substantial reduc-
tive dechlorination by NZVI, using foam-based NZVI with an LF EMF to heat the
soil can serve as a combined remedy with soil vapor extraction (SVE; i.e., a thermal-
enhanced SVE for vadose-zone restoration). Foam-based NZVI carrying 41 g/L of
NZVI in the liquid phase of the foam generated heat to raise the temperature to 77 �C
in 15 min under an applied LF EMF (150 kHz and 13 A). This enhanced TCE
volatilization from TCE-DNAPL in unsaturated sand by 40 � 6-fold compared to
reactors without LF-EMF application (Chap. 13). Although still in development,
these novel NZVI applications have potential for field applications.
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1.3 Nanoscale Zerovalent Iron: A Brief History of Field-
Scale Applications

Since 2001, NZVI has been used in pilot- and field-scale applications (Elliott and
Zhang 2001). In 2009, NZVI were used to remediate 44 CVOC-contaminated sites
(Karn et al. 2009). In 2013, the number of NZVI-treated sites reached 59 (Bardos
et al. 2015). As of 2017, based on our survey, the number of NZVI sites has reached
77, all of which are CVOC-contaminated sites except one arsenic-contaminated site.
These sites are in the USA, Canada, Europe, and Taiwan. Tables 1.3, 1.4, and 1.5
systematically summarize various important aspects of pilot- and field-scale NZVI
applications from 27 peer-reviewed articles and other credible reports.

The referenced literature includes the most recent pilot- and field-scale studies
conducted by the NanoRem project (2018) in 2017. Several important findings can
be extracted from 17 years of field applications of NZVI. Table 1.3 summarizes the
types of NZVI used, delivery techniques, COCs, volume/weight of injected parti-
cles, particle concentration, and injection rates and durations. Table 1.4 illustrates
hydrogeological conditions of the sites, pre-operations (before NZVI application),
and remarkable phenomena (such as clogging and ripening) during or after NZVI
application. Table 1.5 summarizes the monitoring systems and performance of
NZVI, including the reported radius of influence (ROI) of NZVI injection, treatment
efficiency, and any rebound observed at the site. In chorological order (2001–2017),
the tables depict the brief history of NZVI field-scale applications. While many
relevant details are included in the tables, we briefly summarize some common
features for each aspect of pilot- and field-scale applications. Chapters 7 and
8 provide complete details of experiences and best practices for field-scale applica-
tions of NZVI from practitioners. Furthermore, Chap. 16 concludes with the state of
the knowledge and future needs for NZVI applications in subsurface remediation.

1.3.1 Types of NZVI Used and Contaminants Addressed

Uncoated NZVI and bimetallic NZVI were first used for a pilot test in 2001 (Elliott
and Zhang 2001) and 2005 (Gavaskar et al. 2005), followed by an EZVI test in 2005
and 2006 (Quinn et al. 2005; O’Hara et al. 2006). After that, various kinds of
polymer-modified NZVI (especially CMC-modified) have been intensively evalu-
ated for pilot-scale applications from 2006 (Henn and Waddill 2006) to the present
(Kocur et al. 2014, 2015, 2016; Bitsch et al. 2017; Stejskal et al. 2017).

Supported NZVI, such as CMC-modified Carbo-Iron colloids (CIC), have been
used since 2015 (Busch et al. 2015). The NZVI was applied to treat CVOCs for
every site except in Nitrastur, Spain, where NZVI was used for arsenic immobiliza-
tion (Otaegi and Cagigal 2017). For CVOC sites, NZVI was primarily applied near
source zones, some of which had as much as 85 g/kg and 83 g/L CVOC contami-
nation in the soil and groundwater, respectively. The amount of NZVI injected for
pilot- and field-scale implementation ranges from 0.34 to 1000 kg.
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1.3.2 Injection Methods

The NZVI has been injected by gravity feed (Elliott and Zhang 2001), but more
recently the direct-push technique appears to be popular because they can enhance
NZVI delivery and distribution (Gavaskar et al. 2005; Edmiston et al. 2011; Köber
et al. 2014; Stejskal et al. 2017). Additionally, a closed-loop recirculation of NZVI
was used for NZVI emplacement (Henn and Waddill 2006; Wei et al. 2012). This
enhanced distribution of NZVI in comparison with a typical gravity feed or single
direct-push injection. Gravity feed can deliver NZVI at a rate of 1–20 L/min, while
direct push can deliver NZVI at a rate of 3–50 L/min. Pneumatic injection can inject
at a rate of 21–107 L/min, while a closed-loop recirculation can deliver NZVI at a
rate of 8–17 L/min. Uncoated NZVI was injected at concentrations ranging from
0.75 to 2 g/L, while polymer-modified NZVI and polymer-modified CIC were
injected at concentrations ranging from 0.2 to 17 g/L and 10 to 15 g/L, respectively.

The NZVI has been applied mostly to gravel and sandy aquifers. Nevertheless,
NZVI has been applied to clayey sand and clayey silt or even saprolite and
weathered rock sites. Interestingly, NZVI delivery appeared to be very effective in
a fracture rock site (Cohen and Weisbrod 2017). As shown in Table 1.4, NZVI has
been tested in sites with hydraulic conductivity ranging from 0.04 to 105 m/day.

1.3.3 Performance

After NZVI injection, a sharp decrease of oxidation-reduction potential (ORP) and
an increase in pH were typically observed. The ROI values of polymer-modified
NZVI ranged from 1 to 5 m, that is, 1–2.5 m for CMC-modified NZVI; 3–5 m for
NZVI stabilized with a nonionic surfactant, industrial-grade coconut fatty acid
diethanolamide (C11H23CO–N(CH2CH2OH)2; Wei et al. 2010, 2012); 1.9 m for
flake-like NZVI coated by polyethylene glycol; and 2 m for NZVI in monoethylene
glycol (FerMEG12; Bitsch et al. 2017). Alternatively, the ROI values for EZVI and
CMC-modified CIC were 0.89–2.1 m (Su et al. 2013) and 5 m (Busch et al. 2015),
respectively. Preferential pathways or aquifer blockage can cause a flow bypass,
resulting in poor NZVI transport and emplacement (i.e., the ROI for CMC-modified
CIC¼ 0.5 m because of the flow bypass; Laszlo and Szabo 2017). It should be noted
that the ROI is defined differently in the different pilot studies. Standardizing how
the ROI is defined would benefit future efforts to clearly delineate expectations for
emplacement in different media.

The NZVI appeared to effectively address the goal of contaminant mass reduc-
tion. In general, the higher the injected NZVI mass, the greater the mass of the
destroyed CVOCs, given that the delivery is effective. As shown in Table 1.5, in situ
dechlorination using NZVI can decrease CVOC concentrations in soil and ground-
water by 8–92% and 40–99%, respectively. Yet, only two cases of NZVI
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applications (Edmiston et al. 2011; Mackenzie et al. 2016) were able to achieve the
cleanup level of CVOCs in groundwater (5 μg/L) after 60 and 200 days, respectively.

Importantly, most NZVI applications show a limited abiotic reactive lifetime, as
evident from the rebound of CVOC concentration. The abiotic reactive lifetime was
from 2 weeks (He et al. 2010) to 1 year (Köber et al. 2014); the average abiotic
reactive lifetime was 211 � 134 days, depending on subsurface conditions and the
injected mass of NZVI. However, NZVI stabilized by polycarboxylic acid when
used with micron-sized ZVI showed no rebound even after 2 years (Mueller et al.
2012). In some cases, NANOFER STAR (Stejskal et al. 2017) and NZVI in
monoethylene glycol (FerMEG12; Bitsch et al. 2017) did not show any rebound
for more than 250 days and 1 year, respectively.

NZVI can stimulate biotic dechlorination of CVOCs. This was first observed for
a site remediated by EZVI (O’Hara et al. 2006). Later, the same effect was
observed for CMC-modified NZVI (He et al. 2010), CMC-modified CIC (Mac-
kenzie et al. 2016), and NANOSTAR (Stejskal et al. 2017). Nevertheless, the long-
term biostimulation was not systematically studied until 2014 (Kocur et al. 2014,
2015, 2016). Initially, abiotic NZVI reactions degraded inhibitory and less biode-
gradable compounds like chloroform and consumed dissolved oxygen (DO) and
formed H2 from water, creating favorable geochemical conditions for anaerobic
microbial species. Later, CMC fermentation and slow release of biomass stimu-
lated dehalogenator growth (e.g., Dehalococcoides) and biotic degradation of
chlorinated ethenes.

Besides CVOCs, a field-scale application of NZVI showed reduction of dissolved
arsenic, As (III) and As (V), to metalloid arsenic As (0) (solid) after 24 days. After
24–180 days, most of the NZVI was oxidized and precipitated, forming a reactive
zone that can adsorb dissolved As. However, desorption of As species 60–120 days
after injection was observed in some monitoring wells. Thus, long-term monitoring
is essential to evaluating the extent of the partial desorption of As (Otaegi and
Cagigal 2017).

1.4 Past, Present, and Future of NZVI in This Book

This chapter presents a brief history of NZVI research and applications over the last
two decades. The other 15 chapters in this book elaborate on the progress of NZVI
research and practice. The chapters cover fundamental aspects of NZVI, including
NZVI synthesis, characterization (Chap. 2), reactivity toward organic contaminants
(Chap. 3), and metals and metalloids (Chap. 4). Fundamental aspects of NZVI
modification for subsurface delivery are presented in Chaps. 5 and 6. Chapter 5
explains rapid agglomeration and poor dispersion stability of NZVI and presents
surface engineering approaches to overcome these limitations. Chapter 6 reviews
modeling tools and emphasizes their potential use for designing field-scale applica-
tions. Chapters 7 and 8 provide details of experiences and best practices for field-
scale applications of NZVI from real practitioners, which provide more detail than
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the summary of pilot- and field-scale NZVI applications reviewed in this chapter.
Chapters 9–14 present recent advances and novel combined remedies using
NZVI, including sulfidation of NZVI (Chap. 9), NZVI and bioremediation
(Chap. 10), thermally enhanced NZVI remediation using electromagnetic induction
(Chap. 11), pre-magnetization and application of a weak magnetic field (Chap. 12),
vadose-zone applications of NZVI with electromagnetic induction (Chap. 13), and
aerosol-based iron-carbon nanocomposites for adsorption and reduction of Cr (VI)
(Chap. 14). Risk and environmental implications of NZVI are discussed in depth in
Chap. 15. Finally, Chap. 16 concludes with the state of the knowledge and future
needs for NZVI applications in subsurface remediation.

All the chapters are written by experts that are developing or applying NZVI in
the field. Most of the authors have presented the scientific community with one or
more seminal papers mentioned in Fig. 1.2. In this book, they elaborate on their
contributions in NZVI research from laboratory-scale development to field-scale
applications.
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Chapter 2
NZVI Synthesis and Characterization

Katrin Mackenzie and Anett Georgi

Abstract This chapter provides an overview of NZVI types used to date for
environmental restoration. The particle types are introduced systematically from
bare NZVI to the manifold modifications leading to NZVI-containing composites
or emulsions. Properties of these NZVI types which are important for the intended
use as water treatment reagent and methods for their characterization are compiled.
For each of the main NZVI groups – bare and bimetallic NZVI, polymer-modified
NZVI, supported NZVI and emulsified NZVI, approved synthesis strategies and
resulting NZVI properties are described.

Keywords Nanoscale zerovalent iron · Synthesis · Characterization

2.1 Overview of NZVI Types, Important Properties,
and Characterization Techniques

2.1.1 Overview of NZVI Types

Initiated by the first studies on the preparation of NZVI and its application for
reductive dechlorination of chlorinated groundwater contaminants in the last
decade of the previous century (Wang and Zhang 1997; Lien and Zhang 1999)
and in the first decade of this century (Elliott and Zhang 2001; Cao et al. 2003; Liu
et al. 2005a, b; Nurmi et al. 2005), the great potential of NZVI for groundwater
remediation was soon recognized by the scientific community as well as by
practitioners. At the same time, it also became clear that there is significant room
for improvement of NZVI properties with respect to applicability, as revealed by
detailed lab research and also field trials. This obvious gap boosted the creativity
and efforts of scientists and engineers and finally led to a wide variety of NZVI-
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based particles being investigated in research labs all over the world; a number of
them are already being produced at large scales and applied in the field. NZVI
modifications were mainly intended for improvements regarding one or several of
the following key features of NZVI: (i) range of treatable contaminants,
(ii) colloidal properties and suitability for subsurface delivery, (iii) lifetime,
(iv) efficiency of Fe0 utilization, and (v) potential for combination of various
modes of contaminant removal, such as sorption and reaction.

This chapter gives an overview of various NZVI types (Fig. 2.2) and modifica-
tions together with the underlying intentions for performance improvements. Details
regarding preparation procedures, characteristics, and performance of specific
particle types are dealt with in the individual subchapters.

Bare NZVI
NZVI which was not intentionally given a shell (other than a self-developed iron
oxide layer) will be discussed here as bare NZVI. Depending on the synthesis
method, we can distinguish between several types of bare NZVI. Often, synthesis
procedures are subdivided into top-down and bottom-up approaches. The
top-down approach starts from micrometer- to millimeter-sized iron filings,
which are ball-milled to fine, nano-sized particles. This approach has been applied
for commercial production by Golder Assoc., USA. The bottom-up approach,
which is most frequently applied for NZVI synthesis in the laboratory but also at
commercial scale, starts from either dissolved iron salts, nano-sized iron oxides, or
iron-containing molecules (e.g., Fe(CO)5); and the various methods typically
consist of a sequence of physical and chemical treatment steps (for details and
references, see Sect. 2.2).

NZVI synthesized by reduction of dissolved Fe(II) or Fe(III) with dissolved
borohydride (BH4

�) is the most studied Fe0 nanoparticles to date (often denoted as
FeBH), mainly due to the fact that the synthesis can easily be performed in almost any
laboratory. However, large-scale commercial production of NZVI usually involves
gas-phase reduction of nanoscale iron oxides by H2, followed by inertization in order
to prevent pyrophoric reactions of fresh Fe0 surfaces upon air-contact (often denoted
as FeH2). Most field-scale applications in the USA used reactive nanoscale iron
particles (RNIP) formerly commercially available from Toda Kogyo Corporation,
Onoda, Japan (Toda Patent). In Europe, NANO IRON s.r.o. (Rajhrad, Czech
Republic) has been the supplier of NZVI (Nanofer products) for various field tests
(Mueller et al. 2012). Figure 2.1 gives an impression of the preparation and injection
of NZVI slurry.

Bimetallics
NZVI’s reactivity and the treatable contaminant spectrum can be increased by the
addition of a catalytically active noble metal to form bimetallic NZVI particles
(here, bimetallics; see Fig. 2.2b). The intimate contact with the second metal,
which can be Pd, Ag, Ni, Co, or Cu, enhances the H2 formation by Fe0 corrosion
(galvanic corrosion). The accelerated hydrogen generation can be combined with
the catalytic hydrogenation properties of a noble metal to drive the reduction of

46 K. Mackenzie and A. Georgi



chlorinated organic pollutants at the bimetallic interface, also for pollutants not
amenable to reduction by Fe0 alone (Grittini et al. 1995; Fang and Al-Abed 2008;
Xu and Zhang 2000; Schrick et al. 2002). Compounds treatable by bimetallics
include not only halogenated aromatic compounds (e.g., chlorobenzenes,
polychlorinated biphenyls) but also heavy metals, oxyanions, and nitro- and
azo-compounds (summarized in Liu et al. (2014) and in Chap. 3). The disadvan-
tages of bimetallics are the expected short lifetime due to fast Fe0 corrosion and the
possible poisoning of the noble metal by groundwater constituents (e.g., sulfur
compounds other than sulfate). Furthermore, environmental risks due to the use of
potentially toxic metals have to be considered.

Polymer-Modified NZVI
Surface modification of NZVI by organic polymers and polyelectrolytes is a widely
used strategy to improve the colloidal properties of NZVI, which, due to its high
surface energy and magnetic properties, is prone to fast agglomeration. By virtue of

Fig. 2.2 Illustration of NZVI types: (a) bare NZVI, (b) bimetallics, (c) polymer-modified NZVI,
(d) supported ZVI, (e) emulsified NZVI

Fig. 2.1 NZVI slurry ready for injection. (Photo with permission from Kocur, Sleep and O’Carroll)
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their charge and/or steric confinements, organic coatings can increase repulsive
forces between NZVI particles themselves and toward solid surfaces, thus enhancing
suspension stability and subsurface transport of NZVI. In practice, there is no strict
dividing line between bare and polymer-modified NZVI, since such modifications
also include simple physical and thus reversible adsorption of dissolved polymers or
surfactants added to aqueous suspensions. A wide variety of (semi)natural (e.g.,
carboxymethyl cellulose, humic acids, starch, xanthan, and guar gum) and synthetic
products (e.g., poly(acrylic acid), poly(styrene sulfonate), polyaspartate) is applied
(for references see Sect. 2.3). The formation of covalent bonds between the polymer
and surface functional groups of the particle is an effective method for anchoring the
coating material to the particle surface. In addition, particularly tight and hydropho-
bic coatings such as polysiloxanes (Krajangpan et al. 2012) or hydrophobic blocks of
triblock copolymers (Saleh et al. 2005) are thought to protect the iron from oxidation
and to improve attraction by DNAPL phases. However, surface coating of NZVI can
also have negative effects on its reactivity (Saleh et al. 2007). Another downside
specifically for synthetic polymeric coatings is that they may not be desirable in the
subsurface; the eco-compatibility of modified particles needs to be proven. Zhao
et al. (2016) provide a broad overview of stabilization methods for NZVI particles
used for soil and groundwater remediation. Chapters 5 and 6 in this book are devoted
to polymer-modified NZVI.

Emulsified NZVI
Emulsification of NZVI particles has been applied for improving direct treatment of
DNAPL source zones. Emulsified NZVI or ENZVI is actually a water-in-oil-in-
water emulsion prepared from NZVI particles, surfactants, and biodegradable oil
(Quinn et al. 2005). ENZVI has two important features: (i) an outer hydrophobic
surface, which improves adhesion to and penetration into DNAPL phases, and (ii) an
inner aqueous phase, surrounding the NZVI particles and serving as reaction
medium (Quinn et al. 2005; Su et al. 2012, 2013). Organic contaminants can reach
this interior phase by diffusion. The impact of inorganic ions in the groundwater on
Fe0 is reduced. Injection and delivery of ENZVI is an engineering challenge and still
remains an obstacle for its wide application (Mueller et al. 2012).

Supported ZVI
Supporting and dispersing iron nanoparticles on various types of porous solid
materials is a strategy to overcome the undesirable fast agglomeration of NZVI in
aqueous suspension. Silica (Zheng et al. 2008), organic polymers (Schrick et al.
2004), activated carbon (Mackenzie et al. 2012), carbon microspheres (Sunkara et al.
2010), and other carbon materials (Hoch et al. 2008; Zhang et al. 2006) have been
used for composite formation. The composites can be further optimized with respect
to (i) particle size and density for optimal subsurface transport, (ii) improved surface
properties (charge and/or hydrophobicity) for suspension stability and/or subsurface
delivery, and (iii) synergistic effects due to sorption properties (mainly in the case of
carbon-based composites).
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Particle Types Used in the Field
In 2014 Bardos et al. (2014) summarized in total 70 pilot or field site applications of
NZVI and related products worldwide. Mueller et al. (2012) reviewed pilot tests of
NZVI in Europe and compared the situation with NZVI applications in the USA. The
greatest difference between Europe and the USA is the type of NZVI particle used.
All remedial actions in Europe were carried out with standard NZVI (RNIP,
NANOFER, or FeBH), while in the USA only 60% used standard NZVI. Until
2009, about 30% of the NZVI remediations in the USA used bimetallic NZVI and
about 10% were carried out with ENZVI (Karn et al. 2009). Field tests in the USA
have also been conducted with other types of supported NZVI (e.g., silica-supported
NZVI) which are summarized in US EPA (2011). In Europe, there is no company
working with ENZVI. The main reason is concerned about the injectability of an
emulsified suspension (Mueller et al. 2012). In addition, no field application of
bimetallic NZVI has been carried out in Europe so far, mainly due to concerns
regarding the toxicity of the catalysts (e.g., Ni is considered to be a priority
hazardous substance under the EU Water Framework Directive; Schrick et al.
2002). Novel NZVI types applied in recently conducted pilot tests in Europe include
supported (Carbo-Iron, Mackenzie et al. 2016) and milled (Köber et al. 2014) NZVI.
See more case studies of field-scale NZVI application in Chaps. 7 and 8. The most
recent adaptation of NZVI to be tested is sulfidized NZVI (s-NZVI). This material
holds signficant promise becuase it appears to limit the reaction of the NZVI with
water, while maintaing or enhancing reactivity with the target contaminants. This
material is discussed separately in Chap. 9.

2.1.2 Important Properties of NZVI

Core-Shell Structure, Aging, and Handling
Iron is the fourth most abundant element in the earth’s crust. The most important
minerals for iron production are magnetite and hematite. Iron exists in a wide range
of oxidation states from �2 to +6, although +2 and +3 are the most common. While
for the large-scale production of bulk iron from iron ore (e.g., for steel production),
carbothermal reduction and reduction with CO are used, large-scale production of
NZVI is mainly done by high-temperature reduction with hydrogen using nano-sized
iron oxides.

Primary NZVI particles typically have a particle size in the range of 20–100 nm and
specific surface area (determined by the BET method) of 20–40 m2/g (Li et al.
2006a, b; Nurmi et al. 2005; Liu et al. 2005b; Eglal and Ramamurthy 2014). In this
respect, FeBH and FeH2 are rather similar. Nevertheless, various NZVI types have
been shown to have significant differences in reactivity, which can be ascribed to
structural differences in the various iron types (Liu et al. 2005a, b; Nurmi et al.
2005). One major difference lies in the crystallinity of the iron core: FeH2 has a
highly crystalline α-Fe0 core whereas FeBH contains highly disordered Fe0
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crystallites of very small size (about 1 nm) (Liu et al. 2005a; Nurmi et al. 2005; Eglal
and Ramamurthy 2014). At this scale, the distinction between amorphous and
polycrystalline becomes ambiguous (Liu et al. 2005a).

Furthermore, impurities of elements other than iron can be important for reactiv-
ity: FeBH is the only NZVI type which contains a high B content, while a specificity
of RNIP is its content of sulfur species resulting from the use of sulfuric acid in the
preparation procedure (reduced sulfur identified in RNIP supplied as slurry (Nurmi
et al. 2005) and iron sulfate in dry RNIP powder (Reinsch et al. 2010)). Similarities
and differences reported for FeBH and FeH2 are shown in Table 2.1.

The chemistry of iron nanoparticles is dominated by iron’s extreme reactivity
with oxidizing agents. This is a particular concern with air. Finely divided iron has
long been known to be pyrophoric, something that should always be kept in mind
when handling iron nanoparticles. Pre-oxidizing the nanoparticles is a strategy to
control the reaction. By exposing iron nanoparticles to a low partial pressure of air,
small amounts of dilute, air-free water, a carboxylic acid, or other weak oxidizers can
provide the surface with a passivating oxide that allows the nanoparticles to be
handled, at least briefly, in air with little additional oxidation (Huber 2005). The shell
of iron oxide formed by these procedures is strongly adherent and acts as an
oxidation barrier, preventing the sudden evolution of heat that occurs when a pristine
iron surface meets air (Huber 2005).

Nevertheless, Fe0 will be subject to corrosion as soon as it is in contact with
water, even in the absence of oxygen. The rate of anaerobic corrosion is strongly
pH-dependent. In a closed environment, corrosion is self-inhibiting because hydrox-
ide ions are produced, leading to an increase in pH and consequently a reduction in
the corrosion rate.

Fe0 þ 2H2O ! Fe2þ þ H2 þ 2OH� ð2:1Þ

In the presence of dissolved oxygen, iron oxidation is much faster. Thus, the
presence of oxygen is undesirable when NZVI is applied for contaminant reduction.
However, the production of hydrogen peroxide and dissolved iron as a result of iron
oxidation under aerobic conditions finally leads to hydroxyl radicals. This process
can be utilized for oxidation of contaminants which are not amenable to reductive
degradation (Keenan and Sedlak 2008) (see also Chap. 3).

Table 2.1 Comparison of FeBH and FeH2 (based on two commercial products: RNIP from Toda,
Japan, and Nanofer, from NANO IRON, Czech Republic) according to data reported by Liu et al.
(2005a, b) (for FeBH and RNIP), Eglal and Ramamurthy (2014), and Soukupova et al. (2015) (for
Nanofer)

FeBH RNIP Nanofer

Primary particle size (nm) 20–40 40–60 20–100

BET surface area (m2/g) 36 23 27

Fe0 core crystallinity Highly disordered Highly crystalline Highly crystalline

B content (wt%, bulk) (atom%) 5 (18) 0 0
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The formation of an iron-oxide shell around freshly produced iron is unavoidable
but in some cases (e.g., Toda RNIP) has been intentionally forced in order to form
passivating or protective phases which impart stability to the particles in aqueous
suspensions. Eventually, exposure of Fe0 to water leads to the formation of an oxidic
shell, which consists mainly of iron oxide for iron synthesized by reduction with
hydrogen and of iron and boron oxides for borohydride-derived particles, where
oxidation of the iron core progresses with time (Li et al. 2006a).

The core-shell structure, consisting of an inner Fe0 core and a mixed-valence iron
oxide shell, is therefore a common feature of all NZVI types; this has been demon-
strated for NZVI produced via borohydride reduction as well as for RNIP and
Nanofer products synthesized by gas-phase reduction of nanoscale iron oxides
(Liu et al. 2005b; Nurmi et al. 2005; Sarathy et al. 2008; Eglal and Ramamurthy
2014). TEM images illustrating the core-shell structure for both NZVI types are
shown later in the text (Figs. 2.10 and 2.11, Sect. 2.2). The mixed-valence iron oxide
shell is largely insoluble under neutral pH conditions.

The type of iron oxide forming the shell is dependent on the specific synthesis
conditions for NZVI and can easily be affected by storage and even sample
preparation for analysis. Synthesis and handling under strictly anaerobic condi-
tions favors the formation of a crystalline magnetite shell, although iron oxides
which are rather amorphous (Ramos et al. 2009) and/or more rich in Fe(III)
(Sarathy et al. 2008) have also been reported. Additional minor components of
other mineral phases (e.g., iron sulfate for RNIP provided as dry product) have
been reported as well (Reinsch et al. 2010). Surface properties of NZVI after
immersion in water are relevant not only for interaction with contaminants but
also for its colloidal properties, such as agglomeration and mobility in saturated
porous media. The various iron oxides differ significantly with respect to surface
charge as a function of pH. Magnetite, maghemite, and goethite have IEP values of
� 7, 9, and 7.5 to 9, respectively. Therefore, particles may be positively or
negatively charged at pH ¼ 7 with varying background electrolytes, depending
on the species present at the surface (Kosmulski 2014).

The actual Fe0 content at the time of application is one of the key properties of
NZVI particles. Highest Fe0 contents were reported for freshly synthesized FeBH (up to
about 90%; Liu et al. 2005a, b), whereas Fe0 content of commercial products,
especially when supplied in aqueous suspensions, is generally lower, which is not
only due to the fact that these products are designed to be more inert for safety reasons
but also due to ongoing aging which cannot be fully prevented during shipping and
storage times. Liu and Lowry (2006) studied aging of commercial RNIP slurries
(300 g L�1, pH > 10.6, anaerobic) and reported that within 19 days Fe0 content
decreased from the initial content of 60–70% (according to manufacturer) to 48%.

In order to prevent undesired aging and corrosion of NZVI, strict precautions
have to be taken. NZVI powders and suspensions are best handled under strictly
anaerobic conditions, i.e., in a glove box with inert and dry atmosphere, or at least
using Schlenk techniques and/or purging of suspensions with inert gas (argon or
nitrogen). NZVI is best stored as dry product in an airtight container under dry inert
gas and at low temperature. Storage of NZVI in suspension requires at least
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anaerobic conditions but is always associated with iron corrosion. For converting
suspended NZVI into a dry product, flash drying (i.e., rinsing with organic solvents
during suction filtration with drying under inert gas) or freeze-drying under vacuum
is applied (e.g., Miehr et al. 2004; Liu and Lowry 2006; Wang et al. 2010).

Chemical Reactivity
NZVI has been shown to react with chlorinated organic compounds, nitroaromatics,
heavy metals, and various inorganic anions, as will be discussed in detail in Chaps. 3
and 4. Possible mechanisms are illustrated in Fig. 2.3.

The dechlorination of chlorinated organics such as TCE has been most
extensively studied and can be described by the following general formulas:

Fe0 ! Fe2þ þ 2e� ð2:2Þ
TCEþ n e� þ n� 3ð ÞHþ ! productsþ 3 Cl� ð2:3Þ

whereby n depends on the types of products formed, which are mainly ethane,
ethene, and acetylene but to some extent even build-up products with nC > 2. The
product selectivity depends on the type of NZVI applied. TCE reduction with FeBH

shifts selectivity to more saturated C2 products (ethane), whereas with FeH2 more
unsaturated products are formed (acetylene, Liu et al. 2005a). At the same time,
NZVI is consumed by the competing processes of reaction with target pollutants and
corrosion, i.e., H2 formation (Eq. 2.1). Thus, the electron efficiency of Fe0, i.e., the
percentage of electrons utilized for contaminant reduction and H2 formation, is an
important characteristic of NZVI-based reactions (Liu et al. 2005b).

Reactivity toward target contaminants, corrosion, and aging characteristics are
influenced by intrinsic NZVI properties and external conditions (solution chemistry),

Fig. 2.3 Possible
mechanisms of NZVI
interaction with
contaminants
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as will be discussed in detail in Chap. 3. The crystallinity of the Fe0 core has been
identified as one of the key properties for NZVI reactivity, whereby the highly
disordered structure in fresh FeBH is thought to be responsible for its initial high
reactivity and its unique ability to activate and utilize H2 in contaminant reduction
(Liu et al. 2005a). At the same time, near-surface composition of NZVI is equally
important, since the reduction reactions promoted by NZVI are surface-mediated.

When considering NZVI properties, one should keep in mind that under envi-
ronmental conditions, NZVI is a steadily changing system. Aging of NZVI is a
complex process which involves changes in chemical, mineralogical, and morpho-
logical composition as well as microscopic changes. Oxidation of iron generally
leads to the formation of Fe(II)/(III) iron oxides, whereby magnetite is often consid-
ered as being the major oxide phase formed under anaerobic conditions (Nurmi et al.
2005; Liu and Lowry 2006; Reinsch et al. 2010). However, not only the pathway of
formation of magnetite and/or other oxides seems again to depend on intrinsic
factors of the specific NZVI type but also extrinsic factors (type of oxidants present,
solution conditions), whereby even within one and the same reaction batch, a
significant variability in morphological changes among individual particles was
observed (Yan et al. 2012) (see Fig. 2.4). Mechanistic perceptions and experimen-
tally observed changes during NZVI aging include (i) increasing thickness of oxide
layer with no net change in particle size (Nurmi et al. 2005; Liu and Lowry 2006),
(ii) decreasing particle size due to a shrinking iron core covered with a dynamic
magnetite shell of constant thickness (Sohn et al. 2006), (iii) conversion of NZVI
into hollowed-out particles (Yan et al. 2012), and (iv) partial dissolution of iron and
formation of external precipitates with distinct morphology (Liu et al. 2005a; Nurmi
et al. 2005; Yan et al. 2012).

Magnetic Properties and Agglomeration
Fe0 and magnetite, as main components of NZVI, are ferro- and ferrimagnetic
materials, respectively. Though very small, NZVI colloids are still ferromagnetic
and contain a positive and negative pole (i.e., they are bipolar). Thus, each NZVI
particle behaves as a single-domain magnetic particle with an intrinsic permanent
magnetic dipole moment μ ¼ (4 π/3)r3Ms, even in the absence of an applied external
magnetic field (McCurrie 1994), where r is the particle radius and Ms is the
saturation magnetization.

Magnetic properties of NZVI can be favorably used for particle detection in
sediment cores or even in the field (Buchau et al. 2010). On the other hand, magnetic
attraction is the dominant driving force for agglomeration of NZVI, which nega-
tively affects not only suspension stability (Phenrat et al. 2007) but also transport in
saturated porous media (Phenrat et al. 2009). The saturation magnetization of RNIP
(with 14% Fe0) was determined as 570 kA/m, which lies between that of magnetite
(330 kA/m) and Fe0 (1226 kA/m), consistent with its Fe0/Fe3O4 core-shell structure
and the low Fe0 content (Phenrat et al. 2007).

Magnetic attractive forces cause RNIP particles to aggregate quickly to
micrometer-size aggregates when suspended in water, even at low concentrations.
Subsequently, these aggregates assemble themselves into fractal, chain-like clusters,
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and under certain conditions even gelation occurs (Phenrat et al. 2007). Formation of
chain-like aggregates was also observed for FeBH (Nurmi et al. 2005).

Stabilization of NZVI by polymer coatings can at least to some extent increase
suspension stability (see Chap. 5), although in some cases at the expense of particle
reactivity (Phenrat et al. 2009). Fixation of iron nanoclusters on larger particle
supports is a more robust means of NZVI dispersion and can lead to very stable
suspensions (Schrick et al. 2004; Mackenzie et al. 2012; Zhan et al. 2008).

Fig. 2.4 Bright-field TEM images of NZVI reacted with As(III) (5 g/L of NZVI and 100 mg/L of
As(III)) for (a, b) 24 h and (c�e) 146 days (Yan et al. 2012). Scale bar corresponds to 20 nm. (f) is
the electron diffraction pattern of a particle shown in (c). After 24 h, core-shell structure remains
largely unaltered (a), but surface is roughened by formation of additional granular iron oxide
deposits at outer surface (b). After 146 d, images show various distinct morphologies existing in
one sample: particles still having a core-shell structure (c), hollowed-out oxide shell spheres (d), and
particles with intermediate structure (e), i.e., with tiny internal cavities, additional iron mineral
platelets are observed in (e). (Reprinted with permission from Yan et al. (2012). Copyright (2012)
American Chemical Society)
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As magnetic dipole moment increases with particle radius to the power of three,
the larger particles within the size distribution are more important in initiating
agglomeration. Formation of aggregates further increases magnetic attractive forces
toward neighboring nanoparticles. Thus, synthesis of small particles with narrow
size distribution (Wang et al. 2009) and early effective stabilization (pre-synthesis)
are effective ways to decrease agglomeration tendency.

Figure 2.5 summarizes again the most important physical-chemical properties of
NZVI, which, due to their relevance for NZVI subsurface delivery, reactivity, and
fate, are frequently subject to investigation.

2.1.3 Methods for NZVI Characterization: Basic Principles,
Advantages, and Limitations

A large variety of characterization techniques has been and is currently applied in
order to elucidate not only structural and morphological properties of NZVI and its
modifications but also elucidate correlations with reactivity, suspension stability,
and particle transport (Table 2.2).

Morphology and Size Distribution of Primary Particles
The first questions usually asked about nanoparticles are concerned with aggrega-
tion state, size, and morphology; the direct visualization of particles by scanning or

Fig. 2.5 Overview of relevant physical-chemical NZVI properties
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transmission electron microscopy (SEM and TEM, respectively) is an ideal tool for
answering such questions. In both methods, a beam of high-energy electrons is
directed onto the sample, and signals resulting from electron-sample interactions
are analyzed.

Signals of electron-sample interactions utilized in SEM include secondary
electrons (that produce SEM images), backscattered electrons (BSE), diffracted
backscattered electrons (EBSD that are used to determine crystal structures and
orientations of minerals), and photons (characteristic X-rays that are used for
elemental analysis). For the latter mode, which can give localized elemental
information, SEM instruments can be equipped with EDS or EDX detectors (see
below). With the help of software packages, particle size distribution and particle
shape can be analyzed for a high number of particles in a single image. For
conventional SEM analyses, the sample must be dry and conductive
(if necessary, coated with a conductive material such as C or Au) and is usually
transferred to high vacuum, although low vacuum or environmental SEM instru-
ments also exist.

Imaging methods in TEM utilize the information contained in the electron waves
exiting from the sample to form an image, with bright-field imaging being the most
common mode. In this mode, the contrast formation is based on absorption of
electrons in the sample. Thicker regions or regions with heavy atoms will appear
dark, while regions with no sample in the beam path will appear bright. High-
resolution transmission electron microscopy (HRTEM) can give information about
crystal structure. For TEM analyses, samples have to be prepared as very thin slices
(100–200 nm). If NPs are sufficiently small, they can simply be placed on support
grids. Samples must be dry before transferring them into high vacuum, but the
presence of a conducting layer such as in SEM is not required.

Specific Surface Area
In order to obtain information about specific surface area, N2 adsorption/desorption
at low temperatures is measured in surface area analyzers and data are evaluated

Table 2.2 Overview of discussed analytical methods suitable for NZVI size characterization

Method Size range
Concentration
range Polydisperse samples

SEM 10 nm . . . > 1 μm Not in
suspension

Single particle rather
than ensemble analysis

TEM 1 nm . . . > 1 μm Not in
suspension

Single particle rather
than ensemble analysis

DLS 3 nm . . . 3 μm ppm Limited applicability

Laser diffraction 100 nm . . . some mm ppm Suitable

Acoustic/electro-
acoustic
spectroscopy

5 nm . . . 1 mm ppt Suitable

NTA 10 nm (samples with high
refractive index) . . . 1 μm

ppm Suitable
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according to the BET theory. In addition to BET surface area, micro- and mesopore
volume of samples with intraparticle and/or interparticle porosity can be determined
from N2 adsorption/desorption isotherms. However, in the case of Fe particles
supported on porous supports such as activated carbon or porous silica, differenti-
ation between the actual surface area of the Fe clusters and the large surface area
provided by the support remains an unsolved problem, which prevents, e.g.,
calculation of (Fe)-surface-area-normalized rate constants.

Size Distribution in Suspension, Surface Charge, Agglomeration,
and Sedimentation Behavior
The most common methods for analyzing particle-size distribution in suspension are
based on the interaction of particles with visible light. Dynamic light scattering
(DLS) analyzes the fluctuations in the intensity of laser light scattered by the
particles. As these fluctuations result from changing interferences caused by particle
motions, the basic information obtained from DLS is the diffusion coefficient of the
particles, which can be related to a particle radius. Data analysis is straightforward in
the case of monodisperse samples but requires complicated algorithms in order to
calculate size distribution in the case of polydisperse mixtures. In addition, small
particles can be discriminated against in the presence of significantly larger particles,
as the primary information is the intensity-weighted or z-average of the particle size
distribution. In addition, suspensions must be highly diluted in order to exclude
short-term interparticle interactions (i.e., multiple scattering). Thus, DLS is not
suitable for obtaining information on real particle size distributions in concentrated
suspensions. DLS is frequently applied after sonication of dilute NZVI suspensions
in order to determine the intrinsic size distribution of primary particles and
(unbreakable) sintered aggregates (e.g., Phenrat et al. 2009). In various studies,
DLS measurements have been applied in order to follow agglomeration of NZVI
particles with various coatings in dilute suspensions by measuring the increase in
hydrodynamic radius over time (Phenrat et al. 2008; Tiraferri et al. 2008).

Nanoparticle tracking analysis (NTA) is another method which analyzes particle
size based on Brownian motion. However, in this case individual particles (visual-
ized by their spots of scattered light) are traced, thus eliminating to a certain extent
the discrimination of small particles. The observable size range reaches down to
10 nm for materials with high refractive index and up to about 1 μm until Brownian
motion becomes too slow and/or sedimentation movement is dominating.
Raychoudhury et al. (2012) applied NTA for tracing the increase in hydrodynamic
radius of CMC-stabilized NZVI over time due to agglomeration.

Composites and Fe-on-support particles as well as milled iron particles often have
a larger size than NZVI, reaching into the μm range, and thus require different
methods for size analysis. Laser diffraction analysis utilizes diffraction patterns of a
laser beam passed through aerosols (prepared from dry powders) or suspensions and
is applicable for particles from the nm to mm range. Particle size is reported as a
volume-equivalent sphere diameter. However, as particle size falls below 1 μm,
results obtained by simplified algorithms (i.e., without knowledge of the refractive
index of the material) must be considered with caution.
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Interesting alternatives for sufficiently concentrated suspensions (�1 wt% solids)
are acoustic and electroacoustic spectroscopy, which are based on measurements of
ultrasound attenuation in the sample at various frequencies. The method is applica-
ble in a very wide size range, from 5 nm to 1000 μm. The ultrasound attenuation
spectrum is defined by the sample’s properties and serves as the basis for calculation
of its particle size distribution. Acoustic spectrometers have been applied for particle
size analysis of NZVI suspensions in a concentration range of 1 to 10 g L�1 (Sun
et al. 2006; Comba and Sethi 2009).

Surface charge The most common method for determining surface charge is zeta
potential measurement which is often provided as an additional feature of DLS
instruments (see above). Laser Doppler velocimetry is applied in order to measure
the velocity of particles after applying an electric field across the suspension. This
velocity is proportional to the magnitude of the zeta potential, which is the potential
at the slipping plane separating mobile fluid from fluid that remains attached to the
particle surface. This slipping plane lies within the electrical double layer (Fig. 2.6).

Zeta potential can be also determined using electroacoustic spectrometers by
measuring the colloid vibration current that results from displacement of the elec-
trical double layer of charged particles under the influence of ultrasound.

A zeta potential of �30 mV is often used as an approximate threshold for
stability of a particle suspension against agglomeration. Zeta potential is highly

Fig. 2.6 Illustration of electric double layer and zeta potential of a nanoparticle

58 K. Mackenzie and A. Georgi



sensitive to the properties of the suspension medium, such as pH and ionic
strength. The isoelectric point (IEP) is the pH where zeta potential is zero and
particles are immobile in the electric field. The IEP of FeBH has been found to be at
a slightly alkaline pH (pH ¼ 7.8 (Kanel et al. 2005) and pH ¼ 8.3 (Sun et al.
2006)), whereas for RNIP, values between 6.3 and 7 have been reported (Phenrat
et al. 2008; Tiraferri et al. 2008). It should be noted that the zeta potential is a
modeled value based on the measured electrophoretic mobility (EPM). The ionic
strength and pH both affect the magnitude of the EPM, and hence zeta potenital, so
these parameters should be controlled during measurement and reported along with
the result. The presence of polymer coatings on NZVI affects the types of models
used to calculate zeta potential from EPM, and the zeta potential of a polymer-coated
or polyelectorlyte-coated NZVI particle should technically be reported as the “appar-
ent” zeta potential. A guidance document for making robust and reporducible EPM
measurements and calculations of zeta potential is available (Lowry et al. 2016).

Agglomeration/sedimentation Sedimentation processes can be followed by
methods with varying degrees of automation. Given that a suitable method for
determination of particle concentration is available (total Fe content or content of
another characteristic component, e.g., carbon in case of C-supported Fe particles),
manual sampling at one or various heights below the water table of a quiet suspen-
sion, repeated after certain time intervals, can be applied. Less labor-intensive
options are the measurement of absorbance (in the high-wavelength range of visible
light, i.e., >600 or 800 nm) in simple UV/Vis spectrometers or the measurement of
turbidity over time. In these cases, the sample is placed in cuvettes, and the distance
of observation below the water table is determined by the optical path (applied, e.g.,
in Phenrat et al. 2007; Tiraferri et al. 2008). The Turbiscan instrument analyzes
backscattering and transmission along the height of a suspension sample. Thus, it
provides automated and objective information on time and space dependence of both
signals, which for a given dispersion depend only on concentration and particle size.
Turbiscan analysis was applied in order to follow agglomeration and sedimentation
processes in concentrated NZVI suspensions (Comba and Sethi 2009).

Bulk Elemental Composition and Crystallography
The simplest method for determination of the Fe0 content of NZVI is based on H2

formation by acid digestion. In the absence of gas analysis instruments for quanti-
fication of gas-phase H2 concentrations, even a volumetric measurement can be
performed if sufficient particle mass is available.

X-ray fluorescence (XRF) The emission of characteristic “secondary”
(or fluorescent) X-rays from a material that has been excited by high-energy
X-rays or gamma rays is a phenomenon which is widely used for elemental analysis.
Most instruments detect elements with atomic number �11 and in a very wide
concentration range from ppm to high %. Nondestructive analysis with little sample
preparation is possible.

Analysis of total (organic) carbon (TC/TOC) and elemental analysis Measurement
of CO2 produced upon high-temperature catalytic combustion in TC analyzers is an
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important method for characterizing the content of organic or carbonaceous coatings
and supports in modified NZVI particles. Differentiation between organic and
inorganic carbon can be achieved by acid pretreatment of the sample, whereby
inorganic carbon is removed as CO2. Elemental analyzers allow quantification of
the nonmetal components C, H, N, and S (sometimes also P and halogens), whereby
high-temperature combustion and gas analysis after catalytic treatment of the
combustion gases are the key steps of analysis.

X-ray diffraction (XRD) X-ray diffraction is a strong method to investigate the bulk
structure of NZVI and its modifications based on atomic structure (i.e., interatomic
distances and unit cell parameters). In particular, information about crystallinity and
polymorph type (various crystal structures for minerals of the same chemical
composition) can be obtained. XRD has been applied in order to determine the
qualitative and quantitative contribution of various mineral phases in NZVI (e.g.,
Nurmi et al. 2005). However, XRD is an indirect method, so it is, e.g., not possible to
distinguish between Fe3O4 and γ-Fe2O3 since both minerals possess an inverse
spinel structure. In this case, XRD results must be combined with other analysis
techniques (e.g., Moessbauer spectroscopy). The presence of bimetallic particles, as
opposed to a mixture of monometallic particles, can also be demonstrated by XRD,
since the diffraction pattern of the physical mixtures consists of overlapping lines of
the two individual monometallic nanoparticles and is clearly different from that of
the bimetallic nanoparticles. Information on crystallite size (S) can be obtained
from the peak width of XRD spectra via the Scherrer equation, S ¼ λ/ω cos Θ,
where λ is the wavelength of the beam, Θ is the diffraction angle, and ω is the width
of the peak at half-maximum. Peak shape can give indications on whether the NZVI
crystallite size is mono- or polydisperse (Nurmi et al. 2005). However, for
nanoparticles or structural components consisting of less than hundreds of atoms,
the acquisition of structural information by means of XRD may be difficult. The
same applies to amorphous structures, which are in general XRD-silent. XRD has
also been applied in order to estimate the Fe0 content in NZVI, as an alternative to
acid digestion methods (e.g., Nurmi et al. 2005; Sarathy et al. 2008). However, exact
quantification in XRD requires identification of all mineral phases present in a
sample, which might be possible for fresh NZVI but becomes increasingly difficult
with progressive aging and formation of new mineral phases.

Extended X-ray absorption (XAS) XAS is one of the most powerful techniques for
probing the local atomic structure. It can be applied irrespective of the physical state,
also including amorphous materials and samples in solution. XAS gives average
information about all crystallographic sites in a mineral. XAS is only able to
determine surface modifications if the particles are small enough, i.e., have a
sufficiently high surface-to-volume ratio (15–20% surface atoms, Rose et al.
2007). In all XAS methods, the X-ray beam energy is scanned through a certain
range around the binding energy of the core-shell electrons of the atoms under
consideration. The position and shape of the absorption edge reflects the excitation
energy of the inner-shell electrons, whereby fine structures are affected by neigh-
boring atoms around the excited atom. XANES (X-ray absorption near edge
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structure) and EXAFS (extended X-ray absorption fine structure) are characteriza-
tion methods which focus on different parts of the X-ray absorption spectrum.
EXAFS provides information on coordination number, chemical species, and sym-
metry, whereas XANES yields information on chemical bonds and symmetry and is
more sensitive to site geometry and oxidation state of the target atom. EXAFS has
been applied in order to distinguish between maghemite and magnetite as oxide-
layer components of NZVI with quantitative information obtained on the basis of
model compound spectra (Reinsch et al. 2010). Care must be taken with respect to
chemical (redox) changes which can be induced in XANES when using X-rays from
a synchrotron source.

Energy-dispersive X-ray microanalysis (EDX, EDAX, EDS) One of the most reveal-
ing analytical methods for the composition of NZVI and its modifications is energy-
dispersive X-ray spectroscopy (EDX), which is usually coupled with a scanning or
transmission electron microscope. Each element in the chosen nanoparticle emits
X-rays at characteristic energies after electron beam irradiation; their intensity is
proportional to the concentration of each element in the particle. Sampling depth is
up to 1–2 μm, whereas the lateral resolution is about 1 nm when coupled with TEM
and about 1 μm with SEM analysis. By this means, the spatial distribution of
catalytic dopants (e.g., Pd) or impurities in the structure of NZVI can be visualized.

NMR spectroscopy NMR utilizes transitions in energetic states of nuclei with
intrinsic magnetic moments in a strong magnetic field which are induced by
radiofrequency irradiation. NMR can provide structural information on a range of
different elements (those having isotopes with odd numbers of protons and/or
neutrons) as well as their coordination. Thus mineral composition can be identified
without the necessity of long-range order as in XRD. NMR spectroscopy of metal
isotopes is a powerful technique for understanding the electronic environment of
metal atoms in metallic particles by virtue of the NMR shifts caused by free electrons
(so-called Knight shifts). The sensitivity depends on the natural abundances of the
isotopes used. NMR is in most cases not suitable for trace analysis.

Moessbauer spectroscopy Moessbauer spectroscopy is an element-specific method
which is based on the interaction of γ-rays with the nuclei of the atoms of a solid,
which can be modulated by hyperfine interactions with the surrounding electrons.
The location and intensity of the absorption peaks in the Moessbauer spectrum can
give information about the coordination number, valency, spin state, and site
distortion of the atoms under consideration and (if present) about the magnetic
properties of the compound. With respect to NZVI characterization, Moessbauer
spectroscopy is applied for determining not only the Fe(II)/Fe(III) ratio but also the
Fe0 content as well as the nature and content of the various (crystalline and
amorphous) oxide phases (Kharisov et al. 2012). Limitations exist with respect to
sensitivity; elements must be present at concentrations of at least 1–2 wt% (Rose
et al. 2007). Most instruments require homogeneous dry sample powder.
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Surface Elemental Characterization and Crystallography
X-ray photoelectron spectroscopy (XPS). Quantitative XPS analysis is a powerful
tool for the elucidation of the surface composition, whereby dry samples are
required. It is sensitive to the outer 3–5 nm of the sample. Nurmi et al. (2005)
deduced, from the finding that Fe0 in NZVI particles was detectable by XPS, that
the oxide shell must be less than a few nanometers thick. Typical surface impurities
of NZVI, such as sulfur in RNIP and boron in FeBH, have been detected by XPS
(Nurmi et al. 2005). In the case of polymer- or surfactant-stabilized metal
nanoparticles, XPS cannot work well if the dry samples required for XPS are
prepared by evacuation of the dispersion of nanoparticles, because the stabilizer
formed a thick organic coating on the nanoparticle surface. In the case of bimetallic
nanoparticles, quantitative analysis by XPS can provide information on the types of
elements present in the surface region.

2.2 Synthesis and Properties of Bare NZVI
and Bimetallic NZVI

Synthesis Strategies
There are numerous synthesis routes for nanoscale zero-valent iron (NZVI) particles,
of which only an incomplete selection can be presented here. When categorizing the
synthesis methods for NZVI, the distinction between top-down and bottom-up
methods (Fig. 2.7) is usually made (Yan et al. 2013); classification based on the

Fig. 2.7 Classification of NZVI production routes in bottom-up and top-down approaches.
(Adapted from Li et al. (2009). Reprinted with permission from Li et al. (2009). Copyright
(2009) Royal Society of Chemistry)
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process type leads to the distinction between “physical,” “physicochemical,” “chem-
ical,” and “biological” methods (Kharisov et al. 2012). Independent of the synthesis
route, iron metal or other iron-containing substances are precursors of the target
particles, so that a classification according to source material type would also be
logical. However, for production of NZVI intended for remediation purposes,
gas-phase and liquid-phase reduction processes are most common.

Iron Metal as Precursor
Starting from iron metal, breakdown of the original metal body by high-energy ball
milling, laser ablation, vaporization of metallic iron (thermal, laser-, arc-discharge-,
or plasma-induced) in an inert atmosphere (He or Ar) followed by condensation/
precipitation of iron clusters, and especially annealing lead to pure NZVI with α-Fe
as the dominant Fe phase (Scott et al. 2010). Coprecipitation with other metals offers
a synthesis route for generating bi- or heterometallic nanoparticles (Kharisov et al.
2012). Closely related to the above-described formation of NZVI via gas-phase-
transported vapors is the metal organic chemical vapor deposition (MOCVD)
technique whereby thermally labile iron precursors such as iron pentacarbonyl
(Fe(CO)5) are pyrolyzed, forming pure uniform NZVI particles (Choi et al. 2001).
Thermal decomposition of Fe(CO)5 can also be carried out in organic solvents by
means of a sonolysis technique, such as application of high-intensity ultrasonic
waves (Suslick et al. 1996). NZVI particles produced from clean metal or via the
described pyrolytic routes are of high purity and have a narrow size distribution.
However, this has to be paid for with considerable energy consumption and, when Fe
(CO)5 is used, with the handling of a highly toxic precursor.

Synthesis by H2 Reduction
The NZVI type which has most often been applied in the field and used as reference
material in the literature is the reactive nanoscale iron particles (RNIPs) supplied by
Toda Kogyo, Inc., Onoda, Japan (more recently by Toda America Inc., Schaumburg,
IL). RNIP has been produced from nano-goethite or nano-hematite. The oxidic iron
precursor nanoparticles are commonly synthesized from iron scrap metal by disso-
lution in dilute H2SO4 and precipitation by pH adjustment. This makes their
production pathway not only economically but also ecologically feasible. The
precursor particles are treated in H2 atmosphere at elevated temperatures
(<600 �C); Eqs. 2.4 to 2.6 show the sequential reduction of hematite which is
produced from goethite by heat dehydration in the first step in the temperature
range between 250 and 350 �C. Often RNIP is referred to as FeH2, named after its
reducing agent.

3 Fe2O3 þ H2 ! 2Fe3O4 þ H2O ð2:4Þ
Fe3O4 þ H2 ! 3FeOþ H2O ð2:5Þ

FeOþ H2 ! Feþ H2O ð2:6Þ

The thermal reduction process in hydrogen atmosphere forms the initially pyro-
phoric nanoparticles. The α-Fe formed is cooled and quenched with deionized water.
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Fine pulverization (and breaking of particles aggregates) may be carried out by
milling or applying mixing devices with shear forces. The product is usually
supplied in water (Uegami et al. 2003). Freshly produced RNIPs show the classical
Fe3O4-on-Fe

0 core-shell structure and have a Fe content of no less than 65% by
weight, a particle size in the range of 50–300 nm, and a specific surface area between
7 and 55 m2/g (Uegami et al. 2003). For the batch charges described more thor-
oughly in the literature, particle sizes between 20 and 70 nm and specific surface
areas (N2-BET) between 15 and 29 m2/g have been reported by the groups studying
the material (Phenrat et al. 2008; Saleh et al. 2007; Nurmi et al. 2005).

Reduction in Aqueous Solution
Because of its position in the electrochemical series, metallic iron is more difficult to
generate in aqueous solution than, e.g., noble-metal catalyst nanoparticles such as Pd
or Pt, which can be prepared simply by reduction with H2. Classical wet reduction of
ferrous (Fe2+) and ferric (Fe3+) salts requires borohydride, forming borohydride-iron
or FeBH (sometimes also called FeB). Elliot et al. differentiate between Type I FeBH

and Type II FeBH. The basic procedure published by Wang and Zhang (Type I FeBH,
also called chloride method) is the reduction of ferric iron chloride by sodium
borohydride at ambient temperature (Eq. 2.7) to produce NZVI with a particle size
distribution such that >90% of particle mass is in the size range between 1 and
100 nm (Wang and Zhang 1997; Elliott et al. 2012).

4Fe3
þ
ðaqÞ þ 3BH4

�
ðaqÞ þ 9H2O ! 4Fe0ðsÞ þ 3H2BO3

�
ðaqÞ þ 12HþðaqÞ

þ 6H2ðgÞ ð2:7Þ

When starting from an Fe(II)-salt, less borohydride is necessary for the reduction
to zero-valent iron. With Type II FeBH starting from iron(II) sulfate (also called the
sulfate method), additionally upscaled production of FeBH is possible.

2Fe2
þ

aqð Þ þ BH4
�

aqð Þ þ 3H2O ! 2Fe0 sð Þ þ H2BO3
�

aqð Þ þ 4Hþ
aqð Þ

þ 2H2 gð Þ ð2:8Þ

The stoichiometric excess of borohydride used for Type II FeBH synthesis is
lower than for Type I FeBH (3.6–5.6, respectively). Numerous modifications of the
borohydride method have been described where the precursor salt, the solvent, and
the borohydride type were varied (Capek 2004; Liu et al. 2005a, b; Ponder et al.
2000; He and Zhao 2007). When carrying out borohydride reduction in the presence
of supports, pathways are also open to generate NZVI structures on various supports.
This will be described in more detail in Sect. 2.4 (e.g., Ponder et al. 2000). Yan et al.
(2013) stated that the borohydride method is easy to apply and especially useful for
synthesis of NZVI with various desired physical properties since the particle gener-
ation in the presence of surfactants or polyelectrolytes allows control of the size, size
distribution, and core-shell morphology. However, some disadvantages remain to be
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considered. The borohydride method is not able to produce pure NZVI: the mainly
amorphous FeBH always contains boron impurities. In addition, FeBH is quite
expensive (over $200 per kg NZVI) due to the need for the rather costly reducing
agent NaBH4 (Yan et al. 2013). Moreover, large-scale production suffers from the
considerable hydrogen generation and the large amount of wastewater produced
during the separation steps.

As an alternative to borohydride, dithionite can be used to reduce Fe(II) and
produce NZVI under conditions of high pH and in the absence of oxygen (Eq. 2.9)
(Sun et al. 2008).

Fe2þ þ S2O4
2� þ 4OH� ! Fe0 sð Þ þ 2SO3

2� þ 2H2O ð2:9Þ

The authors point out that the dithionite-NZVI can be much more cheaply
produced than borohydride-NZVI, in addition avoiding the high amount of hydro-
gen generated by the borohydride method. The reactivity of dithionite-NZVI toward
TCE is reported to be equivalent to that of borohydride-NZVI. In contrast to the
spherical borohydride-NZVI, dithionite-NZVI forms small, thin, black, platelet-like
crystals (Fig. 2.8b) that appear to be a mixture of very small Fe0 particles.

Recently, techniques for obtaining nanoparticles using naturally occurring
reagents, such as plant extracts, have also been further developed. The key active
reagents in plant extracts are believed to be polyphenols present, for example, in tea
leaves, wine and winery waste, and red grape pomace (Kharissova et al. 2013). The
biomaterials are extracted by a water-alcohol mixture at elevated temperature, and
the polyphenols released serve as mild green-reducing agents. Polydispersed col-
loids of nanoscale zero-valent iron (NZVI) particles are reported to have been
prepared using tea (sp. Camellia sinensis) polyphenols (Hoag et al. 2009) and
those extracted from a large variety of tree leaves (Machado et al. 2013). Advantages
of the biogenic reducing agents are seen not only in their simple, cost-effective, and
relatively reproducible application but also in that the NZVI results in comparatively
more stable particle suspensions due to the chelating effect of the plant extract
polyphenols (Wang 2013).

Bimetallics
There are several synthesis options to produce bimetallics:

(i) Doping of a ready-prepared NZVI particle with noble metal salt and reduction
of the more precious metal on the iron surface according to the example shown
for Pd deposition on NZVI (Eq. 2.10) (Wang and Zhang 1997).

Pd2þ þ Fe0 ! Pd0 þ Fe2þ ð2:10Þ

In a similar analogue way, bimetallics in the compositions Fe/Pt, Fe/Ag,
Fe/Ni, Fe/Co, and Fe/Cu can be prepared (Xu and Zhang 2000; Zhou et al.
2010). This forms clusters, or even coatings, according to the core-shell type at
the outer surface of the NZVI particles (Fig. 2.9a, b).
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(ii) Coprecipitation of iron simultaneously with other metals offers a synthesis
route to generate bi- or heterometallic alloyed nanoparticles (Fig. 2.9c)
(Kharisov et al. 2012). Reduction of and coprecipitation of bimetals using
borohydride in aqueous solution lead to bimetallics (Toshima and Yonezawa
1998). In order to adjust particle size, bimetallic nanoparticles can also be
generated in the presence of a suspension stabilizer, such as CMC.

The formation of true nano-alloys can be achieved by co-deposition using
two or more thermally labile precursors (via MOCVD, CVC, or solvent-
mediated thermal destruction). MOCVD of single bimetallic precursors (such
as mixed carbonyls of the type [NEt4][FeCo3-(CO)12]) leads to defined iron
nano-alloys such as FeCo3, FePt, FeNi4, and Fe4Pt (Robinson et al. 2009).

Fig. 2.8 TEM images of freshly synthesized NZVI samples: (a) and (b) NZVI were synthesized
using ferrous sulfate and ferric chloride as precursors and sodium dithionite as reducing agent,
respectively, while (c) and (d) were formed by using ferrous sulfate and ferric chloride as precursors
and using sodium borohydride as reducing agent. (Reprinted with permission from Rónavári et al.
(2016). Copyright (2016) Elsevier)
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(iii) Ball milling of both metals simultaneously forms bimetallics whereby compo-
sition and distribution of the metals can be controlled by milling intensity and
time and by the precursor stoichiometry (Xu et al. 2012).

Bimetallics are composed of two different metals, where the atomic distribution
may have a significant influence on their catalytic performance. However, it is seen
still as a great challenge to understand the nucleation and growth mechanism of
bimetallic nanocrystals (Liu et al. 2012). Figure 2.9 gives a simplified picture of
bimetal structures. Exchange of metal atoms by segregation and alloying will form
intermediate structures between a, b, and c.

Palladium (with <1 wt%) is the most often used metal dopant for iron bimetallics
used for environmental application (Wang and Zhang 1997; Elliott and Zhang 2001;
Lien and Zhang 2007). Palladium’s ability to catalyze efficiently the
hydrodechlorination of not only aliphatic but also aromatic chlorohydrocarbons
immensely extends the spectrum of treatable pollutants. In addition, reaction rates
of Pd-catalyzed dechlorination can extend that of iron by several orders of
magnitude. Less dead-end products are expected than with pure NZVI. When
using Pd, the changed reaction pathway almost completely avoids the formation
of the toxic dehalogenation products VC, 1,1-dichloroethylene (1,1-DCE),
cis-dichloroethylene (cis-DCE), and trans-dichloroethylene (trans-DCE), which are
formed only in trace amounts (Schrick et al. 2002). However, Pd decreases the Fe
lifetime due to higher corrosion rates and is subject to catalyst poisoning (Zhu and
Lim 2007; Korte et al. 2000). Moreover, the reactive lifetime of Pd catalyst under in
situ conditions may be limited, bringing into question the efficacy of bimetalics.

Properties
Maintaining pristine iron surfaces is difficult. NZVI particles rapidly develop a
typical core-shell structure since it is almost unavoidable that an oxidic shell forms
around the reactive iron core, whereby the composition of the shell can vary
depending on the particle’s immediate environment but mainly consists of mixed
valent iron oxides (Fe2+ and Fe3+) (Figs. 2.10b and 2.11b). RNIP particles are a
typical example where the shell is intentionally formed. The pyrophoric properties of
the freshly produced particles are especially prominent for the hydrothermal synthe-
sis pathway. Controlled quenching of this “excessive reactivity” by partial oxidation

Fig. 2.9 Simplified scheme of various bimetallic types: (a) clustered dopant metal on iron, (b) full
core-shell structure, (c) bimetallic alloy
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in water or an oxygen-containing gas phase forms a magnetite shell around the α-Fe
core. It is believed that the oxidation of the iron core is the driver for the NZVI
reactivity (Liu et al. 2005a, b; Nurmi et al. 2005).

The particle structure, composition, and reactivity parameters have been analyzed
by Nurmi et al. and Liu et al. (2005b) for the two most widely used NZVI particle
types (Nurmi et al. 2005; Liu et al. 2005b). In this study, RNIP (FeH2) and NZVI
generated by reductive precipitation with borohydride (FeBH) were compared.
Main differences were not only the initial Fe0 content (for FeH2 xFe0 � 70 wt%
and for FeBH xFe0 � 97 wt%) but also the mean crystallite size for Fe0 (α-phase),

Fig. 2.10 TEMs of FeH2. (a) Low-magnification image of as-received sample. (b) Higher resolu-
tion image of oxide shell around metal particle (Nurmi et al. 2005). (Reprinted with permission from
Nurmi et al. (2005). Copyright (2005) American Chemical Society)

Fig. 2.11 TEMs of FeBH. (a) Low-magnification image of as-received sample. (b) Higher resolu-
tion image of metal particle (Nurmi et al. 2005). (Reprinted with permission from (Nurmi et al.
2005). Copyright (2005) American Chemical Society)
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which was found to be one order of magnitude larger for FeH2 (for FeH2 dFe crystal �
40 nm and for FeBH dFe crystal < 1.5 nm). FeBH consists of agglomerates of such small
crystallites, forming 20–80 nm metallic Fe particles. The oxidic shell around FeBH

contains a high amount of oxidized boron. In the magnetite shell of FeH2, reduced
sulfur remained from the production process (originating from the scrap metal
dissolution with H2SO4), and some other elements, e.g., Na and Ca, were found
by X-ray photoelectron spectroscopy (XPS) (Nurmi et al. 2005). The impurities in
NZVI particles, such as boron or sulfur, but also oxide and hydroxide, which are
incorporated during synthesis, usually increase the amorphous iron content and
presumably have an influence on the reactivity. Sulfur is claimed by the producer
to increase the reactivity and boron is believed to be the reason for selectivity
changes (Uegami et al. 2003; Liu et al. 2005b).

Due to their magnetic properties, NZVI particles strongly tend to form agglom-
erates. TEM data given by Nurmi et al. (2005) show this phenomenon for FeH2 and
FeBH (Figs. 2.10a and 2.11). FeH2 is composed of aggregates of facet-like ordered
platelets and smaller irregular particles, whereas the more spherical FeBH particles
aggregate in a chain-like structure. Li et al. see in addition to particle size the core-
shell structure, the composition, the specific surface area, and the magnetic proper-
ties as further important characteristics of NZVI particles (Li et al. 2006a). However,
the latter is usually just seen as a nuisance when it comes to environmental applica-
tion, since the magnetic attractive forces are largely responsible for the high agglom-
eration tendency of NZVI particles. Later in this chapter, various means of particle
“construction” are discussed which counteract this behavior.

Obviously, NZVI is able to exhibit higher rates of reaction with contaminants
compared to its larger-scale pendants, simply due to its larger specific surface area or
higher surface-to-volume ratio. Specific surface areas are determined from N2

physisorption measurements using dry particles (BET analysis). One could assume
that dry particle aggregates vary in their specific surface areas from well-dispersed
particles in suspension, a problem which can be expected to become more pro-
nounced as particle size decreases and more contact area is available. Microscale
iron particles with a mean diameter of <100 mesh (<150 μm) (fisher electrolytic iron)
and typical FeBH (dmean ¼ 30–50 nm) differ in their N2 BET-surface areas by more
than two orders of magnitude: 0.18 m2/g and 36.5 m2/g, respectively (Lowry and
Johnson 2004).

2.3 Synthesis and Properties of Polymer-Modified NZVI

A great variety of surface modifications of bare NZVI particles have been conducted
which all followed the goal of overcoming the high tendency toward self-
aggregation (due to NZVI’s high surface energy and magnetic attractive forces).
Surface coatings are utilized to lower subsurface transport limitations or to improve
the source treatment abilities. They can provide protection, separation distance, and
charge (positive or negative) to the particles. The materials used for coating NZVI
can be divided into three classes: polyelectrolytes, surfactants, and polymers (Lowry
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2007). For each of the coating material classes, both natural and synthetic varieties
are available. In most cases, the coating strategies aim at hindrance of direct particle-
particle and particle-surface interactions in order to combat agglomeration and
particle interception. Some approaches of particle modification aim at targeted
delivery to source zone areas and will be briefly discussed later in this section.
Stabilization of NZVI structures in composites with solid polymer support particles
(e.g., poly(vinyl alcohol), ferragels, alginate) is discussed in detail in Sect. 2.4.

Due to their small size, surfactants can solely offer electrostatic repulsive or
attractive forces (charge-dependent) for transport enhancement, whereas polyelec-
trolytes are functionalized macromolecules and can provide electrosteric repulsion
on account of their charge and steric demand (Fig. 2.12). Adsorption of surfactants
is reversible and underlies a sorption/desorption equilibrium, whereas coatings of
polyelectrolyte and nonionic polymers usually provide a longer-lasting
modification.

There are several strategies to provide polymer surface coating of particles after
their preparation. In the presence of dissolved polymeric suspension stabilizers,
particle surfaces can be polymer-coated simply by (i) adsorptive surface coverage.
(ii) The formation of covalent bonds between the polymer and surface functional
groups of the particle is a method to anchor the coating material better to the particle
surface. These coatings show essentially irreversible attachment and, thus, should be
more suitable as long-lived delivery systems for groundwater remediation. Covalent
bonding of a polymer to the particle surface can be also achieved by utilization of
constituents of the particle surface as polymerization aid. Particle-aided polymeri-
zation is chosen to construct bonded polymer coatings directly at the surface with the
aim of irreversible attachment.

Fig. 2.12 Effects of surface coating. (Reprinted with permission from Phenrat et al. (2008).
Copyright (2008) Springer Nature)
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(i) Adsorptive surface coverage

Dissolved biopolymers, such as carboxymethyl cellulose (CMC) (Raychoudhury
et al. 2010; Krol et al. 2013; Johnson et al. 2013), xanthan gum (Dalla Vecchia et al.
2009), guar gum (Tiraferri et al. 2008), or polyelectrolytes, e.g., polystyrene sulfo-
nate and polyaspartate (Phenrat et al. 2008), and polyelectrolyte mixtures (Hydutsky
et al. 2007), are subject to surface adsorption, forming thin polymer coats. Naturally,
sorption/desorption equilibria apply. Thus, the adsorption is reversible when solu-
tion conditions change, e.g., by mixing and dilution of the injected suspension with
groundwater. The modification of the NZVI surface properties is achieved by
increasing not only the surface charge (electrostatic stabilization) but also the steric
demand, e.g., of long hydrophilically functionalized chains, which lead to preven-
tion of particle agglomeration (steric stabilization).

In most studies, pre-grafted particles were brought into contact with
low-concentrated polymer solution (in the order of milligrams per liter). However,
particle synthesis in the presence of a polymer solution also leads to coated
particles (post-grafting). A study of the four polymers carboxymethyl cellulose
(CMC), poly(styrenesulfonate) (PSS), poly(acrylic acid) (PAA), and polyacryl-
amide (PAM) in pre- or post-grafting approaches has shown that, depending on the
synthesis conditions, the particle size can be adjusted and thus has a major
influence on particle reactivity and transport properties of NZVI (Cirtiu et al.
2011). When increasing the concentrations of the polymers to several grams per
liter, the polymer not only adsorbs to the particles’ surface, but can also modify the
viscous properties of the suspension, which can lead to a dramatic decrease in
Brownian motion (viscous stabilization). This limits the frequency of collisions
among particles and thus the particle aggregation and sedimentation (Cantrell et al.
1997; Li et al. 2015; Gastone et al. 2014).

However, post-grafting of polymer-coated particles can only be achieved for
bottom-up processes. In aqueous solution, this is only possible for processes using
NaBH4 as reducing agent (e.g., as in Cirtiu et al. 2011). In addition, the
thermal decomposition of Fe(CO)5 in a CVD process in the presence of monomers
(e.g., styrene) allows particle formation and polymerization at the same time
(Yang et al. 2003).

(ii) Formation of covalent bonds

By formation of strong covalent bonds between a polymer chain and the surface
atoms, polymer layers can irreversibly bind to particle surfaces. However, it has been
demonstrated that poly(ethylene oxide) brushes covalently bound to engineered
nanoparticles are bioavailable and can support the growth of microorganisms
(Kirschling et al. 2011). There are two approaches typically employed for covalent
bonding of polymers to NPs. One is a “grafting to”method, involving the reaction of
reactive functional groups in the polymer with complementary active groups on the
particle surface. In general, the grafting density of “grafted to” polymer chains is
limited because of the steric hindrance effect. Another method is a “grafting from”

approach, involving the use of active species on the surface to initiate polymerization
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(particle-aided polymerization) and usually resulting in polymers with high grafting
density. Blacha et al. summarize methods for covalent polymer bonding to surfaces
(Blacha et al. 2011). Atom transfer radical polymerization (ATRP), ring-opening
metathesis polymerization (ROMP), and ionic polymerization are reviewed.
Compounds reactive to iron(oxide) phases, such as halogenosilanes, alkoxysilanes,
thiols, and disulfides, can chemisorb to NZVI surfaces to form the covalent linkage
between the organic building block (polymer) and the surface. This formation of
self-assembled monolayers (SAM) is a spontaneous process. Strong coordinative
interactions were also reported for poly(sodium acrylate) and poly(sodium
vinylphosphonate) on iron oxide surfaces (Golas et al. 2010). Type, molecular
weight distribution, and charge determine the stabilizing effect for magnetite
nanoparticles for use under various pH and ionic strength conditions. Golas et al.
recommend to use strong polyanions, such as sulfonated poly
(hydroxyethylmethacrylate) and poly(styrene sulfonate), under neutral to acidic
conditions whereas polyanions capable of forming coordinative bonds with the
iron oxide surface, such as poly(sodium vinyl phosphonate) and poly(sodium
acrylate), should be used under basic conditions. The behavior found for
nanomagnetite particles should be applicable to commercial NZVI as well.

Particle Modification Aimed at Targeted Delivery to Source Zone Areas
Delivery approaches designed to target regions containing entrapped and pooled
DNAPL are important innovations for source remediation using reactive iron parti-
cles. In order to accomplish effective delivery of NZVI to source zones, a delivery
system is required that allows for dispersibility and colloidal stability of individual
nanoparticles in water but at the same time provides an affinity for the water/
contaminant interface. Due to the hydrophilic surface properties of NZVI, the
source-zone compatibility of NZVI is rather poor. For this reason, organic polymer
coatings for improving source-zone targeting have received considerable interest.

Saleh et al. (2005, 2007) showed that amphiphilic triblock copolymers with an
A-B-C triblock architecture enhanced colloidal stability and increased affinity of
the coated NZVI toward a water/organic interface. The triblock copolymers, poly
(methacrylic acid)-b-(methyl methacrylate)-b-(styrene sulfonate) (PMAA-
PMMA-PSS) (see Fig. 2.13a), contain both hydrophilic and hydrophobic blocks
to promote nonpolar interactions. They were produced using atom transfer radical
polymerization (ATRP) in conjunction with a post-polymerization ester-hydroly-
sis step and a post-polymerization sulfonation step. The mechanism of action for
triblock copolymers in two-phase systems is based on the amphiphilic nature of the
polymer construction: in water, the hydrophobic PMMA block collapses, while the
hydrophilic PSS fully extends into the water bulk phase, providing electrosteric
protection (Fig. 2.13b). Conversely at the NAPL/water interface, the hydrophobic
PMMA block conveys hydrophobic affinity to the organic phase, thus anchoring
the particle at the interface (see Fig. 2.13c). The triblock copolymer-coated parti-
cles do not enter the NAPL due to the weak solubility of the PSS block in the
organic phase (Saleh et al. 2005).

72 K. Mackenzie and A. Georgi



A similar concept was followed by Krajangpan et al. with functionalized amphi-
philic polysiloxanes (Krajangpan et al. 2008, 2012). The synthesis of amphiphilic
polysiloxane graft copolymers (APGC) is achieved through hydrosilylation of
hydride-functioning polysiloxanes by polyethylene glycol (PEG) and tertiary butyl
acrylate (Krajangpan et al. 2012). The PEG grafts are water-soluble and allow for
colloidal stability and dispersibility in aqueous mediums. The polysiloxane back-
bone polymer imparts a hydrophobic barrier to the NZVI particles which protects
them from excessive oxidation. It also causes an affinity of the coated NZVI for the
water/contaminant interface and allows for permeation of the contaminants to the
NZVI surface (Krajangpan et al. 2008, 2012). Treatment of NZVI with APGCs was
found to enhance nanoparticle colloidal stability in water; the magnitude of the
enhancement was a function of APGC chemical composition.

Characterization of Particle Coatings
Particle diameter, surface properties, coating thickness, and the influence on the
colloidal stability or wettability by various solvents are of interest.

Fig. 2.13 Structure of amphiphilic triblock copolymers (a), leading to electrosteric stabilization in
water (b) and anchoring at the DNAPL/water interface, with poly(methyl methacrylate) anchoring
block (black circles in b and c), hydrophobic poly(methyl methacrylate) block (gray circles in b and
c), and polystyrene sulfonate polyelectrolyte block (open circles in b and c); see text for further
explanation. (From Saleh et al. (2007))
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• The particle size measurement can in principle be carried out as for uncoated
particles. However, in some cases (i.e., where Brownian movement plays a role,
as for DLS and nanoparticle tracking analysis – NTA), the viscosity of the
dispersant fluid could markedly alter the result and has to be taken into
consideration.

• For the analysis of the mass of polymeric coating material attached to the
particles, their carbon content is a good basis for measurement. After particle
separation from the suspension (without disturbance of the polymer-particle
sorption equilibrium), thermogravimetric (TGA) or elemental analyses
(EA) allow quantification of the attached coating material.

• The influence of the coating material on the surface properties may reflect in a
changed zeta potential. The measurement can be carried out similarly to that for
bare particles with the caveats about the impacts of coatings as described above.

• Characterization of the coating can be conducted by direct visualization using
atomic force microscopy or scanning tunneling microscopy. Indirect evidence
of organic layer formation is collected based on a signal from specific surface
functional groups, as in the case of electrochemical (voltammetry and imped-
ance measurements) and spectroscopic (Raman, UV-Vis, and IR) methods
(Blacha et al. 2011).

The great variety of NZVI modification approaches shows that each can provide
advantages but none is a universal remedy. They all have their assets and drawbacks
– hardly surprising considering the great range of different remediation requirements
and situations found in the field. Besides improvements of particle delivery, inter-
ference with NZVI reactivity toward target contaminants and also toxicological
aspects of synthetic polymer amendments need to be considered. The uncertainties
surrounding the effects of surface coatings on the fate, transport, and potential
toxicity of engineered nanomaterials makes this a rich area for current and future
research on nanotechnology (Lowry 2007).

2.4 Synthesis and Properties of NZVI on Supports

The combination of NZVI or bimetals with support materials, focusing on envi-
ronmental applications, mostly aims at improved transport and/or reactivity prop-
erties of the composites compared to bare NZVI. Bringing iron onto support
materials is done in order to finely disperse the metal, to sterically hold the single
iron nanoclusters apart from each other (spacer effect), and to generate composite
particles which have properties from both the iron and the support material.
Embedding NZVI particles in a porous support such as silica (Fig. 2.14a, c, or d)
also reduces their magnetic attraction due to spatial separation of the iron
structures. In these cases, where the iron is “hidden,” particle surface properties
are dominated by the support material. Covering the iron surface may also protect
the iron to a certain extent from excessive oxidation.
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The combination of Fe0 nanoparticles with other materials has been reported for
several applications, whereby Fe0 has been entrapped or surface-supported. NZVI
can be:

• Coated with solids or polymers (see also Sect. 2.3) (Fig. 2.14a)
• Supported on the outer surface of solid particles (Fig. 2.14b)
• Integrated into other materials as composites or intercalates (Fig. 2.14c, d,

respectively)

Coating shells may enhance the lifetime of the metal but also provide a spacer
function between the iron nanoparticles, which prohibits their direct contact. This in
turn lowers the tendency for agglomeration and improves the suspension stability.
The materials reported for embedding of single particles are polymers (Saleh et al.
2005, 2007; Phenrat et al. 2011), metal oxides such as SiO2 (Li et al. 2012; Wan et al.
2013), and increasingly carbon materials (Hoch et al. 2008). The coating of iron with
polymers is discussed previously; here we will concentrate on iron-mineral and iron-
carbon composites as well as iron on solid polymer particles.

The transport and sedimentation behavior can be influenced by the combination
with a second material due to:

• Changed surface charge
• Larger size of primary particles
• Lower particle effective density
• Reduced agglomeration tendency due to separating matrix (shallower secondary

minimum)

The reaction of NZVI in composites can be influenced by:

• Iron surface coverage
• Electronic effects of the second material on iron
• Possible charge transfer abilities of the carrier
• Hydrophobicity of the carrier and contaminant enrichment
• Diffusive contaminant delivery to iron surface

Fig. 2.14 Various types of NZVI-support combinations (a ¼ coated NZVI (view enlarged),
b ¼ nanoiron clusters attached to the outer support surface, c ¼ nanoiron clusters within porous
supports, d ¼ intercalated nanoiron clusters)
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For enhanced suspension stability and subsurface mobility, the combination of
iron with a porous low-density support offers the possibility to “design” optimized
NZVI particles. Some of the multiple factors determining subsurface transport and
stability of NPs can be actively influenced for engineered NPs. The surface proper-
ties of each material forming the composite contribute to the properties of the whole
particles. A coating, for instance, predominantly determines the surface properties.
Negative surface charge, as provided, e.g., by SiO2, carbon materials, or accordingly
functionalized polymers, can help to overcome iron’s electrostatic attraction to the
sediment grain during the aquifer passage. The coating and the carrier therefore have
protecting and transport-improving functions. Schrick et al. (2004) showed, in a
study with various carrier materials and sediments, that transport and reactivity can
vary according to the compatibility between support and sediment properties.

Particle density and accordingly particle size also influence the sedimentation
velocity (Stokes equation) and the subsurface transport (filtration) behavior of the
composite particles. The effective density of a porous particle (ρp,w) such as com-
posites of NZVI on a porous support in water (i.e., under conditions of fully water-
filled pores) can be estimated according to

ρp,w ¼
ρw þ 1

Vp,pore
1

ρp, s�Vp,pore
þ 1

ð2:11Þ

where Vp,pore is the specific pore volume (mL g�1) of the particles as determined
from gas (e.g., N2) adsorption/desorption measurements, ρw is the density of water,
and ρp,s is the true density of the particle’s solid fraction. The latter can be deter-
mined by gas pycnometry. Alternatively, if the true density of all components
including the porous support is known, ρp,s for the solid composite fraction
(consisting, e.g., of NZVI, magnetite, and a porous solid carrier) is estimated
according to

ρp, s ¼
1

P xi
ρi

¼ 1
xFe 0ð Þ
ρFe 0ð Þ

þ xFe3O4
ρFe3O4

þ xcarrier
ρcarrier

ð2:12Þ

from the mass fractions (xi, related to dry particle mass) and densities of the
individual components ρi.

Synthesis Strategies
The synthesis pathways for these material combinations are manifold, and we see a
seamless transition between them. Often similar strategies are followed as for the
synthesis of pure iron nanoparticles (Sect. 2.2). For generation of coated NZVI
particles, the bare core iron is usually synthesized first and can be subsequently
coated (Fig. 2.15). Metal oxide coating (e.g., SiO2, TiO2, ZrO2, Al2O3) can be
applied not only by sol-gel polycondensation or impregnation techniques (Yuan
et al. 2010) but also by arc discharge (Fernandez-Pacheco et al. 2006). For these
techniques and for NZVI generated in the presence of coating material, the compos-
ites appear as core-shell structured particles.
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Generation of surface-supported NZVI or embedded iron in a porous carrier
requires bottom-up processes employing iron precursors which precipitate at the
outer surface or are introduced into the pore volume of the carrier. Reduction by
borohydride or H2 at elevated temperatures leads to NZVI structures. Also chemical
vapor deposition (e.g., using Fe(CO)5) is a means to introduce iron structures to
inner and outer carrier surfaces (Chen et al. 1987). These synthesis strategies are
applicable for all kinds of solid supports.

Metal Oxides as Coatings and Supports
Especially for inorganic contaminants, where hydrophobic enrichment does not play
a role, high-surface-area metal oxides or natural minerals may be beneficial as
support materials for iron. Immobilization of NZVI on solid particles, such as silica
(Ponder and Mallouk 2004; Dror et al. 2012; Martínez-Baez et al. 2015), or clay
minerals, such as bentonite (Zhang et al. 2011), montmorillonite (Jia and Wang
2013; Bhowmick et al. 2014), or kaolin (Wang et al. 2016), has been reported.

Metal-oxide carriers are commonly regarded as inert support materials. However,
Boudart et al. (1975) found that, for instance, magnesium oxide is not merely an inert
carrier for metallic iron, but interacts with the iron in a manner essential for the
ultimate production and stabilization of small metallic particles. The results of Cr
(VI) removal experiments using clay-supported NZVI revealed that the removal
rates were strongly related to NZVI surface dispersity (Zhang et al. 2013). ZVI
intercalated in the interlayers of montmorillonite is more stable than that located on
the external surface, which can be attributed to the protective effect of the clay layers

Fig. 2.15 Principal synthesis pathways for iron-mineral, iron-carbon, and iron-polymer composites
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against metal oxidation (Jia and Wang 2013). Also in the case of pillared bentonite,
the carrier was found to play a significant role in enhanced reactivity and stability of
NZVI; the authors state that this finding may shed new light on design and fabrica-
tion of supported NZVI for environmental remediation (Li et al. 2012). The com-
posite’s Cr(VI) removal efficiency was much higher than that for the sum of NZVI
reduction and bentonite adsorption.

The composite particles formed by supporting NZVI are usually considerably
larger than NZVI itself, determined by the carrier particle size (Fig. 2.16). Particle
sizes � 1 μm seem beneficial according to Tufenkji and Elimelech (2004) for this
type of material, being quite similar to natural sediment particles.

Zheng et al. (2008) showed attachment of ZVI nanoclusters to porous submicron
silica particles using an aerosol-assisted process and subsequent reduction with
NaBH4 (Fig. 2.17a) or H2 (Fig. 2.17c). The figure clearly shows the spatial separa-
tion of the NZVI structures by the support matrices inhibiting the direct interaction
(agglomeration) of NZVI particles.

In contrast, coating NZVI with metal oxides offers a means to generate individual
NPs where the thickness of the coating determines on the spacer distance between
the iron species. Figure 2.18 shows an example for silica-coated NZVI particles.

Carbon Materials as Coating and Supports
The combination of sorption-active carbon materials such as activated carbon
(AC) and iron as reactive metal is a known method to prolong the lifetime of
carbon adsorption beds by continuous AC regeneration (Tseng et al. 2011).
However, for in situ groundwater treatment, the combination of NZVI with
carbonaceous materials offers features additional in comparison to iron: the sorp-
tive enrichment of hydrophobic contaminants and a higher affinity of the compos-
ites to organic solvent phases (Simon 2015). With carbon supports, especially with
high-surface-area sorption-active carbon materials, the enrichment of organic
halogenated pollutants and their degradation by iron can be coupled. The

Fig. 2.16 Examples for Fe-clay composites: (a) SEM images of kaolin-supported NZVI, red
arrows ¼ spherical Fe structures within kaolin layers (Wang et al. 2016), (b) TEM of bentonite-
supported NZVI (Zhang et al. 2011), and (c) TEM of montmorillonite-supported NZVI (Zhang
et al. 2013). (Reprinted with permission from Zhang et al. (2011, 2013). Copyright (2011 and 2013)
Elsevier)
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Fig. 2.17 TEM images of (a) Fe(B)/silica reduced by NaBH4, (b) Fe(B)/ethyl-silica reduced by
NaBH4, (c) Fe(H)/silica reduced by H2, and (d) electron diffraction pattern of Fe(H)/silica,
illustrating polycrystallinity in the sample (Zheng et al. 2008). (Reprinted with permission from
Zheng et al. (2008). Copyright (2008) American Chemical Society)

Fig. 2.18 Silica-coated
NZVI (Li et al. 2012).
(Reprinted with permission
from Li et al. (2012).
Copyright (2012) Elsevier)
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combination of iron and various carbon materials has attracted interest in many
ways during recent years (Hoch et al. 2008; Mackenzie et al. 2012; Pereira et al.
2010; Zhan et al. 2011; Ling et al. 2012) (see Table 2.3). Some of the preparation
approaches (Fig. 2.15) stem from the usual synthesis methods used for bare NZVI
and are conducted in the presence of a carbon support material (Bystrzejewski
2011; Wei et al. 2011a, b; Nadagouda and Lytle 2011). Others use organic coating
materials and obtain a C/Fe material through thermal degradation of the coating
(Kong et al. 2011). Pyrolytic deposition of carbon on NZVI (similar to CNT
generation) also leads to C-coated NZVI (Dumitrache et al. 2004). By reduction
of iron oxide in the presence of carbon at 1200 �C, CNTs and NZVI particles
coated by graphite nanolayers can be generated (Tokoro et al. 2004).

The idea to use composites of carbon and iron for remediation goes back to the
2004 paper of Schrick and coworkers who used anionic, hydrophilized carbon black
as support for iron (Schrick et al. 2004). The particles showed markedly improved
transport performance through soil- and sand-packed columns compared to bare

Table 2.3 Examples for in situ compatible NZVI-C composites

Carbon carrier Description Reference

Graphite Graphite-encapsulated Fe0

Laboratory-tested for treatment of lead or Cr(VI)-
contaminated water

Cao et al. (2007)

Carbon black Fe0on 80 m2/g carbon black from Fe salt
impregnation and carbothermal reduction
Fe0 content 12. . .35 wt%
Laboratory-tested for Cr(VI)

Hoch et al. (2008)

Activated carbon Named “Carbo-Iron”
Carrier colloidal AC (� 1 μm) impregnated with
iron salt and reduced either by H2 (500 �C) or
carbothermally (700 �C)
Fe0 content 20. . .30 wt%
Field-tested for PCE

Mackenzie et al.
(2008, 2012,
2016)
Bleyl et al. (2012)

Carbon microspheres
from sucrose
carbonization

0.1–3 μm hard carbon microspheres (� 300 m2/
g) with Fe0 at the outer surface. Microsphere
synthesis from hydrothermal treatment of sugar
and carbonization, Fe introduction from Fe salts
and reduction by NaBH4.
Fe0 content � 15 wt%
Laboratory-tested for TCE

Sunkara et al.
(2010, 2011,
2015)
Zhan et al. (2009,
2011)

Hydrophilic carbon Carrier: carbon black hydrophilized by treatment
with sulfanilic acid (impregnated with iron salt
and borohydride reduction)
Fe0 content � 20 wt%
Showed improved transport in laboratory tests

Schrick et al.
(2004)

Graphene Fe on high-surface graphene or Fe-oxide/
graphene composites
Lab-tested for Cr(VI) or Pd(II) removal

Jabeen et al.
(2013)
Lv et al. (2014)

80 K. Mackenzie and A. Georgi



unsupported iron. As the main reason for the improvement, the negative surface
charge of the Fe/C particles was discussed.

In the group of Mallouk, spheric particles with carbon-black-supported NZVI
were generated by carbothermal reduction (Hoch et al. 2008). Iron salts were
impregnated to the carbon support (� 80 m2/g) and carbothermally reduced in the
temperature range between 600 and 800 �C under inert gas atmosphere. The iron
(20–100 nm diameter) is attached mainly at the outer surface but gains improved
properties for the reduction of Cr(VI) by the combination of the materials.

In a similar approach, monodisperse carbon particles (� 300 m2/g), which were
prepared by hydrothermal dehydration and successive pyrolytic carbonization of
sugar, were used as supports for iron (Zhan et al. 2009). Further development of the
two-step process led to a semicontinuous aerosol-based synthesis method (Zhan
et al. 2011). Reduction of the iron precursor was achieved by NaBH4 but alterna-
tively also by a carbothermal approach (Sunkara et al. 2010, 2011). TEM analysis
of the Fe/C showed that the zero-valent iron was evenly attached to the outer
surface of the carbon spheres (Fig. 2.19).

Fig. 2.19 (a) TEM of (CMC + NZVI)/carbon particles. (b) Higher-resolution TEM image of a
single particle showing the distribution of NZVI (a–c Zhan et al. 2009). (c) SEM of (CMC + ZVI)/
carbon particles. (d) TEM of a cut-section of the iron supported on carbon microspheres (Zhan et al.
2011). (Reprinted with permission from Zhan et al. (2011). Copyright (2011) American Chemical
Society)
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Stevenson et al. (1989) showed that iron can be finely deposited on graphite,
carbon black, or alumina from iron carbonyls with post-reductive treatment in H2

atmosphere. Graphite, graphene, and graphene-oxide or pyrolytically deposited
carbon were utilized as alternative carbon sources to generate other C-Fe compos-
ites, which to our knowledge have not yet achieved field applicability (Cao et al.
2007; Jabeen et al. 2013; Lv et al. 2014).

For an efficient Fe-C system to be used for generation of a subsurface treatment
zone, it is expedient to use a low-cost, highly porous carbon material, such as
colloidal activated carbon, and combine it with metallic iron in order to follow the
strategy of:

• Adsorption and enrichment of the contaminants
• Increase of their retention time in the treatment zone
• Degradation of the contaminants in the sorbed state

In principle RPI’s BOS 100® follows this strategy but has a granular grain size of
12–40 mesh size (0.42–1.68 mm), which requires forced pressure-injection (Simon
2015) and therefore does not fall under the material specifications discussed here.

In a product named Carbo-Iron®, colloidal activated carbon (> 1000 m2/g) with
NZVI species generated in the inner pore volume (Fig. 2.20) assures the dominance
of the carbon properties for particle transport. The Carbo-Iron composite has been
synthesized with 20–30 wt% Fe0 and optimized in its properties for subsurface
utilization (Mackenzie et al. 2008, 2012, 2016).

In accordance with filtration theory, Carbo-Iron particles, which have a mean size
of about 1 μm and an effective particle density in water of 1.7–2.0 g/cm3 (according
to Eq. 2.12), were found to be much more mobile than bare NZVI. In D.II column
tests with relatively highly concentrated slurries (up to 30 g/L), transport lengths for
Carbo-Iron were found to be in the meter range. For injection velocities of 10 m/d,

Fig. 2.20 TEM bright-field image of a Carbo-Iron cut (selected area diffraction pattern of the Fe
structures are indicated by arrows) (measurements: G. Wagner, Leipzig University) (Mackenzie
et al. 2012)
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transport lengths (as LT values) were derived within which a proportion of 50%
particles (LT,50) and a proportion of 99.9% (LT,99.9) are deposited. In other words, a
transport length which 50% or 0.1% of the particles pass through are LT,50 ¼ 1.25 m
and LT,99.9¼ 12 m, respectively (Bleyl et al. 2015). By this means, broader treatment
zones can be generated.

The product is registered in Germany as Carbo-Iron®. Two alternative synthe-
sis pathways have been used for Carbo-Iron production: in H2-containing atmo-
sphere at about 500 �C and the carbothermal reduction (about 700 �C, inert gas)
method (Bleyl et al. 2012). The utilization of the carbothermal reduction method is
a specific feature for the C-Fe systems. It has the charm of using the support itself
or its gasification products (mainly CO) as reducing agent. This avoids costly and
unhealthy additional reducing agents such as sodium borohydride and is easy to
scale-up. For all the processes of early iron smelting, charcoal was used as both
heat source and reducing agent. The reduction processes taking place in the
temperature zone from 400 to 900 �C are the relevant ones for carbothermal
synthesis of Fe/C systems (having slightly lowered temperature windows there)
and are summarized in Eqs. 2.13 to 2.15. At the higher end of this temperature
region, carbon can directly act as reducing agent forming metallic iron from
wustite (FeO + C ! Fe + CO) (Wiberg et al. 2001):

3 Fe2O3 þ CO ! 2Fe3O4 þ CO2 ð2:13Þ
Fe3O4 þ CO ! 3FeOþ CO2 ð2:14Þ

FeOþ CO ! Feþ CO2 ð2:15Þ

Recent findings show that carbon having electron conducting properties, such
as AC or graphite, can function as a mediator of redox equivalents between iron and
the sorbate in contact – even when not unified in a composite structure (Tang et al.
2011). A mechanistic study revealed the transfer of both electrons and H* species
from the metallic iron to the AC particles (Kopinke et al. 2016). This effect can be
expected to be even more pronounced when iron is built into the AC structure, as is
true for Carbo-Iron. It means not only the iron(oxide) surface but also the carbon
surface can be the place of chemical reaction in these composite materials.

Fe-C systems seem to have a marked impact on product selectivity for reduction
of chloroethenes. The prolonged retention of the pollutant (and its degradation
intermediates) in the sorbed state appears to prevent detachment of partially
dechlorinated daughter products, which helps to prevent DCE and VC generation.
This finding was made not only with the Fe-C microsphere system under laboratory
conditions for TCE and PCE dechlorination (Sunkara et al. 2015) but also in the field
study of Carbo-Iron as recently reported (Mackenzie et al. 2016).

The hydrophobic nature of carbon and the large inner surface area of AC help to
attract organic pollutants and to increase the particle affinity to organic phases
(Fig. 2.21). This may be helpful for subsurface source attack.
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Polymer Supports
In this chapter we distinguish between polymer-modified NZVI, i.e., particles with a
polymer or macromolecule as surface coating (Sect. 2.3), and polymer-supported
particles, i.e., systems where iron is deposited on polymeric solid support materials.
There are manifold examples of polymer-NZVI composites which have been studied
for environmental purpose (Zhao et al. 2011). This shows the great potential of
polymer-based approaches. However, composites with NZVI located on or within
organic polymer supports were mainly studied with the aim of obtaining NZVI-
based materials with increased particle size (diameters of some tens of μm to a few
mm) which are immobile and thus suitable for reactive barrier or on-site applications
(Ponder et al. 2000, 2001; Bezbaruah et al. 2009, 2011). At the same time, dispersion
and fixation on the polymer support prevents NZVI aggregation and ensures high
specific surface area and reactivity of NZVI. Bai et al. (2009) prepared composites of
NZVI and poly(vinyl alcohol) (PVA) with a particle diameter of 600–700 μm or
10–12 μm by means of an inverse suspension cross-linked method. Ponder et al.
(Ponder et al. 2000, 2001) used nonporous hydrophobic polymer resin (20–30 μm)
to produce a “ferragel” composite with NZVI. In addition, composites with bio-
polymers have been suggested, such as NZVI and Pd/NZVI on 2–3 mm spherical
chitosan particles (Kustov et al. 2011) or NZVI encapsulated or entrapped in

Fig. 2.21 Affinity of Fe/C to organic solvent phases. Left: Comparison of partitioning character-
istics of NZVI and Carbo-Iron in a shaken two-phase water-TCE system. Right: Images of Carbo-
Iron attraction to a TCE droplet exposed (undisturbed) to a low-concentrated Carbo-Iron suspen-
sion, taken with a digital microscope (Mackenzie et al. 2012). A: Fresh droplet of TCE. B:
Enrichment of Carbo-Iron at the surface of the TCE droplet in water after 30 min of particle contact
and rinsing with freshwater (ddroplet ¼ 4 mm, cCarbo-Iron ¼ 10 mg/L, νsuspension ¼ 0.3 cm/min)
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Ca-alginate beads or capsules with diameters of a few mm (Bezbaruah et al. 2009,
2011). All the examples presented here are not regarded as injectable due to their
large particle size.

2.5 Synthesis and Properties of Emulsified NZVI

Pure nanoiron exhibits rather hydrophilic surface properties. Thus, for its targeted
delivery to contaminant source zones (i.e., DNAPL), emulsified zero-valent iron
(EZVI) was designed and for the first time successfully applied in the field at
NASA’s Launch Complex 34 in 2005 (Quinn et al. 2005). EZVI is one of the few
in situ approaches so far which proved to treat the DNAPL source (Su et al. 2012).
EZVI is an emulsion of iron particles, food-grade surfactants, and biodegradable
vegetable oil in water. The gathered iron particles (from commonly used NZVI or
microparticle sources) form an iron-particle-containing core within a water droplet
surrounded by an oil-liquid membrane (micelle structure) separating it from the
water bulk phase (Fig. 2.22). Thus, EZVI is a water-in-oil-in-water formulation,
making the iron miscible to the DNAPL. The average droplet diameter was reported
to be in the range of 15 μm. In the classical EZVI application, reactive nanoiron
particles (RNIPs) (from Toda America) were used. The mass ratios of the emulsion
components were 17% RNIP, 44.3% water, 37.2% oil, and 1.5% surfactant (Quinn
et al. 2005).

The outer membrane of the droplet has hydrophobic properties, which increases
the affinity of the iron to the residual organic contaminant phase, and thus helps
contacting and even partitioning into it. The organic contaminants easily diffuse

Fig. 2.22 Emulsified zero-valent iron. Left: Micrograph of a droplet formed in nano-iron emulsion
(from http://www.nasa.gov/offices/oct/home/tech_life_ezvi.html). Right: Schematic picture of an
EZVI droplet showing the oil-liquid membrane surrounding the ZVI particles in water (Quinn et al.
2005). (Reprinted with permission from Quinn et al. (2005). Copyright (2005) American Chemical
Society)
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into the droplet and are reduced within the interior’s aqueous phase by the zero-
valent iron particles. At the same time, particles within the emulsion droplets are
shielded from other iron-consuming groundwater constituents such as reducible
inorganics. Unlike other reductive technologies, EZVI is capable of working in
sites with high concentrations of dissolved oxygen or under saline conditions. The
injected RNIP iron is transformed from α-Fe0 to magnetite, then to lepidocrocite,
and finally to goethite. Ferrihydrite has been proposed to be an intermediate
mineral during transformation of lepidocrocite to goethite (Su et al. 2012). EZVI
has an average viscosity above 1942 centipoise (cp) and a specific gravity of
approximately 1.1 g/cm3 (Quinn et al. 2005). Possible problems of the product
concern mainly the transport: the metal distribution is not as uniform as intended,
the emulsions migrate upward, travel distances are poor, and, due to the high
viscosity, higher injection pressures are required (Berge and Ramsburg 2009). It
was found that the travel distance of EZVI (made from 10% of Toda iron (RNIP-
10DS), 51% of water, 38% of corn oil, and 1% of a nonionic surfactant) was
strongly dependent on the injection method. By means of pneumatic injection,
EZVI was transported up to 2.1 m from the injection points; by direct injection a
travel distance of 0.89 m was reached (Su et al. 2013). Due to the interfacial tension
reduction and the high injection pressure necessary with EZVI, careful hydraulic
design is advised in order to avoid unintended DNAPL mobilization (Pennell et al.
1996). Successful delivery of NZVI still remains a challenge.

In a closely related alternative approach, iron transport in columns packed with
medium and fine sands was tested for nanoiron encapsulated within soybean oil
droplets in water. These oil-in-water emulsions, generated by a phase-inversion
procedure, formed droplet diameters between 1 and 2 μm. The iron transport
efficiency in the water-saturated porous media did clearly benefit from the prolonged
kinetic emulsion stability, the emulsion densities (which were very close to that of
water, i.e., 0.996–1.00 g/mL at 22 �C), and the viscosity (which could be reduced by
a factor of >20 compared to the aforementioned approach). The column experiments
showed only little emulsion retention at a (groundwater-near) Darcy velocity of
0.4 m/day. However, the packed bed length was only 10–12 cm (Berge and
Ramsburg 2009).

Emulsion properties such as their kinetic stability, droplet size, density, and
viscosity ultimately determine the ability of the enclosed iron to reach the source
zone. However, the concurrence of improved transport and targeted delivery by
phase partitioning, and thus mass delivery to the target zone, still needs to be
proved. Results from column tests using EZVI-type formulations with iron-oleate
droplets and trichloroethylene source, which were charge-modified by various
additives, indicated that the surface charge and the lipophilic character of the
outer droplet skin play an important role in the optimization of the interplay
between transport, targeted delivery, and particle capture by the source (Wang
and Acosta 2013). After evaluation of US EPA studies, Cook summarizes that
biodegradation, enhanced by the presence of oil and surfactant in the EZVI
emulsion, has contributed to TCE reduction. Surfactants can be ionic or nonionic,
but ZVI modified by nonionic surfactants showed less positive synergistic effects
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than ZVI modified by cationic surfactants applied on a carbon tetrachloride source
(Cook 2009).

Applying electric fields can help to enhance electrokinetically the transport of
charged oil-in-water droplets of encapsulated NZVI in porous media (studied for an
electric potential gradient of 1 V/cm) (Yang and Chang 2011). After EZVI injection
campaigns, the expected direct abiotic dechlorination by Fe0 is initially observed,
but in contrast to other ZVI applications, dramatic changes in biogeochemical
parameters of groundwater can be found. Significant increases in dissolved sulfide,
volatile fatty acids, and total organic carbon become apparent, which indicates a
dominant biological reductive dechlorination. EZVI’s organic emulsifiers – vegeta-
ble oil and surfactant components – enable the material to serve as a long-term
electron donor to anaerobic biodegradation (Su et al. 2012).
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Chapter 3
Chemical Reduction and Oxidation
of Organic Contaminants by Nanoscale
Zerovalent Iron

Tanapon Phenrat, Thi Song Thao Le, Bhanuphong Naknakorn,
and Gregory V. Lowry

Abstract This chapter critically reviews the kinetics of NZVI used to reductively
and oxidatively transform various kinds of priority organic contaminants including
chlorinated ethenes, chlorinated ethanes, chlorinated and aromatic nitro hydrocar-
bons, chlorinated biphenyls, halogenated bisphenol A, explosives, dyes, and pesti-
cides. All kinds of NZVI, including bare, bimetallic, polymer-modified, and
supported NZVI, are reviewed. A total of 102 datasets of laboratory-scale experi-
ments over 20 years (1997–2017) of NZVI research are evaluated to extract state-of-
the-art understanding. This chapter elaborates not only reductive transformation
pathways of priority organic contaminants but also two factors governing NZVI
reactivity: intrinsic properties of the materials and environmental conditions where
NZVI particles are applied. These include the particle crystallinity and chemical
composition (noble metal), the effect of polymeric surface modification, and the
effects of sorptive support, aging effects, pH, anionic and cationic solutes, natural
organic matter, aquifer material, contaminant concentration, and the presence of
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dense nonaqueous phase liquid. Similarly, various factors affecting oxidative deg-
radation of contaminants of concern using NZVI-induced Fenton’s reaction are
reviewed.

Keywords Nanoscale zerovalent iron · Reductive dechlorination · Fenton reaction ·
Chlorinated organics · Degradation kinetics · Degradation mechanisms

3.1 Reductive Transformation of Priority Organic
Contaminants Using Nanoscale Zerovalent Iron

Nanoscale zerovalent iron (NZVI) is a well-known remediation agent due to its high
reactivity to reductively detoxify a variety of contaminants, including metals
(Chap. 4) and halogenated organics, which is the focus of this chapter. Table 3.1
provides an intensive review of the reductive transformation of priority organic
contaminants, including chlorinated ethene, chlorinated ethane, chlorinated and
aromatic nitro hydrocarbon, chlorinated biphenyl, halogenated bisphenol A, explo-
sives, dye, and pesticides, using various kinds of NZVI, including bare, bimetallic,
polymer-modified, and supported NZVI. This involves 102 datasets of laboratory-
scaled experiments over 20 years (1997–2017) of NZVI research. In addition to
presenting a database of organic contaminants, several interesting trends can be
determined from Table 3.1, some of which will be discussed later in this chapter.

Although the idea of using NZVI for in situ subsurface remediation started in
1997 (Wang and Zhang 1997), bulk ZVI has long been recognized as an electron
donor and has been used in the form of iron filings to build a permeable reactive
barrier since 1994 (Reynolds et al. 1990; Gillham and O’Hannesin 1994). Undeni-
ably, NZVI is much more reactive than its ZVI counterpart on the mass basis
comparison. Nevertheless, it is still debatable if this is mainly due to a much larger
specific surface area of NZVI in comparison to iron filings or micron-sized ZVI or if
it has something to do with the “nano-effect,” which may result in a greater density
of reactive surface sites or surface sites of higher intrinsic reactivity.

The small size of nanoparticles causes an exponential increase in the number of
atoms localized at the surface. These atoms are characterized by excess surface
energy and are thermodynamically unstable (Ghosh 2015). This results in crystallo-
graphic changes including lattice contraction or deformation, the appearance of
defects, rearrangements of the surface atoms, or changes in the morphology of
nanoparticles (Jiang et al. 2001). This may yield quantum size effects, which
cause changes in the Fermi level and band gap, leading to increases in intrinsic
reactivity with decreasing particle size (Ghosh 2015).

Nevertheless, Tratnyek’s group revealed that, for tetrachloromethane (or carbon
tetrachloride (CT)), no “nano-effect” contributing to the greater intrinsic reactivity of
the surface sites or the greater abundance of reactive sites on the surface was
observed. This is because, when comparing surface-area normalized rate constants
(kSA) against mass normalized rate constants (kM) for the reductive degradation of
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CT by NZVI and bulk ZVI, the results show that NZVI gives larger kM but similar
kSA values (Nurmi et al. 2005; Tratnyek and Johnson 2006). Nevertheless, when
doing the same analysis for other contaminants, including trichloroethylene (TCE),
tetrachloroethylene (PCE), and tetrachloroethane (TeCA) (Fig. 3.1), we found that
a significant increase in kSA for NZVI in comparison to ZVN was observed for
TeCA and TCE but not for PCE. This suggests a potential “nano-effect,” but it
seems to be, at least in part, governed by the interaction between the contaminant
and NZVI surface.

Regardless of its particle size and probable nano-effect, the fundamental chem-
istry of NZVI in an aqueous environment from a reaction viewpoint is the same as
ZVI. For environmental remediation purposes, Fe0 can be oxidized by halogenated
organics (as electron acceptors) as long as such organics have an EH

0 greater
than�0.447 V. As a result of the electron transfer, in most cases, NZVI transforms
such organic contaminants to more environmentally benign byproducts (Eqs. 3.1
and 3.2 using TCE as an example) (Liu et al. 2005a, b). In the meantime, Fe0 can
also react with water (or H+) to produce H2 gas (Eq. 3.3), which is a competing
reaction to the dechlorination reaction and is strongly controlled by the availability
of H+ (i.e., pH).

Fe2þ þ 2e� ! Fe0, EH
0 ¼ �0:447 V ð3:1Þ

TCEþ ne� þ ðn� 3ÞHþ ! productþ 3Cl� ð3:2Þ

Fig. 3.1 Comparison of surface-area normalized rate constants (kSA) against mass normalized rate
constants (kM) for the degradation of TCE, PCE, and TeCA by NZVI and bulk ZVI. (Data from
Johnson et al. (1996), Liu et al. (2005b), Song and Carraway (2005), Amir and Lee (2011), Phenrat
et al. (2016), Hepure Technology Inc. (2017), Kim et al. (2017))
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Hþ þ e� ! H∗ ! 1
2
H2 ð3:3Þ

Although the oxidation of Fe0 to Fe2+ (Eq. 3.1) is usually assumed, in environmen-
tally relevant applications (i.e., groundwater at a natural pH), the transformation of
Fe0 to the film of iron oxide, such as magnetite (Fe3O4) (Eq. 3.4) and maghemite
(Fe2O3), is often observed (Liu et al. 2005b; Reinsch et al. 2010). Thermodynam-
ically, the Fe0/Fe3O4 couple is more favorable than the Fe0/Fe2+couple at a pH above
6.1. The oxidation of Fe0 to Fe3O4 provides an additional 2/3 mole of electrons per
mole of Fe0 oxidized in comparison to the oxidation to Fe2+ (Liu et al. 2005b).
However, the formation of iron oxide film can passivate NZVI and adversely affect
its reactivity and reactive life time (Liu et al. 2005b; Reinsch et al. 2010).

Fe3O4 þ 8Hþ þ 8e� ! 3Fe0 þ 4H2O ð3:4Þ

As shown in Eqs. 3.1, 3.2, 3.3, and 3.4, electrons from the NZVI oxidation can be
used to reduce contaminants or to produce H2. For bimetallic NZVI (i.e., NZVI
modified by noble metals, such as Pd, Pt, and Rh; (Wang and Zhang 1997; Zhang
et al. 1998) and highly disordered monometallic NZVI (Liu et al. 2005a); see Sect.
3.1.3.1), H2 can be activated and used for dechlorination via hydrodechlorination
(Eq. 3.5).

H2 gð Þ $ 2Had $ 2Hþ
aqð Þ þ 2e� ð3:5Þ

This explains the database in Table 3.1, in that bimetallic NZVI is typically 10–50
times more reactive than bare NZVI for the same contaminant, considering the
enhanced pseudo-first-order reaction rate constant. The cost-effectiveness of in situ
remediation using NZVI can be substantially affected by how electrons are utilized.
In addition, the ability to utilize H2 for hydrodechlorination and the characteristics of
the iron oxide film formed on the surface of NZVI influence its lifetime, reactivity,
and thus treatment efficiency. For NZVI, these phenomena are controlled by
(1) intrinsic properties of the materials and (2) environmental conditions where
NZVI particles are applied. These factors will be discussed later in this chapter,
but we will first discuss reductive degradation pathways of various kinds of
contaminants in aqueous environments in Sect. 3.1.2.

3.1.1 Reductive Transformation Pathways

3.1.1.1 Chlorinated Methane

While chlorinated methane, such as tetrachloromethane (or carbon tetrachloride (CT))
and trichloromethane (or chloroform (CF)), are mendable by NZVI, dichloromethane
(DCM) shows negligible reactivity toward NZVI, giving the reactivity order of
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CT > chloroform (CF) >> DCM (Song and Carraway 2006); Table 3.1). Nevertheless,
the reductive transformation of CT using NZVI (both FeBH and FeH2) cannot
completely dechlorinate CT to methane. Instead, it produces toxic byproducts includ-
ing CF (18.4–39.3% of the initial concentration of CT) and dichloromethane (0–2.4%
of the initial concentration of CT) as well as unknown byproducts (23.3–42.5% of the
initial concentration of CT) presumably methane, carbon monoxide, and formate,
while CT retains 15.8–58.2% of its initial concentration after 27 h (see Table 3.1)
(Nurmi et al. 2005; Song and Carraway 2006). Because the dechlorination reactions
are heterogeneous, the rates depend greatly on the interaction between chlorinated
organics and the NZVI surface (iron oxide). For dechlorination of highly chlorinated
organics such as CT, CF, and DCM, stepwise electron transfer takes place. The weak
sorption of chlorinated methane on the NZVI surface may result in a short residence
time and desorption of incompletely dechlorinated compounds. Interestingly, while
FeBH was reported to perform indirect dechlorination of chlorinated ethene using
reactive hydrogen species (Liu et al. 2005a), for chlorinated methane, the dechlori-
nation occurs via a direct electron transfer reduction mechanism, rather than the
indirect mechanism (Song and Carraway 2006).

Two possible dechlorination pathways include hydrogenolysis and α elimination.
Hydrogenolysis is a two-step electron transfer reaction initiated by direct dissocia-
tive electron transfer, in which the first electron addition results in dissociation of the
molecule to a trichloromethyl free radical (•CCl3) and chloride (Mccormick and
Adriaens 2004). The free radical can subsequently form CF through the direct
abstraction of hydrogen (Fig. 3.2a) or could be further reduced to a trichloromethyl
carbanion (:CCl3), which then forms CF via the rapid addition of H+ from the
solution (Mccormick and Adriaens 2004; Song and Carraway 2006) (Fig. 3.2a).
This is supposed to be a prevalent pathway of CT degradation by NZVI, given that
CF is a major byproduct of the degradation. Similarly, hydrogenolysis is supposed to
be a major degradation pathway for CF as well, given that DCM is the major
byproduct (Fig. 3.2b) (Song and Carraway 2006).

On the other hand, CH4 was also observed along with DCM in the reduction of
CT and CF. Since DCM is a rather inert intermediate, the sequential hydrogenolysis
of DCM to CH4 is unlikely. Consequently, methane formation must be caused by a
parallel CT degradation pathway, bypassing CF and DCM as an intermediate. This
can happen via concerted reductive elimination steps (two-electron transfer (α
elimination) and four-electron transfer, respectively) to form dichloromethylene,
methylene, and eventually methane (Fig. 3.2c). Notedly, α elimination is a
dichloro-elimination process involving a two-electron transfer to the molecule and
the elimination of two chlorine atoms. The reaction products are less-saturated
aliphatic hydrocarbons and two chloride ions.

Notedly, α elimination is the elimination of chlorine atoms from one carbon atom,
while β elimination occurs when chlorine atoms are removed from two different
carbons. Reductive β elimination is known to be a preferential pathway for com-
pounds possessing (α, β) pairs of chlorine atoms (Arnold and Roberts 2000), while
hydrogenolysis or reductive α elimination is the primary transformation pathway for
compounds possessing only α chlorines (Mccormick and Adriaens 2004; Song and
Carraway 2005).
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3.1.1.2 Chlorinated Ethene and Ethane

The NZVI can completely dechlorinate all chlorinated ethene and ethane (except
1,2-DCA) to non-chlorinated intermediates, such as acetylene, and byproducts
including ethene and ethane. Unlike chlorinated methane, the main degradation
pathway of chlorinated ethenes via NZVI is dichloro-elimination (β elimination)

Fig. 3.2 (a) CT degradation pathway forming CF via trichloromethyl radical or carbanion inter-
mediates, (b) CF degradation pathway forming DCM via dichloromethyl radical or carbanion
intermediates, and (c) speculated methane (CH4) formation pathway from the dichlorocarbene
intermediate to CH4 involving multi-electron transfers. (Adapted from Mccormick and Adriaens
(2004), Song and Carraway (2006))
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followed by hydrogenolysis (Fig. 3.3). Similarly, the main degradation pathways of
chlorinated ethane, such as HCA, PCA, and 1,1,1,2-TeCA, via NZVI is β elimina-
tion followed by hydrogenolysis (Fig. 3.3). Nevertheless, for 1,1,2,2-TeCA and both
1,1,1-TCA and 1,1,2-TCA, dehydrohalogenation becomes equally important, if not
more important, than β elimination, especially at high a pH (Song and Carraway
2005).

Fundamentally, for chlorinated ethene, β elimination is preferable over
hydrogenolysis because thermodynamic reduction potentials for two-electron reduc-
tion of chlorinated ethene and ethane via β elimination are more favorable than
hydrogenolysis. This is demonstrated by an example of the half reaction of PCE
transformation via β elimination (Eq. 3.6) and hydrogenolysis (Eq. 3.7) (Totten and
Roberts 2010). From a kinetic viewpoint, the predominance of β elimination over
hydrogenolysis is also partially due to the rapidity of intermolecular rearrangements
(leading to β elimination) compared to bimolecular collisions with H+ (leading to
hydrogenolysis) at moderately basic pHs (Arnold and Roberts 2000).

Fig. 3.3 Dechlorination pathway, ethene and ethane (Tobiszewski and Namieśnik 2012).
(Reprinted with permission from Tobiszewski and Namieśnik (2012). Copyright (2012) Springer
Nature)
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CCl2 ¼ CCl2 þ 2e� ! CCl � CClþ 2Cl� E0
H ¼ 0:631 V ð3:6Þ

CCl2 ¼ CCl2 þ 2e� þ Hþ ! CCl2 ¼ CHClþ Cl� E0
H ¼ 0:592 V ð3:7Þ

Additionally, FeBH was reported to perform indirect dechlorination of chlorinated
ethene using reactive hydrogen species (Liu et al. 2005a). This will be discussed in
more detail in the next section.

Since the rate-limiting step in the reduction of chlorinated ethene and ethane
using ZVI is supposed to be the transfer of a single electron and the formation of an
alkyl radical (Johnson et al. 1996; Arnold and Roberts 2000), Scherer et al. (1998)
proposed linear free energy relationships (LFERs) capable of explaining or
predicting the rates of dehalogenation by ZVI. They showed that, at the same
number of chlorine atoms, dechlorination rate constants of chlorinated ethanes are
typically higher than chlorinated ethene. For an internal comparison among chlori-
nated ethene or among chlorinated ethane, the dechlorination rate constants tend to
increase with increasing chlorination of the compounds. As for NZVI, the reactivity
of chlorinated ethanes summarized in Table 3.1 reasonably agrees with this trend, in
that HCA > PCA > 1,1,1,2-TeCA >1,1,1-TCA > 1,1,2,2-TeCA >1,1,2-TCA > 1,1-
DCA. Moreover, the kSA values of these chlorinated ethanes linearly correlate with
the one-electron reduction potential (E1) and the lowest unoccupied molecular
orbital (LUMO) energy of chlorinated ethanes used in the LFERs (Song and
Carraway 2005). In contrast, chlorinated ethenes do not follow the proposed trend.
As shown in Fig. 3.1 and Table 3.1, the kSA of PCE is lower for TCE for bare FeH2

(RNIP) (Liu et al. 2007; Fagerlund et al. 2012). A similar finding was also reported
for ZVI for all the series of chlorinated ethene (i.e., kSA of PCE < TCE < DCEs <
VC) (Arnold and Roberts 2000). Based on this finding, Arnold and Roberts (2000)
hypothesized that for chlorinated ethene, the transfer of a single electron is not the
rate-limiting step but rather the formation of a di-σ-bonded intermediate (Fig. 3.4).
This may also explain the findings on NZVI for TCE and PCE.

Noticeably, NZVI reduction is known to be incapable of completely treating
1,2-DCA (Maes et al. 2006; Deng and Hu 2007; Su et al. 2012a). The pseudo-first-
order rate constants of 1,2-DCA using NZVI at the concentration of 0.4 g/L and at
neutral pH were less than 5 � 10�5/h (Table 3.1) (Song and Carraway 2005). The
poor dechlorination efficacy of 1,2-DCA using NZVI may be due to the relatively
high C–Cl bond strength (87.2 kcal/mol) (Cioslowski et al. 1997) compared to the
higher chlorinated ethanes. For example, the bond strength of HCA and 1,1,1-TCA
was 68.83 and 73.6 kcal/mol, respectively, while the kSA of HCA was four times
greater than that of 1,1,1-TCA using Pd/Fe0 nanoparticles under the same experi-
mental conditions (Lien and Zhang 2005).

Arnold and Roberts (2000) implied that the slow dechlorination rate of 1,2-DCA
by ZVI is explainable by the slow formation of a di-σ-bonded intermediate.
Recently, sulfidation of NZVI using dithionite was found to degrade more than
90% of 1,2-DCA, but over the course of a year, pseudo-first-order rate constants
ranged from 3.8 � 10�3 to 7.8 � 10�3/day (Garcia et al. 2016); for more details
about NZVI sulfidation, see Chap. 9). Even with this novel NZVI modification, the
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reductive dechlorination rate constants are still relatively low and may not be
practical for source zone treatment of 1,2-DCA. In contrast, the Fenton process
has shown its full potential to degrade 1,2-DCA. The NZVI-induced Fenton’s
reaction will be discussed more in the latter part of this chapter.

3.1.1.3 Chlorinated and Aromatic Nitro Hydrocarbon

Chlorinated aromatic hydrocarbon, such as chlorophenols, can be detoxified by
NZVI to yield a much less hazardous byproduct, such as phenol. Nevertheless, the
dechlorination rate constant of pentachlorophenol (PCP) by bare NZVI is relatively
low (Kobs ¼ 0.001/h using smectite-templated Fe0 containing 13.3 g/L of smectite
and 7 mM Fe0). Thus, to improve the treatability, a Pd catalyst (0.8 mM Pd0) was
added to the nanocomposite, yielding the dechlorinate rate constant of 0.487/h.

Fig. 3.4 Hypothesized rate-limiting step of the PCE dechlorination by ZVI (i.e., formation of a
di-σ-bonded intermediate). After this step, the reaction may proceed via Steps 3a and 4a to give the
reductive β-elimination product dichloroacetylene or via Steps 3b and 4b to give the hydrogenolysis
product TCE (Arnold and Roberts 2000). (Adapted with permission from Arnold and Roberts
(2000). Copyright (2000) American Chemical Society)
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Figure 3.5a illustrates dechlorination pathways of chlorinated phenols by smectite-
templated Pd0/Fe0 (Jia and Wang 2015).

Hydrodechlorination (Eq. 3.5) is the main dechlorination pathway for such a
catalytic NZVI. Protons in the aqueous solution acquire electrons from NZVI,
forming hydrogen radical on the Pd surfaces (Fig. 3.5b). In this process, the active
H atom formed by Pd0/Fe0 attacks the chlorinated phenols via electrophilic H
addition to the π system of the benzene ring (formation of H-aromatic complexes)
and then removes the chlorine atom by two-electron transfer. Since this process is
promoted by electrophilicity of the chlorinated aromatic hydrocarbon, the more
chlorinated the phenols, the lower the dechlorination rate with Pd0/Fe0 particles
because electron-withdrawing groups, such as Cl, that are attached to the aromatic
ring reduces the electron density associated with the ring carbons, decreasing the
probability of complexation between active H and the corresponding aromatic ring
(Jia and Wang 2015). The selectivity of dechlorination of chlorinated phenols is

Fig. 3.5 (a) Primary dechlorination pathways of chlorinated phenols by smectite-templated Pd0/Fe
0. Solid arrows refer to the major reaction route, and broken arrows refer to the minor reaction
pathway (Jia and Wang 2015) and (b) hydrodechlorination driven by Pd0/Fe0 nanoparticles
(Schrick et al. 2002). (Reprinted with permission from Schrick et al. (2002) and Jia and Wang
(2015). Copyright (2015) Elsevier and Copyright (2002) American Chemical Society)
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mainly due to charges and steric hindrance governed by the interaction of substituent
Cl atoms and individual aromatic carbon.

Figure 3.5a also shows the calculated charge on each carbon of chlorinated
phenols in red. Substituent Cl at the ortho-position is preferentially dechlorinated
from the phenol ring due to more negative charges associated with the ortho-
position C, which is attributed to the influence of the adjacent OH group. The H in
the formed H-aromatic ring complexes is prone to interact with more negatively
charged carbon, leading to the scission of the CCl bond (Jia and Wang 2015).

Steric hindrance is another important factor governing the dechlorinate rate of
chlorinated phenols. For example, for those chlorinated phenols not containing
ortho-Cl, Cl located at the meta-position can be dechlorinated radially due to less
steric hindrance. Consequently, as summarized in Table 3.1, the dechlorination
rate constants of chlorinated phenols follow the order: PCP < 2,3,4,5-TeCP ~
2,3,4,6-TeCP ~ 2,3,5,6-TeCP <2,3,4-TCP~2,3,6-TCP ~ 2,4,6-TCP < 3,4,5-TCP ~
2,4,5-TCP � 2,3,5-TCP < 2,6-DCP < 3,5-DCP < 2,3.DCP � 2,4-DCP � 3,4-
DCP < 2,5-DCP < 4-CP � 2-CP < 3.CP (Jia and Wang 2015).

Similarly, NZVI and bimetallic NZVI can sequentially dechlorinate
chlorobenzenes yielding PeCB, TeCBs, TCBs, and DCBs as byproducts. Unlike
chlorophenols, no selectivity of dechlorination product formation was observed for
the case of HCB (Zhu et al. 2010). Noticeably, HCB dechlorination is not complete
(i.e., no substantial formation of benzene was detected). Interestingly, for HCB
dechlorination, Cu appears to be a better catalyst than Pd (Shih et al. 2009; Zhu
et al. 2010). Furthermore, nitroaromatic compounds (NACs), such as para-
nitrochlorobenzene (p-NCB), are treatable by Ni/Fe0 nanoparticles. In addition, Ni
plays the role of catalyst, decreasing the activation energy of hydrogenolysis of C–Cl
bonds, while Fe0 supplies electrons and reduces H+ to produce hydrogen gas.
Complete transformation (100% removal efficiency) is achieved using Ni/Fe0

(2.0% Ni) at the concentration of 6 g/L after 300 min. The p-NCB is first adsorbed
by NZVI and then quickly reduced to p-chloroaniline (p-CAN) and eventually to
aniline (AN) via hydrogenolysis (Xu et al. 2009).

3.1.1.4 Halogenated Bisphenol a (Flame Retardant)

Bimetallic NZVI can completely dechlorinate halogenated bisphenol A, especially at
a slightly acidic pH (pH 5–6). Two dehalogenation mechanisms take place simulta-
neously for different degrees at different pH ranges. Using debromination of
tetrabromobisphenol (TBBPA) by Ni/FeH2 nanoparticles as an example, at pH
ranging from 3 to 9, sequential dehalogenation via hydrogenolysis takes place as
shown in pathway (a) in Fig. 3.6. This hydrogenolysis yields brominated interme-
diates, such as tri-, di-, and mono-BBPA, as well as a small amount of bisphenol A
(BPA; 7.2–7.6%) (Li et al. 2016, 2017). Nevertheless, at a slightly acidic pH
(pH 5–6), concerted hydrogenolysis (pathway (b) in Fig. 3.6) is dominant, yielding
BPA as a major byproduct (90.7–93.3%) with a small amount of tri-, di, and mono-
BBPA (Li et al. 2016, 2017).
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3.1.1.5 Pesticides and Dyes

The NZVI can completely transform complex chlorinated pesticides, such as
γ-hexachlorocyclohexane (known as lindane) in 24 h at a NZVI concentration of
0.1–0.39 g/L (Elliott et al. 2009). Figure 3.7 summarizes the degradation pathway of
lindane, yielding γ-3,4,5,6-tetrachlorocyclohexene (TeCCH) as a major intermediate
with benzene as a byproduct. The dihalo-elimination of vicinal chlorides from
carbons 1 and 2 of lindane is supposed to be the first and rate-limiting step. Initially,
lindane must adsorb onto the NZVI surface. Then, an electron from Fe0 is donated to
the surface-associated lindane, forming a neutral radical with the release of a
chloride ion. Another electron is then transferred from the transient Fe+ species to
the reacting carbon center of the radical, which then undergoes double bond forma-
tion and simultaneous release of chloride from the beta carbon, yielding TeCCH as
an intermediate. Noticeably, both chlorine atoms (from carbons 1 and 2 of lindane)
occupy axial positions on their respective carbon centers and are oriented
antiperiplanar, which maximizes their susceptibility toward reduction. After this
initial step, the two subsequent dihalo-elimination steps are believed to occur more
rapidly, yielding benzene and chloride as major end products (Elliott et al. 2009).

The NZVI can also decolorize dye-contaminated water. Figure 3.8 is an example
of the reductive decolorization of methyl orange (MO). It starts with MO adsorption
onto the NZVI surface by the formation of the chelate complex of Fe(II) dye. The
radicals of H were generated by the NZVI reduction of water or hydrogen ion. Two
H radicals were involved in the cleavage of the azo bond with two more electron
transfers from NZVI. An electron is transferred from NZVI to the –N¼N– bond,
causing the breakage of the bond and the combination of a radical of H. In the
meantime, another NZVI integrated another two radicals of H to break the N–N bond
under the similar process. Eventually, the azo-double bond –N¼N– was discon-
nected from two different amines. The breakage of the azo-double bond makes the
visible absorption peaks at 464 nm vanish.

Fig. 3.6 Proposed primary debromination pathways of TBBPA by Ni/NZVI at different initial pHs
(a) pH 3.0, 5.0, 6.0, 7.0, and 9.0 and (b) pH 5.0 and 6.0 (Li et al. 2016). (Reprinted with permission
from Li et al. (2016). Copyright (2016) Elsevier)
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3.1.2 Particle Properties Affecting NZVI Reactivity

Table 3.1 summarizes dechlorination rate constants of various contaminants.
Noticeably, the rate constants for the same kind of contaminants by different types
of NZVI can be substantially different. Although NZVI has two common character-
istics, the small size and high specific surface area, NZVI has a vast variety of
physicochemical properties, which can enormously affect dechlorination pathways
and kinetics. Since the mass of NZVI needed for remediation and thus the cost of the
treatment depend on particle reactivity, reactive lifetime, and particle efficiency, all
of which are controlled by NZVI physicochemical properties, it is worth elaborating
their effects on NZVI performance in this section.

3.1.2.1 Particle Crystallinity and Chemical Composition (Noble Metal)

The previous section discusses the different degradation pathways of various
contaminants. Nevertheless, it also notes that different types of bare NZVI, such as
FeBH and FeH2, have an important contribution to degradation pathways. This is
mainly due to the difference in their crystallinity. According to multiple lines of
evidence from the transmission electron microscope (TEM), energy-dispersive

Fig. 3.7 Dihalo-elimination degradation pathway from lindane to benzene (Elliott et al. 2009);
with permission from ASCE). (Reprinted with permission from Elliott et al. (2009). Copyright
(2016) American Society of Civil Engineers)
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spectroscopy (EDS), electron energy-loss spectroscopy (EELS), and X-ray diffrac-
tion (XRD) (Liu et al. 2005a, b; Nurmi et al. 2005; see also Chap. 2), the morphology
of FeH2 appears to be a crystallographic angular structure rather than a round,
amorphous shape-like FeBH. While no significant oxide shell was observed for Fe
BH (Liu et al. 2005b), the iron oxide phases, such as magnetite and maghemite, were
observed as the stabilized shell of FeH2 (Liu et al. 2005b; Nurmi et al. 2005; Baer
et al. 2007; Reinsch et al. 2010). This crystallinity and iron oxide shell critically
govern particle reactivity, particle lifetime, and particle efficiency (Liu et al. 2005b;
Nurmi et al. 2005).

As shown in Table 3.1, using TCE as an example, the kSA value using FeH2

(0.35 g/L) is 4� 10�4 L/(h.m2), while the kSA value using FeBH is 2� 10�3 L/(h.m2)
at the same experimental condition. This is a fivefold difference in kSA values (Liu
et al. 2005b). The similar trend is also reported for the dechlorination of
tetrachloromethane using FeBH and FeH2 (Nurmi et al. 2005). This is because
amorphous FeBH can utilize H2 produced from the H+ reduction for TCE dechlori-
nation through a catalytic hydrodechlorination pathway (Liu et al. 2005a). This
increases efficiency of electron utilization for FeBH because electrons used to
produce H2 can then be used to degrade TCE. This feature is not available in
crystalline FeH2, making its TCE dichlorination rely on β elimination and
hydrogenolysis only. Thus, for FeH2, the electron used to produce H2 is considered
unproductive with respect to dechlorination. Nevertheless, due to their amorphous
Fe0 and the absence of an iron oxide shell, at pH 7, a relatively large fraction of Fe0

Fig. 3.8 Proposed
mechanism for the
degradation of MO using Fe0

nanoparticles (Chen et al.
2011b). (Reprinted with
permission from Chen et al.
(2011b). Copyright (2011)
Elsevier)
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in FeBH interacted with H+ and was used to produce H2, implying that FeBH has a
poor selectivity of electron utilization for dechlorination (Liu et al. 2005a).

In the same conditions, a relatively small fraction of FeH2 was used to produce H2,
implying that FeH2 has a good selectivity of electron utilization for dechlorination
(Liu et al. 2005b; Liu and Lowry 2006).

In addition to particle crystallinity, different chemical compositions of FeBH and
FeH2 also affect the electron utilization efficiency. Unlike the case of FeH2, the
formation of iron oxide film around FeBH was not observed due to the presence of
boron in FeBH particles that facilitated the dissolution of the particles and thus
regenerated the reactive sites for TCE dechlorination. Consequently, almost all of
the Fe0 in FeBH was available for dechlorination (i.e., high particle efficiency ~92%;
(Liu et al. 2005a, b)). On the other hand, the iron oxide shell grew as RNIP
(commercially available FeH2) was oxidized, making some fraction of Fe0 in RNIP
unavailable for dechlorination (Liu et al. 2005b). Consequently, particle efficiency
went down (only around 52%). However, the disadvantage of FeBH particles is their
relatively short lifetime in comparison to FeH2. For in situ remediation, a long
reactive lifetime is preferable for cost-effective treatment of contaminant plumes
and to ensure that NZVI particles do not “burn out” prior to reaching contaminated
areas (Liu et al. 2005b).

In addition to the effect of boron in FeBH on particle dissolution, another example
of the influence of chemical composition on NZVI reactivity is the bimetallic NZVI
(i.e., NZVI doped with Pd, Pt, Cu, and Ni) to enhance particle reactivity through
catalytic pathways (Zhang et al. 1998; Schrick et al. 2002; Zhang 2003). The
structure of bimetallic NZVI particles is a reductive Fe0 core with the shell of inert
noble metals (Fig. 3.5b as an example). Because of the presence of noble metals,
bimetallic particles can utilize H2 for hydrodechlorination (Zhang 2003). As shown
in Table 3.1, using chlorinated ethane and ethene as examples, kSA or kobs using
bimetallic NZVI is around 10–50 times greater than bare NZVI. However, a
significant problem with bimetallic NZVI is the observed decrease in reactivity
over time due to the deactivation if the thick oxide layer can form and cover the
noble metals (Zhu et al. 2006). This deactivation issue is an important obstacle for
long-term remediation using bimetallic NZVI.

3.1.2.2 Effect of Polymeric Surface Modification

Polymeric surface modification, as a means to increase NZVI mobility in the
subsurface and affinity for specific subsurface contaminants (Chaps. 5 and 6), is
essential for in situ remediation using NZVI. However, polymeric surface modifi-
cation may either enhance or decline NZVI reactivity toward organic contaminants.
Since the dechlorination reactions are heterogeneous (the contaminant must contact
the particle surface to be degraded), NZVI synthesis in the presence of polymers or
polyelectrolytes, such as carboxymethyl cellulose (CMC), guar gum, and
polyvinylpyrrolidone (PVP), in a “one pot” manner appears to enhance NZVI
reactivity. This surface modification approach yields smaller particles in comparison
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to the physisorption of polymers or polyelectrolytes onto pre-synthesized NZVI.
Conceptually, the Fe2+ or Fe3+ ions from FeSO4 or FeCl3 may be complexed with
polyelectrolytes prior to reductive precipitation using NaBH4. The complexed Fe2+

or Fe3+ ions behave as nucleation seeding points of NZVI. Consequently, we
obtained polymer-modified NZVI with a smaller size that was resistant to aggrega-
tion and, thus, more reactive than larger, non-stabilized NZVI. This results in the
observed increases in TCE reactivity with polymer-modified Fe-Pd bimetallic
nanoparticles at low polyelectrolyte concentrations compared with bare Fe-Pd bime-
tallic nanoparticles (He and Zhao 2008; Sakulchaicharoen et al. 2010) (Table 3.1).

Nevertheless, the opposite is true for polymeric surface modification of
pre-synthesized NZVI, in that polymeric surface modification can decrease the
NZVI reactivity via reactive site blocking and mass-transfer resistance. As seen in
Fig. 3.9a, the polymeric modified NZVI is covered with a layer of adsorbed
macromolecules. According to the Scheutjens and Fleer conceptual model for
homopolymer sorption (Scheutjens and Fleer 1979, 1980), charged homopolymers
are normally adsorbed onto the surface in the train-loop-tail configuration.

Trains are segments of polymer directly attached to the particle surface, which
can block NZVI reactive sites, whereas loops and tails form an extended polyelec-
trolyte brush away from the surface, which can retard the diffusion of chlorinated
volatile organic compounds (CVOCs) from the bulk aqueous solution to the NZVI
surface. Similarly, for random copolymer, block copolymer, or grafted polymer,
trains or anchoring blocks may block electron transfer sites, while a polymer brush
may limit the mass transfer or chlorinated organics to the reactive NZVI surface.
Several recent studies support this hypothesis. As summarized in Table 3.1, Phenrat
et al. (2009a) revealed that, when the surfaces of pre-synthesized NZVIs were
modified by the physisorption of polyelectrolytes, the TCE dechlorination rate
constant decreased nonlinearly with the increasing adsorbed mass of the polyelec-
trolytes, with a maximum 24-fold decrease in reactivity. This is due to reactive site
blocking and a decrease in the aqueous TCE concentration at the surfaces of the
NZVIs due to the partitioning of TCE to the adsorbed polyelectrolytes. A similar
finding was also reported by Wang and Zhou (2010) using solvent-responsive,
polymer-coated NZVIs to degrade TCE (Wang and Zhou 2010). Noticeably, for
the case of “one pot” polymer-modified NZVI, we believe that polymer still blocks
the NZVI reactive site and still resists CVOC mass transfer to the NZVI surface, but
the two adverse effects are outweighed by the positive effects from the smaller size
of NZVI.

Nevertheless, polymeric surface modification makes the NZVI less sensitive to
environmental factors in comparison to bare NZVI. As summarized in the next
section, non-reducible ionic species, such as Cl�, SO4

2�, HCO3
�, and HPO4

2�,
decreased the TCE dechlorination rate constant by bare NZVI up to a factor of seven
compared with deionized (DI) water at pH 8.9 (Liu et al. 2007). On the other hand,
polymeric surface modification reduces the interaction of NZVIs with nontarget
groundwater solutes (organic and ionic species). A possible explanation is the effect
of the Donnan potential in the polyelectrolyte layer on ionic solute distributions. The
Donnan potential (Fig. 3.9b, c) can decrease the concentration of cationic solutes at
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Fig. 3.9 Schematic
illustrating site blocking due
to adsorbed trains and
formation of an extended
brush layer (a) of loops and
tails (Phenrat et al. 2009b)
and (b, c) effect of the
Donnan potential in the
polyelectrolyte layer on
ionic solute distributions
(Phenrat et al. 2015).
(Reprinted with permission
from Phenrat et al. (2009b,
2015). Copyright (2009)
American Chemical Society
and Copyright (2015)
Springer Nature)
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the surfaces of NZVIs and possibly reduce their blocking effect compared with that
for bare NZVIs. A recent study reported that for the first TCE spike, TCE dechlo-
rination rates using polyaspartate (PAP)-modified NZVIs in the actual groundwater
samples were 70–85% of the TCE dechlorination rate using PAP-modified NZVIs in
DI water (Phenrat et al. 2015), while the TCE dechlorination rates using bare NZVI
in the same groundwater samples for the first TCE spike were around ~22% of the
TCE dechlorination rate using bare NZVIs in DI water.

Furthermore, over an intermediate period (30 days), in the presence of ground-
water solutes, polyelectrolytes, such as PAP, were desorbed from NZVI and thus
restored the reactivity of bare NZVIs with TCE. Evidently, the TCE dechlorination
rates using PAP-modified NZVIs in the second and third TCE dechlorination cycles
(intermediate-term effect) increased substantially (~100% and 200%, respectively,
from the rate of the first spike). The desorption of PAP from the surface of NZVIs
over time due to salt-induced desorption is hypothesized to restore NZVI reactivity
with TCE (Phenrat et al. 2015). This suggests that the modification of the NZVI
surface with small charged macromolecules, such as PAP, helps to deliver NZVIs to
the subsurface and restores NZVI reactivity over time due to a gradual PAP
desorption in groundwater.

3.1.2.3 Sorptive Support

Another means to increase NZVI mobility in the subsurface and the affinity for
specific subsurface contaminants is using NZVI supports, such as submicron- or
micron-sized porous silica (Zheng et al. 2008) or activated carbon (Mackenzie et al.
2012). These particles serve as carriers for NZVI transport because incorporation of
NZVI into porous particles decreases the extent of magnetic attraction among NZVI
particles, leading to less agglomeration and increasing their subsurface mobility.
Furthermore, these supports are typically sorptive for organic contaminants; the
NZVI composite materials behave as sorptive and reactive remediation agents.
Figure 3.10 illustrates the dual-phase TCE removal mechanism by FeBH entrapped
in porous ethyl-functionalized silica (Fe(B)/ethyl-silica system). Noticeably, an
immediate sharp decrease of the aqueous TCE concentration to 45% of its original
value was observed due to TCE sorption onto the functionalized silica followed by a
much slower reaction rate, presumably due to dichlorination. Figure 3.10 also shows
the byproduct formation, which supports the sorptive and reactive removal of TCE
by the Fe(B)/ethyl-silica system.

Similar behavior is also observed by carbo-iron colloid (CIC), which is FeH2

encapsulated in activated carbon. The sorptive and reactive TCE removal mecha-
nism contributes to the higher reactivity and more NZVI utilization efficiency in
comparison to bare NZVI without support. Mackenzie et al. (2012) showed that, for
bare FeH2, dichlorination rate constants (kobs) decreases with the decrease of the
NZVI concentration, while the rate constants (kobs) for CIC are insensitive to the CIC
concentration in the suspension. This is because almost all TCE is adsorbed to the
activated carbon of CIC, and since the dechlorination takes place at the surface, the
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reaction rate is determined by the Fe0 content of the carbo-iron and not by the total
Fe0 concentration in the suspension (Mackenzie et al. 2012).

3.1.2.4 Aging Effect

Aging or longevity is the change of NZVI during immersion in water mainly by
reacting with oxygen, water, target contaminants, or naturally occurring subsurface
constituents. It can seriously affect both NZVI morphology and reactivity. Because
in situ remediation is a moderate- to long-term operation, NZVI aging should be
accounted for in determining the required amount of NZVI for contaminant
transformation.

Typically, NZVI has a core (Fe0) and shell (iron oxide, such as magnetite and
maghemite) structure. Aging is a dynamic and complex process conceptually
consisting of three processes including (1) breakdown of the existing oxide shell
by hydration and auto reduction, (2) oxidation of the freshly exposed underlying Fe0

coupled with reduction of reactive solutes, such as oxygen or target contaminants,
and (3) subsequent cementation by formation of authigenic mixed-valent Fe(II)-Fe
(III) phases (Sarathy et al. 2008). The aging phenomenon is substantially affected by
the type of NZVI (Fig. 3.11) (Kim et al. 2012).

For FeBH, the aging model is described by the outward diffusion of the Fe0 core
toward the shell. This results in the formation of hollowed-out iron oxide shells,
which are further transformed into sheet- and needle-shaped materials (Liu et al.
2015). Various secondary iron oxide mineral phases were formed at different aging
times. For example, at 5 days, the main iron oxide shell is magnetite (Fe3O4) and
maghemite (γ-Fe2O3), accompanied by lepidocrocite (γ-FeOOH). For 10-day

Fig. 3.10 TCE removal from solution and gas product evolution rates for Fe(B)/ethyl�silica,
where M/M0 is the fraction of the original TCE remaining, and P/Pf is the ratio of the gas product
peak to the gas product peak at the end of 96 h (Zheng et al. 2008). (Reprinted with permission from
Zheng et al. (2008). Copyright (2008) American Chemical Society)
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aging, the ferrihydrite and lepidocrocite were dominant. When aged up to 90 days,
the products are mainly γ-FeOOH mixed with small amounts of Fe3O4 and
γ-Fe2O3, as also evident by the formation of the sheet- and needle-shaped mate-
rials, the typical morphology of lepidocrocite (Liu et al. 2015). Due to their high
reactivity and the outward diffusion of Fe0 core, FeBH aging can substantially

Fig. 3.11 Schematic description of the aging procedures of FeBH and FeH2 nanoparticles (a) from
Kim et al. (2012) and (b) from Liu et al. (2015). (Reprinted with permission from Kim et al. (2012)
and Liu et al. (2015). Copyright (2012 and 2015) Elsevier)
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consume Fe0, resulting in a significant decrease of FeBH reactivity over time (Wang
et al. 2010). A similar decrease in reactivity was also reported in Pd/FeBH particles
in which aging causes both catalyst deactivation (i.e., Pd was completely buried
underneath an extensive iron oxide matrix) and Fe0 depletion (Yan et al. 2010).
The CMC-modified FeBH was affected by aging in a similar manner. Nevertheless,
the coating of CMC could slow the aging rate of FeBH as indicated by the slower
drop in Fe0 intensity in the XRD pattern (Dong et al. 2016). Moreover, CMC was
found to influence the transformation of Fe0 and the formation of iron oxide
because greater CMC loading in the suspension results in more the lepidocrocite
formation as a corrosion product of CMC-modified FeBH.

Unlike FeBH, aging of FeH2 follows a growing shell and shrinking core model
with no outward diffusion of Fe0 core. The periods of increased, declined, and
stabilized reactivity were observed during the aging of FeH2. Liu and Lowry
(2006) studied reactivity changes with aging of FeH2 using TCE as a reactivity
probe. They observed a significant initial decrease (for the first 10 days) in TCE
reaction rate constants (kobs,TCE) for Fe

H2 (Fe0 ¼ 48%) decreased from 6.2 � 10�3

L/(h.m2) to 1.0 � 10�3 L/(h.m2) after 10 days (Liu and Lowry 2006). They
interpreted the initial decrease as the healing of defects in the oxide film formed
when the particles were removed from the concentrated suspension and dried. This
is followed by a constant or slightly increasing rate constant during which the Fe0

content of the particles decreased by �40%. Thus, they concluded that the TCE
reaction is zero-order with respect to the Fe0 content of FeH2.

Eventually, reactivity with TCE ceased after 170 days when the Fe0 content
reached �4.6%. A similar trend was observed by Sarathy et al. (2008) who used
tetrachloromethane as a reactivity probe. They reported the increase of dechlorina-
tion rate constants of tetrachloromethane at the initial state (1–2-day exposure of
dried FeH2 to DO/DI water) followed by a gradual decrease over 1–6 months of
aging (depending on the drying procedure of the FeH2). The initial increase in
reactivity was explained by depassivation of the particles soon after the first immer-
sion of dried FeH2 in water. The depassivation involves breakdown of the iron oxide
shell, thereby exposing the underlying Fe0 core to the target contaminant. The
gradual decrease in dechlorination rate constants after 1–2 days suggests the
repassivation due to growth of a new oxide shell or transformation of the oxide
shell, which gradually stabilizes the electron transfer from the Fe0 core.

3.1.3 Environmental Factors Affecting NZVI Reactivity

Table 3.1 summarizes the batch experiments for reductive treatment of various kinds
of organic contaminants using various kinds of NZVI. Most of the studies were
conducted in a batch system in DI water at a pH of 8–9, representing an Fe(OH)2/
H2O or Fe3O4/H2O equilibrium. However, NZVI particles are applied in a subsur-
face environment, which is far more complex than DI water. The presence of
dissolved inorganic and organic species, dense nonaqueous phase liquid
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(DNAPL), and aquifer materials in the subsurface can physically and chemically
affect the performance of NZVI particles. For this reason, this section reviews the
effects of these environmental factors on NZVI performance.

3.1.3.1 pH

Groundwater pH typically varies from 6 to 8. The application of NZVI for in situ
remediation is normally at only 0.2–0.5 wt %. Thus, because of the high buffer
capacity of most soil, the groundwater pH will not change much due to the
injection and emplacement of NZVI. Consequently, groundwater pH can substan-
tially affect the electron utilization and lifetime of NZVI (Liu and Lowry 2006). As
shown in Eq. (3.3), H+ can consume Fe0 to produce H2. This is controlled by pH
and competes with electron utilization for dechlorination (Eq. 3.2). Therefore, at
low pH, Fe0 tends to be utilized for H2 production rather than dechlorination.
For FeH2, the H2 evolution rate constant increased by 27-fold (from 0.008 to
0.22 day�1) due to decreasing pH from 8.9 to 6.5 (Liu and Lowry 2006). However,
the TCE dechlorination rate constants were only two times higher (Liu and Lowry
2006). The increase of the TCE dichlorination rate constant is 1.44/h with respect
to a one unit decrease of pH.

A similar trend was also observed for FeBH for dichlorination of trichloromethane
(Song and Carraway 2006) and 1,1,2,2-tetrachloroethane (Song and Carraway 2005)
of which the dichlorination rate constants increase by 0.33 and 0.24/h per one unit
decrease of pH, respectively. Rapid H2 evolution and Fe0 consumption yield a
relatively short lifetime of NZVI. At a pH of 6.5, the reactive lifetime of FeH2 was
only around 2 weeks (Liu and Lowry 2006). For this reason, both particle lifetime
and efficiency decline due to the decrease of pH. The adverse effect of low pH
becomes more severe when NZVI particles are applied to treat groundwater plumes
in comparison to the source zone treatment because, in plumes, a low concentration
of target contaminant is available for reaction with NZVI, and most Fe0 will be used
for H2 production. In conclusion, the application of NZVI particles to treat contam-
inant plumes in aquifers with low pH (~6.5) is not favorable, and additional NZVI
injections are expected every few weeks, making it economically unfeasible.

3.1.3.2 Anionic and Cationic Species

Due to geochemical cycles (dissolution and precipitation) of minerals in the
subsurface, groundwater normally consists of various anionic species, such as
NOO3

�, Cl�, SO4
2�, HCO3

�, and HPO4
�2. Groundwater chemistry can affect

NZVI corrosion rate, dechlorination rate, H2 production, dissolution, and forma-
tion of an iron oxide shell. At low concentration (0.2–1 mM), reducible solutes,
such as NO3

�, did not significantly affect the TCE dechlorination rate. However, at
high concentration (~5 mM), NO3

� deactivated FeH2 reactivity toward TCE after
3 days, even though Fe0 remained in FeH2 (Liu et al. 2007). Similarly, NO3

�
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(7.7 mM) was reported to inhibit dichlorination of hexachlorobenzene using FeBH

(Su et al. 2012b).
Presumably, two possible hypotheses are that, at this high NO3

� concentration,
nitrite may be built up to block reactivity, or nitrate may promote the formation of a
passivating and insoluble Fe(III) oxide layer, like maghemite or hematite
(Schlicker et al. 2000). However, neither maghemite, hematite, nor goethite was
observed using EXAFS (Reinsch et al. 2010), suggesting that the passivating layer
may be some other phases or at a too low concentration to be detected using
EXAFS. Nevertheless, the passivation by nitrate must happen very rapidly because
the FeH2 passivated by NO3

� contained Fe0, schwertmannite, and magnetite at the
same ratio as fresh FeH2 as if no Fe0 oxidation took place (Reinsch et al. 2010).

In contrast, non-reducible anions, such as Cl�, SO4
2�, HCO3

�, and HPO4
�2,

decreased the TCE dechlorination rate up to a factor of seven in comparison to DI
water, and the order of their effect follows their affinity of anion complexation
to hydrous ferric oxide (i.e., Cl� < SO4

2� < HCO3
� < HPO4

2�) at pH 8.9
(Liu et al. 2007). This implies that the inhibitory effect of these solutes on TCE
degradation may be caused by reactive site blocking due to the formation of
Fe-anion complexes on the FeH2 surface. On the other hand, as for dichlorination
of HCB using FeBH, HCO3

� did not affect the dichlorination rate, while Cl� and
SO4

2� slightly enhanced HCB dechlorination rate constants due to their corrosion
promotion (Su et al. 2012b).

Similar to the case of anionic species, cationic species, such as Na+, Mg2+, Fe2+,
Cu2+, Ni2+, Cd2+, and Zn2+, might be released to the groundwater due to geochem-
ical cycles. Furthermore, these pollutants might be found at high concentrations in
DNAPL-contaminated areas as co-contaminants. The NZVI has been demonstrated
to be effective for the immobilization of various metals (Ponder et al. 2000; Zhang
2003; Dries et al. 2005; Kanel et al. 2005) through reduction (Eq. 3.8),
co-precipitation, and surface complexation (Eqs. 3.9 and 3.10) depending on the
relative standard potential E0 between NZVI and metals (Li and Zhang 2007; see
Chap. 4).

Meaþ þ be� ! Mea�b ð3:8Þ
� S� OHþMe2þ $� S� OMeþ þ Hþ ð3:9Þ

2 � S� OHþMe2þ $ � S� Oð Þ2Meþ 2Hþ ð3:10Þ

For metal ions such as Zn2+ and Cd2+, of which E0 is very close to or more
negative than that of Fe0, the main removal mechanism is sorption and surface
complexation (Li and Zhang 2007). For metal ions such as Ni2+ and Pb2+, of which
E0 is slightly more positive than that of Fe0, the removal mechanism is the
combination of reduction and sorption (Li and Zhang 2007). For metal ions such
as Cu2+, Ag+, and Hg2+, of which E0 is greatly more positive than that of Fe0, the
major removal mechanism is reduction (Li and Zhang 2007). As shown in
Eq. (3.8), the reduction of metals consumes electrons (i.e., a competing reaction
to dichlorination of chlorinated organics; Eq. 3.2). In addition, the reduction of
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metals is normally followed by the precipitation of reduced metals on the surface of
NZVI. This co-precipitation reaction with surface complexation (Eqs. 3.9, 3.10,
and 3.11) can block reactive sites or promote the formation of Fe(III)-metal oxide,
a passivating layer, at anodic sites. This decreases NZVI reactivity for dechlori-
nation. For this reason, in general, the presence of metals as co-contaminants
adversely affects the dechlorination rate. For example, in the presence of Zn,
TCE degradation using ZVI was 2–4 times slower (Dries et al. 2005). Similarly,
in the presence of Cr(VI) at a concentration higher than 5 mg/L, the TCE dechlori-
nation rate decreases by a factor of 3–13 (Dries et al. 2005).

Similarly, Fe(II) inhibited the HCB degradation reaction due to passivation layers
formed, while Na+ and Mg2+ did not substantially affect the dichlorination (Su et al.
2012b). However, the presence of noble metals including Cu2+, Ni2+, Pd2+, and Pt2+

appeared to enhance the dichlorination rate through the catalytic pathway.
The presence of Ni (5–100 mg/L) enhanced the TCE dechlorination due to the
catalytic hydrodechlorination by bimetallic Fe0/Ni0 from the precipitation of Ni0

on the surface of ZVI (Dries et al. 2005). Similarly, the presence of Cu2+ enhanced
dichlorination of HCB (Su et al. 2012b). Furthermore, metal ions including Co2+,
Cu2+, and Ni2+ enhanced the dechlorination of 4-chlorobiphenyl (4-ClBP) by
NZVI. The dechlorination percentages of 4-ClBP in the presence of 0.1 mmol/L
of Co2+, Cu2+, and Ni2+ were 66.1%, 66.0%, and 64.6% in 48 h, and then increased
to 67.9%, 71.3%, and 73.5%, after 96 h, respectively (Wang et al. 2011).

3.1.3.3 Natural Organic Matters in Groundwater and Soil

Groundwater naturally contains a significant amount of natural organic matter
(NOM) originated from decomposition of animal and plant bodies (Schwarzenbach
et al. 2003b). The NOM is a natural charged macromolecule, carrying a net negative
charge at a natural pH due to the dissociation of carboxylic groups (Schwarzenbach
et al. 2003a). Furthermore, NOM consists of humic and fulvic acids. By operational
definition, humic acid is the fraction of NOM that precipitates at pH 2 or lower, while
the fulvic acid fraction stays soluble under all pH conditions (Schwarzenbach et al.
2003a). The NOM was found to adsorb various kinds of colloids and nanoparticles
(Ramos-Tejada et al. 2003; Hyung et al. 2007). Similarly, carboxylic groups of
NOM can specifically adsorb onto the iron oxide surface of FeH2 (Fig. 3.12a). The
NOM is an anionic polyelectrolyte, which tends to adsorb onto the substrate in a
train-loop-tail configuration (Fleer et al. 1998) similar to the polyelectrolyte
discussed above.

There are two different hypotheses of the effects of NOM on ZVI performance.
First, NOM can enhance electron transfer and thus ZVI reactivity for pollutant
degradation through electron shuttle effects (Tratnyek et al. 2001). Second, adsorbed
NOM decreases ZVI reactivity due to reactive site blocking (Tratnyek et al. 2001;
Cho and Park 2006; Doong and Lai 2006).Moreover, consisting of the quinone group
with standard potential E0 of 0.23 V, NOM is hypothesized to transfer electrons from
ZVI for the dechlorination of chlorinated ethene (Tratnyek et al. 2001). The enhanced
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dechlorination due to the presence of humic acid in the ZVI system was observed for
PCE dechlorination but not TCE (Cho and Park 2006). In contrast, Tratnyek et al.
(2001) reported that TCE degradation kinetics decreased by 21% and 39% in the
presence of 20 and 40 mg/L, respectively, of Suwannee River organic matter,
presumably due to reactive site blocking.

Figure 3.12b supports and extends the second hypothesis regarding the effect of
NOM on TCE dechlorination using NZVI. In the presence of different humic acid
concentrations, the TCE dechlorination rates by bare RNIP decreased nonlinearly
and exhibited two regions. The TCE dechlorination pathways were not affected, and
β elimination remained the dominant dechlorination pathway, yielding acetylene as
the reaction intermediate and ethane and ethene as products. Consistent with the

Fig. 3.12 (a) Adsorption
isotherm of HA on RNIP at
pH 8.5; the line illustrates
the best fit using the
Langmuir isotherm. (RNIP
is NZVI formed by
reduction using H2). (b) The
relationship between
standardized TCE
dechlorination rate constants
using RNIP and HA
concentrations in the
aqueous phase
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Scheutjens-Fleer theory for homopolymer sorption (Fleer et al. 1998), the nonlinear
relationship between the dechlorination rate and the surface excess of adsorbed
humic acids suggests that adsorbed humic acids decrease reactivity primarily by
blocking reactive surface sites at low surface excess where they adsorb relatively flat
onto the FeH2 surface and by site blocking and decreasing TCE availability at high
surface excess where humic acids form an extended layer around the particles. This
finding is confirmed by a recent study revealing that the presence of Suwannee River
humic acids (SRHA) (10 mg/L) decreased TCE (20 mg/L) dechlorination by FeH2

around 23% but did not affect the H2 production (Chen et al. 2011a). Nevertheless,
the mix effect of NOM on NZVI reactivity was also reported. A recent study
reported that the presence of humic acid inhibited the reduction of 4-ClBP in the
first 4 h, but then significantly accelerated dechlorination by reaching 86.3% in 48 h
(Wang et al. 2011).

In addition to the dissolved NOM, the NOM that is adsorbed onto soil or aquifer
material can substantially decline dechlorination efficiency. This is an issue of mass
transfer of CVOCs from soil to groundwater. The CVOC-sorbed soil may behave as
a long-term secondary source, gradually leaching dissolved CVOCs to contaminate
the groundwater downgradient. Slow desorption of CVOCs from the soil can result
in retardation of reductive detoxification using NZVI. Using TCE as an example,
TCE has an arithmetic mean organic carbon partitioning coefficient (koc) of 86 (rang-
ing from 18.5 to 150). The soil-water partitioning coefficient (kd) is the koc x fraction
of organic carbon in soil ( foc). This partitioning coefficient can be used to calculate
the retardation factor (R) as shown in Eq. 3.11. Subsequently, we can estimate the
decrease in TCE dechlorination rate by NZVI in the soil-water system (kTCE-aq-Soil)
with R using Eq. 3.12 in comparison to the TCE dechlorination rate constant using
NZVI in water (no sorption onto soil; kTCE-aq):

R ¼ 1þ kd
∗ρb
n

ð3:11Þ

kTCE-aq-Soil ¼ kTCE-aq
R

ð3:12Þ

where ρb and n are the bulk density of soil and porosity, respectively. Under
equilibrium with the partitioning coefficient (kd) of 1.46 L/kg, R is calculated as
7.28 using Eq. 3.11. Thus, the TCE sorption into soil can decrease the TCE
dechlorination rate constant in the soil-water system by 7.28 times in comparison
to the system with groundwater alone. This is problematic because, instead of using
its reducing power to destroy contaminants, the NZVI reacts with the water to form
H2, which increases the amount of NZVI required for remediation (Liu et al. 2007;
Berge and Ramsburg 2010). This is a mass-transfer limitation problem that cannot be
solved by modifying NZVI to have greater reactivity, such as by doping with
catalysts. Instead, a possible solution is to use NZVI with thermal-enhanced
CVOC dissolution or desorption, which will speed up the reaction rate and improve
the electron utilization efficiency of the remediation (see Chap. 11).
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3.1.3.4 TCE Concentration and the Presence of DNAPL

The NZVI particles are proposed for the remediation of both the DNAPL source
zone and groundwater plumes. Therefore, NZVI is subjected to a wide range of
CVOC concentration, from low concentration in contaminant plumes to near satu-
ration or even DNAPL in the source zone. The different CVOC concentrations in
different zones influence electron utilization, particle efficiency, and the reactive
lifetime of NZVI. A recent study (Liu et al. 2007) revealed that changing TCE
concentrations from low to medium range (0.03–0.46 mM) insignificantly affected
the TCE dechlorination rate using FeH2 at pH 7. However, at higher concentrations
(1.3 mM) to TCE water saturation (8.4 mM), the TCE dechlorination rate by FeH2

decreased by a factor of two, presumably due to reactive site blocking by acetylene,
an intermediate.

The higher the TCE concentration, the higher the Fe0 utilization efficiency for
TCE dechlorination, which is evident from the decrease of H2 evolution and the
shift of byproduct formation toward an unsaturated byproduct (Liu et al. 2007),
e.g., acetylene. At pH 7, 40% of Fe0 in FeH2 was consumed for H2 production at a
TCE concentration of 0.46 mM, while only 7% of the initial Fe0 in FeH2 was used
for H2 production at a TCE concentration of 8.4 mM (Liu et al. 2007). Evidently,
TCE outcompeted Fe0 with H+. Similarly, acetylene accounted for 86% of the
products, while ethene and ethane were 10% and 4%, respectively, at the TCE
concentration of 8.4 mM (Liu et al. 2007). Acetylene formation requires fewer
electrons than ethene and ethane formation, making TCE dechlorination by FeH2

utilize electrons more effectively. The accumulation of acetylene could be the
result of TCE saturating reactive sites and blocking acetylene from further
transformation.

However, increasing the TCE concentration adversely affects the reactive life
time of FeH2. The reactive lifetime of FeH2 is 10, 40, and 60 days for TCE
concentrations of 8.4, 1.3, and 0.46 mM, respectively, at pH 7 buffered by HEPES
(Liu et al. 2007). At the DNAPL-water interface without HEPES, TCE dechlorina-
tion with FeH2 decreased pH to 4–5. The reactive life time of FeH2 at DNAPL
interface was only 5 days, and no Fe0 remained in the particles. The particle
efficiency for TCE dechlorination using FeH2 at the DNAPL-water interface was
only ~15% because the local pH decreased and accelerated H2 production in a
much faster rate than increasing TCE dechlorination (see pH effect). This suggests
that FeH2 used for source zone treatment will have a relatively short lifetime.
Therefore, additional injections for source zone treatment are expected to be more
frequent than for plumes.

3.1.3.5 Microorganisms

Various kinds of microorganisms such as sulfate reducers, iron reducers, and
methanogens are present under different geochemical conditions in the subsurface.
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Some microorganisms such as halorespirers can biologically transform chlorinated
organics to notorious byproducts under favorable conditions (Harkness et al. 1999;
Cupples et al. 2004). Potential synergic effects of abiotic and biotic remediation via
stimulated bioremediation using polymer-modified NZVI, leading to the long-term
degradation of chlorinated organics, is an active area of research. Chapters 7 and 10
are devoted to this important combined remedy. The effects of microbes on NZVI
reactivity and longevity are also discussed in Chap. 10. A reader should consult the
microbiological-related materials in Chaps. 7 and 10 prior to designing an in situ
remediation using NZVI since, in a real field implementation, interaction between
NZVI and microbes is unavoidable and can substantially affect contaminant
treatability.

3.2 Oxidative Transformation of Organic Contaminants
Using NZVI-Induced Fenton’s Reaction

While being considered a reducing agent, NZVI has also recently gained a lot of
interest in the oxidation aspect. In general, NZVI can be used as a reagent in the
process of producing oxidative radicals for contaminant degradation. Oxidation
approaches of NZVI involve NZVI-induced Fenton’s reaction (Xu and Wang
2011; Choi and Lee 2012; Li and Zhu 2014), NZVI under aeration (Taha and
Ibrahim 2014a), and NZVI-induced persulfate system (Al-Shamsi and Thomson
2013; Diao et al. 2016). Nevertheless, the NZVI-induced Fenton’s reaction is the
most studied one. The state-of-the-art progress of the NZVI-induced Fenton’s
reaction is focused on in this section.

Discovered by Henry J. H. Fenton in 1894, Fenton’s reaction is one of the most
common chemical oxidation processes in wastewater treatment and site remediation
(Ay and Kargi 2010; Petri et al. 2011; Babuponnusami and Muthukumar 2014;
Papoutsakis et al. 2016). Typically, a homogeneous Fenton’s reaction utilizes
ferrous sulfate as a catalytic Fe2+ source. An acidic condition is required to maintain
Fe2+ dissolution. However, acidification and the high dose of mobile ferrous/ferric
required to obtain an effective treatment are the major drawbacks of conventional
Fenton’s reaction (Xu andWang 2011; Li and Zhu 2014; Yu et al. 2014; Cheng et al.
2015; Usman et al. 2016). For in situ applications, the acidification of the subsurface
is probably one of the most challenging problems due to the large buffering capacity
at a neutral pH range of the aquifers (Petri et al. 2011). Moreover, acidification might
result in the dissolution of metals in the subsurface (Petri et al. 2011). Hence, NZVI-
induced Fenton’s reaction has emerged as an alternative approach to avoid these
problems.
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3.2.1 Mechanism

The mechanism of contaminant degradation using NZVI-induced Fenton’s reaction
is primarily based on highly reactive radicals, which are generated from the reaction
between Fe0 and hydrogen peroxide. The radicals playing the key role in Fenton’s
reaction include highly reactive hydroxyl radical (•OH) and hydroperoxyl radical
(OOH•). Instead of using acidification to maintain dissolved Fe2+ concentration, the
NZVI Fenton process is self-catalytic, based on oxidative dissolution of NZVI in the
presence of H2O2. Interfacial H+ is produced at the NZVI surface to provide
appropriate local pH, which continuously releases Fe2+ for Fenton’s reaction.
Babuponnusami and Muthukumar (2012), Chu et al. (2012), and Xu and Wang
(2011) indicated the success of NZVI Fenton’s reaction at circumneutral pH 6.
Moreover, the NZVI Fenton process is more favorable than the conventional
approach using dissolved Fe2+ because NZVI can be magnetically recovered and
reused for several times (Diya’uddeen et al. 2015).

The critical reactions in a heterogeneous NZVI-induced Fenton’s system are as
follows:

Fe0 þ H2O2 þ 2Hþ ! Fe2þ þ 2H2O ð3:13Þ
Fe0 þ O2 þ 2Hþ ! Fe2þ þ H2O2 ð3:14Þ

Fe0 þ 2Hþ ! Fe2þ þ H2 ð3:15Þ
Fe0 þ H2O ! Fe2þ þ OH� ð3:16Þ

Fe2þ þ H2O2 ! Fe3þ þ �OHþ OH� ð3:17Þ
Fe2þ þ �OH ! Fe3þ þ OH� ð3:18Þ

Fe3þ þ H2O2 ! Fe2þ þ OOH � þHþ ð3:19Þ

The NZVI-induced Fenton’s reaction has been reported to effectively degrade a
variety of organic contaminants including textile wastewater, pharmaceuticals, halo-
genated compounds, and other non-halogenated compounds (Table 3.2). The deg-
radation kinetics was found to fit well with the pseudo-first-order reaction.
Degradation rates are mainly in the range of 0.01–0.2/min. However, depending
on the reaction conditions, the rates can vary from 0.0064/min to 1.79/min. Zhang
et al. (2017) reported that the degradation of norfloxacin was at a rate of 0.0064/min
at pH 6, while the degradation rate at pH 3 was 0.1/min. Xu and Wang (2011)
presented the 100% removal of 4-chloro-3-methyl phenol within 60 min at the
degradation rate of 0.35/min at 0.1 g/L of NZVI and 1.79/min at 0.5 g/L of NZVI.
In addition, although the NZVI-induced Fenton’s reaction kinetics is pseudo-first-
order in most of the cases, some studies suggest that the degradation kinetics is more
appropriate for the pseudo-second-order reaction. For instance, Zhou et al. (2015)
revealed the pseudo-second-order degradation of 1-alkyl-3-methylimidazolium-bro-
mides at a rate of 0.0415 L/(mM.min).
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In general, NZVI-induced Fenton’s reaction has high reactivity. However, it is a
two-stage reaction, in which the first stage usually shows low degradation rates and
is followed by a rapid degradation in the second stage. The lag stage is considered an
activation process of the surface iron species where iron dissolution occurs on the
NZVI surface and participates in the catalytic reaction. Moreover, despite the high
reactivity, the degradation by NZVI-induced Fenton’s reaction is usually inhibited
quickly ranging from 0.5 to 3 h due to the depletion of H2O2. Yu et al. (2014)
showed that the textile wastewater removal was inhibited after 40 min gaining 80%
efficiency. Cheng et al. (2015) reported the inhibition of pentachlorophenol degra-
dation after an hour with a removal efficiency of 60%. Zha et al. (2014) described
that amoxicillin degradation was impeded after 15 min, obtaining approximately
80% removal efficiency. The inhibition even occurs more frequently at a neutral pH
(Li and Zhu 2014; Zhou et al. 2015; Wang et al. 2016b). The sequential addition of
Fenton’s reagent can be a solution to this problem. Munoz et al. (2014) presented the
prolongation of homogenous Fenton reaction to treat sawmill wastewater by the
sequential addition of H2O2.

3.2.2 Factors Affecting Treatment Efficiency

3.2.2.1 Reagent Dose

The H2O2 acts as a scavenger of hydroxyl radical (OH) (Xu andWang 2011; Li and
Zhu 2014; Li et al. 2015; Wang et al. 2016b) as shown in Eqs. 3.20 and 3.21, while
∙OH plays the dominant role in contaminant degradation (Petri et al. 2011).
In addition, H2O2 can be self-degraded as presented in Eq. 3.22. Therefore, the
use of excessive H2O2 led to the degradation inefficiency. As a result, sequential
H2O2 addition, as done in the homogeneous Fenton’s process (Martins et al. 2010;
Villa et al. 2010; Munoz et al. 2014), is also a possible solution for sustaining
NZVI-induced Fenton’s reaction as to be discussed next in the treatability of
1,2-DCA.

H2O2 þ �OH ! HO2 � þH2O ð3:20Þ
HO2 � þ � OH ! H2Oþ O2 ð3:21Þ
H2O2 þ H2O2 ! 2H2Oþ O2 ð3:22Þ

Fe2þ þ H2O2 ! Fe3þ þ �OHþ OH� ð3:24Þ
Fe2þ þ �OH ! Fe3þ þ OH� ð3:25Þ

The NZVI was the source to generate ∙OH (Li et al. 2015; Wang et al. 2016b) as
shown in Eqs. 3.13 and 3.24. Therefore, a higher NZVI concentration provided
higher degradation efficiency. However, the excessive iron source has been known
as an ∙OH scavenger (Xu and Wang 2011; Wang et al. 2016b), which may prohibit
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the degradation as shown in Eqs. 3.13 and 3.25. Table 3.2 summarizes the optimal
reagent dose and conditions for the treatment of various contaminants.

3.2.2.2 Initial pH

Babuponnusami and Muthukumar (2012) and Xu and Wang (2011) also reported
that the heterogeneous NZVI Fenton’s reaction at a neutral pH succeeded in
removing phenol and 4-chloro-3-methyl phenol, respectively. Babuponnusami and
Muthukumar (2012) reported 65% of phenol removal using NZVI Fenton’s process
at a pH 6.2. Chu et al. (2012) showed a decrease of 95% in total phenols and 50% in
COD of coking wastewater using iron powder as a Fenton’s catalyst at pH 6.5 and
5.4. Xu and Wang (2011) presented the complete degradation of 4-chloro-3-methyl
phenol using an NZVI-induced Fenton’s system at a pH of 6.1. Some examples of
optimal pH values for the treatment of different organic contaminants are summa-
rized in Table 3.2.

3.2.3 Treatability of 1,2–DCA

While reductive dechlorination using NZVI is incapable of detoxifying 1,2-DCA as
discussed previously, the Fenton process can. Masten and Butler (1986) suggested
the success of 1,2-DCA degradation due to free radicals. Noticeably, Vilve et al.
(2010) successfully degraded 1,2-DCA at the laboratory scale using a conventional
Fenton process. Recently, Le and Phenrat (2018) evaluated the NZVI-induced
Fenton process at a neutral pH to degrade 1,2-DCA at a high concentration
(2000 mg/L), representing a dissolved 1,2-DCA concentration close to the
DNAPL source zone. Approximately 87% of 1,2-DCA was degraded at a neutral
pH, with a pseudo-first-order rate constant of 0.98/h using 10 g/L of NZVI and
200 mM of H2O2. However, the reaction was prohibited quickly, within 3 h,
presumably due to the rapid depletion of H2O2. The application of sequential
H2O2 addition provided a better approach for preventing rapid inhibition via con-
trolling the H2O2 concentration in the system to be sufficient but not in excess, thus
resulting in the higher degradation efficiency (the pseudo-first-order rate constant of
0.49/h and 99% degradation in 8 h for 10 g/L NZVI and 200 mM but sequential for
25 mM per 30 min). Using NZVI with sequential H2O2 addition (25 mM per 30 min)
was also successful in degrading 1,2-DCA sorbed onto soil, yielding 99% removal
of 1,2-DCA within 16 h at a rate constant of 0.23/h (Fig. 3.13a), around two times
slower than in the system without soil, presumably due to rate-limited 1,2-DCA
desorption from the soil.

The NZVI-induced Fenton reaction can be reused for several treatment cycles.
Figure 3.13b illustrates the 1,2-DCA degradation kinetics using NZVI-induced
Fenton’s reaction in three consecutive cycles. In the first cycle of degradation,
99.9% of 1,2-DCA was degraded for 16 h, obtaining the rate constant of 0.49/h.
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When the stock 1,2-DCA solution was added into the reactors to restart the treatment
cycles, the degradation rate constant declined almost three times to 0.18/h in Cycle
2 and four times to 0.13/h in Cycle 3. Approximately 99.2% and 98.0% of 1,2-DCA

Fig. 3.13 (a) 1,2-DCA degradation in soil-groundwater system and (b) NZVI reuse for three
removal cycles (conditions: natural pH, initial 1,2-DCA 2000 mg/L, NZVI 10 g/L, 25 mMH2O2 per
30 min)
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were degraded for 24 h and 30 h in Cycles 2 and 3, respectively. This finding
suggests that the heterogeneous NZVI Fenton process is a promising approach for in
situ treatment. The NZVI can be emplaced in the subsurface close to the DNAPL
source zone, while a small amount of H2O2 is recirculated to treat 1,2-DCA in both
groundwater and soil.
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Chapter 4
Nanoscale Zerovalent Iron Particles
for Treatment of Metalloids

Jan Filip, Jan Kolařík, Eleni Petala, Martin Petr, Ondřej Šráček,
and Radek Zbořil

Abstract In the past few decades, the remediation ability of nanoscale zerovalent
iron (NZVI) particles has been exploited in both lab-scale and real-world scenarios.
These studies and application examples brought about numerous breakthrough
results. Therefore, NZVI has proved to be an excellent candidate for the efficient
remediation of even challenging and complicated polluted aqueous systems. Herein,
we emphasize the treatment of heavy metals (e.g., copper, cobalt, nickel, zinc,
uranium, mercury, cadmium, lead, etc., and also hexavalent chromium) and metal-
loids (e.g., arsenic) as pollutants in water by NZVI. The mechanisms involved in the
metal removal by NZVI are described and explained in terms of selectivity and
reaction pathways. Analytical aspects, mainly represented by X-ray photoelectron
spectroscopy as tool for deep understanding of the mechanism of metal removal, are
mentioned, while an extensive report of examples of metal cations that can be
removed by NZVI is overviewed. Specifically, the cases of chromium and arsenic
removal are analyzed thoroughly, explaining the efficiency of various NZVI-based
systems for immobilization and/or reduction of such toxic species. Finally, success
stories of pilot and full-scale tests where NZVI was employed for metal removal are
presented, describing the conditions, the effects, and the advantages of NZVI in
large-scale applications.
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4.1 Introduction

Decades of large industrial and urban activities have led to elevated concentrations
of a wide range of pollutants in groundwater and wastewater, which affect the health
of millions of people worldwide. In this context, heavy metals pose a significant risk
because they are very toxic and tend to accumulate in living organisms. Many heavy
metals are known to be poisonous, mutagenic, or carcinogenic, such as chromium,
copper, nickel, mercury, cadmium, and lead.

Due to their versatility and multimodal action, nanoscale zerovalent iron (NZVI)
particles represent one of the most promising materials for water treatment and
environmentally friendly remediation processes (Li et al. 2006; Zhao et al. 2016).
Besides treatment of organic pollutants (Chap. 3), they have been applied for
sequestration of inorganic compounds like heavy metal ions and metalloids, e.g.,
arsenic (Kanel et al. 2005; Li and Zhang 2007; Karabelli et al. 2008), phosphates
(Almeelbi and Bezbaruah 2012), and numerous other inorganic compounds (e.g.,
perchlorate, nitrate). NZVI has received significant attention, and various promising
water treatment approaches have been documented (Fu et al. 2014; Guo et al. 2016).

It has been reported that NZVI has much larger capacity for metal ion removal
than conventional technologies, i.e., ion exchange, filtration, electrochemical pre-
cipitation, adsorption (e.g., on activated carbon), and bioremediation (Li et al.
2016b). This is explained by the combined effect of reductive properties of metallic
iron (i.e., by turning the metals into less toxic and less soluble forms through
lowering their oxidation state) with the high sorption capabilities of both NZVI
and the reaction products (i.e., the newly formed iron oxyhydroxides (Klimkova
et al. 2011)). The applicability of NZVI in environmental remediation and water
treatment has been recently reviewed by many authors (Crane and Scott 2012;
O’Carroll et al. 2013; Li et al. 2016b; Zou et al. 2016).

The reaction of NZVI with metals is generally fast (compared to reaction with
organic pollutants like trichloroethylene (TCE)) and highly efficient as proved by
numerous laboratory studies (Han et al. 2016). The NZVI particles evoke an alkaline
reaction with water leading to removal of a broad range of toxic elements like heavy
or transition metals and metalloids by various mechanisms. The main mechanisms of
metal sequestration by NZVI particles include electrochemical reduction, reductive
mineral precipitation and coprecipitation (i.e., due to substantial decrease in
oxidation–reduction potential, ORP, from oxidative to neutral or anoxic conditions),
formation of insoluble hydroxides, and sorption on nanocrystalline iron
oxyhydroxides formed as a result of NZVI oxidation (Li and Zhang 2007; Klimkova
et al. 2011).

Predominantly, the application of NZVI has been proposed for elimination of
water and soil contamination. This occurs by decreasing the concentration of
dissolved metals in the treated area through reduction and immobilization or seques-
tration onto the NZVI. A representative example of NZVI use for such metal
removal from complex acid mine water with different extent of dilution is presented
in Fig. 4.1. However, in the case of industrial wastewater or large contaminated
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areas, such as old mining or industrial sites, where the concentration of dissolved
metals is typically high, metals immobilized on the NZVI surface could potentially
be concentrated and recycled (Li et al. 2017).

This book chapter summarizes the known mechanisms of metal ion and metalloid
removal by NZVI particles as well as their derivatives. Examples of a broad range of
laboratory studies on model and real polluted waters are given, with a focus on
sequestration of arsenic, copper, and chromium. Moreover, an overview of pilot and
full-scale applications of NZVI for metal removal are described. The analytical
aspects of metal immobilization by NZVI are also highlighted.

4.2 Mechanisms and Kinetics of Metal Removal by NZVI

The interaction of NZVI with metals follows various physical and chemical reac-
tions. When NZVI particles get into contact with pollutants, they typically possess a
core–shell structure. The metallic iron core is surface-oxidized to form a thin iron
oxide/oxyhydroxide shell either spontaneously by reaction of the iron surface with
water (see (Filip et al. 2014)) or purposefully during NZVI production (see Zboril
et al. (2012) and the product NANOFER STAR from NANO IRON Company,
Czech Republic). The oxide shell is poorly crystalline to amorphous and could act as
an excellent sorbent providing a large number of sorption and coordination sites. On

Fig. 4.1 Percentual
decrease of metal
concentration in raw and
diluted acid mine water
based on application of
NZVI particles (raw water –
B0, diluted 5, 10, and
25 times – B5, B10, and B25,
respectively; note: shown
are normalized initial metal
concentrations). (Adapted
with permission from.
Reprinted with permission
from Klimkova et al. (2011).
Copyright (2011) Elsevier)
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the other hand, the metallic iron core has strong reducing (i.e., standard potential
�440 mV) or electron-donating ability. Moreover, Fe(II) released from NZVI due to
its corrosion with water represents an essential component of reduction and
coprecipitation (see below). Therefore, such a core–shell structure is unique for
concurrent sorption and reductive precipitation of metal ions. Moreover, the oxide
shell strongly influences not only the mechanism of NZVI interaction with metal
ions, but it also significantly controls the kinetics through electron transfer (ET). The
possible ET pathways have been identified as (Li and Zhang 2007) (1) direct ET
from NZVI surface through defects in the oxide shell behaving as simple physical
barrier; (2) indirect ET through oxide shell via the conduction band, impurity bands,
or localized bands; and (3) as the least important, ET from Fe(II) sorbed on lattice
surface sites. Figure 4.2 represents a simplified band diagram for core–shell NZVI
particles – the details about the ET can be found in Li and Zhang (2007).

Most of the reaction mechanisms between NZVI (i.e., any type of iron, including
nano-, micro-, and macroscopic particles) and metals/metalloids can be derived from
the basic reaction of iron with water (Filip et al. 2014):

Feð0ÞðsÞ þ 2H2OðaqÞ ! FeðIIÞ þ H2 þ 2OH� ð4:1Þ

Fig. 4.2 A simplified band
diagram for iron/iron oxide/
aqueous metal cations
(values are for pH ¼ 7). EF,
Fermi energies; ECB,
energies of conduction
band; and EVB, energies of
valence band. (Reprinted
with permission from Li and
Zhang (2007). Copyright
(2007) American Chemical
Society)
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followed by:

Fe IIð Þ þ 2H2O ! Fe OHð Þ2 þ 2Hþ ð4:2Þ

Actually, the main difference between nano- and micro�/macroscale iron lies in
the size and specific surface area (and thus, reactivity is dramatically influenced) and
different extent of newly formed nanocrystalline reaction products.

The abovementioned reactions clearly demonstrate the possibility of NZVI-
mediated acid–base changes that can lead to the increase of pH and decrease of
ORP. Moreover, the oxidation of Fe(II) to Fe(III) gives rise to the formation of new
nanocrystalline phase(s) (ferric oxides, hydroxides, and oxyhydroxides) with high
sorption or coagulation properties. Such reaction products typically precipitate on or
close to the surface of NZVI particles. Thus, the main known interaction between
NZVI and particular metals can be categorized as (adapted from O’Carroll et al.
(2013); the types of reactions are summarized in Fig. 4.3):

1. Reduction (typical for Cr, As, Cu, U, Pb, Ni, Se, Co, Pd, Pt, Hg, Ag).
2. Adsorption (typical for Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba).
3. Oxidation/re-oxidation (typical for As, U, Se, Pb).
4. Coprecipitation (typical for Cr, As, Ni, Se).
5. Precipitation (typical for Cu, Pb, Cd, Co, Zn).

However, in most cases a combination of more than one of the listed process can
occur, simultaneously, during the interaction of NZVI surface with a particular metal
(Fig. 4.3). Namely, the process of reduction typically includes two distinct mecha-
nisms: (i) direct reduction of metal ions by NZVI and (ii) primary adsorption of
metal ions onto NZVI surface followed by their subsequent reduction (Zou et al.
2016).

Fig. 4.3 Graphical
illustration of possible
mechanisms for removal or
inorganic and organic
pollutants on the surface of
core–shell NZVI particles.
(Reprinted with permission
from O’Carroll et al. (2013).
Copyright (2013) Elsevier)

4 Nanoscale Zerovalent Iron Particles for Treatment of Metalloids 161



The mode of interaction largely depends on the standard redox potential (E0) of
the particular metal ion (see Table 4.1). Metals that have E0 far more positive
compared to E0 of Fe0 (typically Cr, Hg, Ag, As, Cu, U, and Se) are capable of
being electrochemically reduced, and they could also precipitate on or close to the
NZVI surface – it is the most common sequestration mechanism of metal ions by
means of interaction with NZVI. Metals with E0 just slightly more positive than Fe0

(e.g., Pb and Ni) can be both reduced and adsorbed. On the contrary, metal ions with
E0 similar or more negative than Fe0 are mostly adsorbed on the surface of NZVI
(i.e., on the oxide/hydroxide shell) without their reduction; typical examples include
Cd and Zn ions (Li and Zhang 2007; O’Carroll et al. 2013).

The mechanism and efficiency of metal sequestration by NZVI are also depen-
dent on the pH of the solution (but less importantly than in the case of common
sorbents without multimodal functionality). The fresh NZVI particles typically
increase pH of the aqueous solution (see Eq. 4.1) resulting in a negatively charged
NZVI surface via deprotonation of oxygen-containing groups (Zou et al. 2016). This
promotes the electrostatic adsorption of positively charged metal species. The
increase of pH also induces precipitation of some metals in the form of hydroxides

Table 4.1 Standard redox potentials (E0) for selected metals, metalloids, and common organic
pollutants (values are for aqueous solution at 25 �C relative to the standard hydrogen electrode)

Aqueous solution Half reaction E0 (V)

Chromium (Cr) CrO2�
4 + 8H+ + 3e� $ Cr3+ + 4H2O 1.51

Chromium (Cr) Cr2O
2�
7 + 14H+ + 6e� $ 2Cr3+ + 7H2O 1.36

Platinum (Pt) Pt2+ + 2e� $ Pt 1.19

Palladium (Pd) 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 + 4H+ + 2e� $ U4+ + 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� $ H2C¼¼CH2 + 2Cl� 0.74

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

Tetrachloroethylene (PCE) Cl2C¼¼CCl2 + H+ + 2e� $ Cl2C¼¼CHCl + Cl� 0.57

Trichloroethylene (TCE) Cl2C¼¼CHCl + H+ + 2e� $ Cl2C¼¼CH2 + Cl� 0.53

Vinyl chloride (VC) ClHC¼¼CH2 + H+ + 2e� $ H2C¼¼CH2 + Cl� 0.45

1,1-Dichloroethene (1,1-DCE) Cl2C¼¼CH2 + H+ + 2e� $ ClHC¼¼CH2 + Cl� 0.42

Adapted with permission from O’Carroll et al. (2013). Copyright (2013) Elsevier
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simultaneously with the formation of the NZVI passivation shell. Typical examples
include mainly Zn and Co and also Be, Ra, Th, Pu, Sr, Mn, and Cs (i.e., those metal
ions with E0 more negative than Fe0; (O’Carroll et al. 2013)). As an example, the
dramatic increase of nickel removal by NZVI in the pH range from 4 to 8 was
demonstrated by Li and Zhang (2007). On the other hand, at lower pH the iron
corrosion is accelerated; thus an increase in the generation of hydrogen occurs, while
the formation of the passivation shell is not favorable. In this case, the reduction is
the main mechanism; thus the beneficial degradation of various metals especially in
the form of oxyanions, e.g., CrO4

2�, is more favorable at lower pH. In other words,
NZVI offers a surface where both reduction and adsorption processes can eliminate a
wide range of pollutants.

In oxygen-containing water (i.e., in surface or waste waters), NZVI particles
could indirectly act also as oxidant. This unusual mechanism is attributed to pro-
duction of hydroxyl radicals through Fenton reaction involving hydrogen peroxide
and Fe(II) produced during NZVI corrosion – see below (Keenan and Sedlak 2008).

In real polluted waters, the interactions are typically much more complex due to
the presence of many coexisting organic and inorganic ions. However, the detailed
investigation of reaction mechanism(s) of NZVI with metal-containing acid mine
water from in situ chemical leaching of uranium (water from Straz pod Ralskem,
Czech Republic) (Klimkova et al. 2011) identified mechanisms similar to the
abovementioned examples. Major contaminants in this water included aluminum
and sulfates, with As, Be, Cd, Cr, Cu, Ni, U, and Zn as important micropollutants.
The following observations were made:

1. Metals reducible by NZVI to a less soluble forms: Cr, Cu, U, and V. Cr(VI) is
reduced to Cr(III) precipitating then as insoluble hydroxide; U(VI) in the form of
(UO2+

2) is reduced to less soluble U(IV) ion (UO
2+). Similarly are reduced metals

whose standard electrode potential is above the Fe0/Fe2+ pair potential, e.g., Cu2+

is reduced to Cu0 directly at the surface of NZVI particles.
2. Metals, non-reducible by NZVI, which precipitate, adsorb, or are incorporated in

the structure of newly formed iron oxyhydroxides due to the increase in pH: Al,
Be, Cd, Zn, and Ni. Typical example is precipitation of aluminum (oxo)-
hydroxide or adsorption/surface complexation of divalent cations like Cd2+ and
Zn2+ (which are insensitive to reduction by NZVI) on the surface of iron
oxyhydroxides.

3. Metal(loid)s with increasing solubility when reduced by NZVI and undergoing
subsequent coprecipitation with the iron oxyhydroxides: typical example is
reduction of less soluble As(V) to more soluble As(III), when the arsenate(III)
tends to be adsorbed and/or coprecipitates with iron oxyhydroxides.

Besides the reaction mechanism, the authors of the abovementioned study
observed fast reaction kinetics in the range of minutes or tens of minutes along
with an increase in pH from 2.5 to above 4 (depending on the dilution of acid mine
water) and a decrease in ORP from +700 mV down to less than +500 mV for
nondiluted and close to 0 mV for variously diluted acid mine water samples. The
kinetic parameters for the removal of selected metals by NZVI are given in
Table 4.2.
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4.3 Analytical Aspects of Metal Removal by NZVI

As mentioned in the previous section, all types of NZVI–metal interactions involve
surface-mediated reactions of NZVI particles. In order to understand such mecha-
nisms, surface-sensitive analytical tools have to be employed. X-ray photoelectron
spectroscopy (XPS) also known as electron spectroscopy for chemical analysis
(ESCA) is a unique surface-sensitive technique for chemical analysis. XPS is
based on irradiating solid samples with soft X-rays and the energy analysis of
emitted photoelectrons which comes from the surface of the sample (5–10 nm
penetration depth). The obtained spectrum is a plot of the number of detected
photoelectrons per energy interval versus their kinetic (or rather binding) energy.
The measured kinetic energy is given by the equation:

KE ¼ hν� BE�Φs, ð4:3Þ

where hν is the photon energy, BE is the binding energy of the atomic orbital from
which the electron originates, and Φs is the spectrometer work function. Providing
that each element has a unique set of binding energies and that the same atom in the
different chemical environment can give rise to discrete components in its core-level
spectrum (so-called chemical shift), XPS is an ideal tool for elemental quantification
and identification of chemical states of surface atoms (Moulder and Chastain 1992;
Briggs 1998).

Although some metallic spectra deconvolutions are straightforward, there are also
some examples representing significant difficulties. For example, the 2p spectra of
many transition metals contain features like multiplet splitting and are complicated
further by shake-up and plasmon loss structures. Good starting points for deeper
knowledge of transition metal XPS spectra deconvolutions are published elsewhere
(Watts and Wolstenholme 2003; Biesinger et al. 2010, 2011).

Because of the features mentioned above, XPS is a method of choice for
determining the valence state of pollutants like Cr, Co, Ni, Cu, As, U, etc. removed
by zerovalent iron (for typical XPS spectra of metals on NZVI surface, see Fig. 4.4).
From published studies (see, e.g., Li and Zhang (2007)), metal ions on the NZVI
surface can be present in different valence states:

1. The same as the metal ion in solution (e.g., Zn2+, Cd2+) as a result of their sorption
or surface complexation.

2. Reduced compared to the dissolved form (e.g., Cu0, Ag0, Hg0, and also CrIII) as a
result of their electrochemical reduction and precipitation.

3. Both reduced and ionic (e.g., Ni, Pb) suggesting a combination of sorption and
partial reduction.

One example for all of the deconvoluted core-level spectrum of a pollutant is
shown in Fig. 4.5 representing an experiment of As(V) reduction by NZVI (for
experimental details and further results, see section on “Removal of Arsenic by
NZVI” and reference Tuček et al. (2017). In this figure, there is deconvoluted 3d
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Fig. 4.4 High-resolution XPS spectra for various metals removed by NZVI particles from aqueous
solution. (Reprinted with permission from Li and Zhang (2007). Copyright (2007) American
Chemical Society)
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core-level spectrum of arsenic (As 3d) with six spectral components at 41.5 eV,
42.2 eV, 44.4 eV, 45.1 eV, 45.7 eV, and 46.4 eV corresponding to As 3d5/2 (As(0)),
As 3d3/2 (As(0)), As 3d5/2 (As(III)), As 3d3/2 (As(III)), As 3d5/2 (As(V)), and As
3d3/2 (As(V)), respectively. Therefore, XPS could be used for detailed monitoring
of reaction mechanisms including metal removal by NZVI.

4.4 Examples of Various Metal Cations that Can Be
Removed by NZVI

The removal of metal cations like Ni2+, Cu2+, Zn2+, Co2+, Cd2+, and Zn2+ by NZVI
is highly efficient and characterized by complexation, surface precipitation, high
uptake capacities, fast uptake kinetics, and very limited desorption of metal ions
from NZVI. The performance of NZVI for removal of such heavy metal cations is
typically improved by increasing pH. This is because besides reduction and adsorp-
tion, heavy metal ions can be removed by hydroxide precipitation (Eq. 4.4) and
coprecipitation at elevated pH values (Dries et al. 2005; Ludwig et al. 2009; Moraci
and Calabrò 2010; Bruzzoniti and Fiore 2014; Eglal and Ramamurthy 2014; Statham
et al. 2015a, b; Guo et al. 2016; Han et al. 2016):

Mnþ þ nOH� ! M OHð Þn # Mnþrepresents Cd2þ;Ni2þ;Cu2þand Zn2þ
� � ð4:4Þ

Fig. 4.5 Deconvoluted high-resolution XPS spectrum at the As 3d region
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From the studied ions, Cu2+ is much more easily removed than Zn2+, Ni2+, and
Cd2+, because the redox potential of copper (Cu2+/Cu) is +0.34 V, being much
greater than that of zinc (�0.76 V, Zn2+/Zn), cadmium (�0.40 V, Cd2+/Cd), and
nickel (�0.24 V, Ni2+/Ni) (Han et al. 2016):

Fe0 þ Cu2þ ! Fe2þ þ Cu0 ð4:5Þ

In particular, the copper removal mechanism by NZVI, i.e., by both sorption and
reduction, led to the emergence of various NZVI-based materials with remarkable
properties such as NZVI with various surface morphologies, ZVI composites, or
ZVI-based column filters (Xiao et al. 2011; Statham et al. 2015b; Slovák et al. 2016;
Tiberg et al. 2016). The removal efficiency of Cu2+ (and also other metals) by ZVI
can also be enhanced with the application of a weak magnetic field (WMF) (Jiang
et al. 2015).

One interesting study, driven by the need for understanding the mechanisms of
heavy metals ion removal, has compared the surface reactions on NZVI and bime-
tallic nanoscale iron/aluminum (NZVI/nZAl) particles for removal of five heavy
metal ions (Cu2+, Cr6+, Ni2+, Zn2+, Cd2+) – see Fig. 4.6. The study shows the
possibility to tailor the properties of a NZVI-based bimetallic system. Particularly,
the reduction of heavy metals ions by ZVI/ZVAl was greater than for ZVI alone.
ZVAl can reduce all the five of the heavy metal ions, while ZVI can efficiently
reduce only Cr6+ and Cu2+. Moreover, the five heavy metal ions can be removed by
adsorption onto ZVI/ZVAl or metal hydroxide precipitates, while reduction is
occurred by aluminum and iron acting as electron donors. Furthermore, the heavy
metal ions can form hydroxide precipitates.

The application of NZVI particles for reduction, precipitation, and removal of
UO2

2+ has been also demonstrated. The Pourbaix diagram indicates that highly
soluble and mobile UO2

2+ could be reduced to insoluble U4+ oxides at the
potential of the Fe/Fe2+ redox couple. Although the solution conditions favor
U(VI) as the stable uranium oxidation state, conditions at the zerovalent iron
surface theoretically predict that reduction to U(IV) and precipitation as UO2 is
possible. Thermodynamically, reduction to U4+ is slightly favorable in strongly
acidic media as indicated in Eq. 4.6: (Fiedor et al. 1998; Riba et al. 2008; Li et al.
2015b):

Fe0 þ 1:5UO2
2þ þ 6Hþ ! Fe3þ þ 1:5U4þ þ 3H2O ð4:6Þ

Moreover, Sb5+ can be also successfully removed by ZVI. Previous studies have
demonstrated that NZVI has a strong capability to reduce Sb5+ to Sb3+. This
efficiency could be significantly enhanced with the application of a weak magnetic
field, and it is slightly influenced by coexisting anions. The incorporation of Sb5+

into the structure of in situ formed iron (hydr)oxides accounted for the mechanism of
Sb5+ removal by ZVI, and thus the release of Sb5+ from the Sb5+-treated ZVI was
negligible (Filella et al. 2002; Dorjee et al. 2015; Li et al. 2015a).
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In aquatic ecology, phosphate has been regarded as a nutrient responsible for
water eutrophication, which depletes oxygen, affects aquatic life forms, and jeopar-
dizes water quality. The application of NZVI for phosphate removal is highly
pH-dependent but only slightly dependent on the ionic strength. The typical
coexisting anions like chloride, nitrate, and sulfate did not affect phosphate removal,
but removal efficiency was significantly impacted by carbonate anions due to its
influence on initial pH of the solution. The main mechanism of phosphate removal
includes adsorption and coprecipitation with secondary iron oxyhydroxide phases.
The calculated maximum adsorption capacity of NZVI (prepared by reduction of
ferric iron by sodium borohydride) can reach 250 mg/g for phosphate in batch
experiments (Almeelbi and Bezbaruah 2012; Wen et al. 2014; Sleiman et al. 2016).

Furthermore, the mechanism of Pb2+ uptake has been described in several
published studies. The adsorption of Pb2+ onto the NZVI surface was rapid, with
reduction of Pb2+ to Pb0 as the main mechanism (Xi et al. 2010; Arshadi et al. 2014).
Besides, NZVI was used for immobilization of other selected specific metal ions,

Fig. 4.6 Schematic mechanisms of five heavy metal ions removed by ZVI/ZVAl. (Reprinted with
permission from Han et al. (2016). Copyright (2016) Elsevier)
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e.g., for reduction and removal of Se6+ and Se4+ (Zhang et al. 2005; Liang et al.
2013, 2014; Tang et al. 2014a, b) and Mo6+ (Huang et al. 2012). Further details on
reduction of Se, Ni, U, Cr, and As are reviewed by O’Carroll et al. (2013).

Generally, the capacity of NZVI for metal ion sequestration is higher than
100 mg/g of NZVI, depending on the properties of the particular metal and on the
geochemical conditions in the treated solution. Therefore, the total capacity of NZVI
is many times higher than common inorganic sorbents including zeolites and also
much higher than most of polymeric cation-exchangeable resins (see Li and Zhang
(2007)). As an example, comparison of various materials including NZVI used for
copper sequestration is listed in Table 4.3. From this comparison it is evident that
NZVI particles with a unique 3D hollow-sphere architecture (Slovák et al. 2016)
have the highest removal capacity for Cu out of most commonly used sorbents
(except graphene-based sorbents).

Table 4.3 Removal capacity values of copper (Cu(II)) by various materials typically used for
sequestration of metals (for references see Slovák et al. (2016))

Material
Removal
capacity (mg/g)

Functional materials

Aminated polyacrylonitrile fibers 31.4

Chitosan/cellulose acetate blend hollow fiber membranes 48.2

Aminated polyacrylonitrile nanofibers 116.5

Aniline formaldehyde condensate (AFC) coated on silica gel 76.3

Glutaraldehyde/aminopropyltriethoxysilane/Fe3O4 NPs 61.1

Copper ion-imprinted chitosan/Sargassum sp. composite 68.6

Poly(hydroxyethyl methacrylate) nanobeads containing imidazole groups 58.0

Pectin-iron oxide magnetic nanocomposite 49.0

Nano-hydroxyapatite/chitosan composite 6.2

Electrosterically stabilized nanocrystalline cellulose 185.0

Magnetic chitosan beads 129.6

Plasma polymer functionalized silica particles 25.0

Carbonaceous sulfur-containing chitosan–Fe(III) 413.2

Polyvinylpyrrolidone-reduced graphene oxide 1689

GO/Fe3O4/PEI 157

GO nanosheets cross-linked with poly(allylamine hydrochloride) 349.0

Facial composite adsorbent 176.3

Novel magnetic weak acid resin 267.2

Superabsorbent sodium polyacrylate composite 243.9

Citric acid-modified cellulose 15.1

Multi-amine decorated resin 322.2

Mercapto functionalized palygorskite 30

Gemini surfactant modified rectorite 15.2

Polystyrene supported chitosan thin film 99.8

Esterified orange peel cellulose biosorbent 77.5

(continued)
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Table 4.3 (continued)

Material
Removal
capacity (mg/g)

Grafted chitosan beads 126.0

Monolithic adsorbents 245.0 (theoretical)

Functional silylating agents containing thiourea 79.4

Chitosan/poly(methacrylic acid) graft copolymer 170

Chitosan/cellulose film combination 122

Amino-functionalized silica 33.5

Biomass

Fungus Aspergillus niger 2.7

Sphaerotilus natans biomass 57.5

Brown marine alga S. filipendula 54.0

Sargassum algal biomass 73.1

Brown marine algae (Ecklonia radiata) 70.5

Algae Gelidium 33.0

Rehydrated biomass of Spirulina platensis 96.8

Shorea robusta tree barks 51.4

Pseudomonas pseudoalcaligenes 46.8

Algal biomass 160

Heavy-metal resistant bacterial consortium 450

Cell wall 84

Immobilized microorganisms on polyurethane foam 28.7

Wine-relevant lactobacilli 46.2

Posidonia oceanica 85.8

Cyanospira capsulata 240

Pseudomonas syringae 20

Immobilized Microcystis aeruginosa 8.9

Aspergillus terreus 15.2

Aspergillus Niger 34.1

Trametes versicolor 60.5

Rhizopus oryzae 43.7

Penicillium chrysogenum 60

Immobilized T. versicolor + montmorillonite clay 62.8

Caulerpa lentillifera 0.04

Ulothrix zonata 176.2

Pithophora oedogonia 23.1

Bjerkandera sp. 12.1

Penicillium simplicissimum 112.3

Algal waste gelidium 31.1

Undaria pinnatifida 38.8

Asparagopsis armata 21.3

Fucus vesiculosus 114.9

Enterobacter sp. J1 32.5

Pseudomonas putida 6.2

(continued)
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Table 4.3 (continued)

Material
Removal
capacity (mg/g)

Paenibacillus polymyxa 112

Sphaerotillus natans 60

Sphaerotillus natans gram-negative bacteria 44.5

Baker’s yeast 65

Carbon materials/(bio)chars

Carbon nanotube/calcium alginate composite 67.9

Granular-activated carbon Darco 12–20 mesh 173.9

High-density 3D graphene macroscopic objects 3820

Carbon nanocomposites 256

Mesoporous carbon 117.1

Pinewood char 4.5

Alkali-activated switchgrass biochar 31.0

Thermally treated olive pomace 17.8

Phenolic resin-based carbon 247

Pecan shells 95

Chestnut shell-activated C 100

Grape seed-activated C 48.8

Hazelnut husk 6.7

Peanut shell 50.4

Hazelnut shells impregnated with H2SO4 58.3

Hulls of Ceiba pentandra (tree) 24.2

Wastes

Sewage sludge ash 4.1

Partially deacetylated prawn shell 16.9

Pelletized peanut hulls 12.0

Sour orange residue 21.7

Phosphated apple residues 36.2

Spent grain 10.5

Carbonate hydroxyapatite from eggshell waste 142.9

Olive mill residues 13.5

Newspaper pulp 30.0

Pretreated powdered waste sludge 156.0

Sewage sludge 5.7

Pomace ashes 7.0

Activated sludge 35.0

Industrial oil sludge-based adsorbent 85.3

Grape stalk 42.9

Brine sediments (industrial residue) 4.7

Prismatic oyster shell powder 8.9

Sugar beet pulp treated with NaOH and citric acid 119.4

Sugarcane bagasse 9.5

H3PO4-activated rubber wood sawdust 5.6

(continued)
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The only identified potential risk of metal ion sequestration by NZVI is the
possible re-oxidation and reverse dissolution of some metal ions like Cu2+. How-
ever, the dissolved oxidized metals could be adsorbed on the oxide/hydroxide shell
of NZVI or on other iron oxide reaction products with high specific surface area (see
example of the uranium reduction by NZVI and subsequent re-oxidation (Dickinson
and Scott 2010)). This limits the potential release of metal once it is adsorbed.

Table 4.3 (continued)

Material
Removal
capacity (mg/g)

Citric acid functionalizing wheat straw 78.1

Acid-pretreated bivalve mollusk shells 139.0

Tea waste 21.0

Chemically modified corncobs 26.0

Sargassum wightii 115

Garden grass 58.3

Orange peel 86.7

Spent coffee grains 60.4

Natural materials

Rubber (Hevea brasiliensis) leaf powder 8.9

Natural zeolite 1.6

Phosphate rock 10.8

Purolite C100-MB resin 121.5

Mimosa tannin resin 43.7

Valonia tannin resin 44.2

Manganese-coated sand 1.0

Chitosan 85.8

Dolomite–palygorskite clay 225.7

Eucalyptus leaves 1.9

Hydrilla verticillata (plant) 30.8

Palm oil fruit shells 60

Banana peel 8.2

Watermelon rind 5.7

Ash zeolite 27.9

Insoluble wood xanthate 27.8

Other inorganic materials/composites

Zerovalent iron 96.9

Zerovalent iron/pumice 15.0

Zerovalent iron/sand mixture 13.3

Nanoscale diboron trioxide/titanium dioxide 82

NZVI 250

NZVI + recirculation 343

3D spherical NZVI 623

Adapted with permission from Slovák et al. (2016). Copyright (2016) American Chemical Society
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Below are two detailed examples of metals/metalloids whose removal by NZVI
has been successfully studied and tested worldwide. The hazardous effects of arsenic
and chromium are described, while the mechanism and examples of their sequestra-
tion are also provided.

4.4.1 Arsenic in the Environment

Natural occurrence of arsenic represents a serious environmental problem in many
countries (Nordstrom 2002; Smedley and Kinniburgh 2002; Ravenscroft et al.
2009). Arsenic is a well-known carcinogen metalloid. First symptoms of arsenicosis
are dermatological manifestations such as hyperkeratosis with characteristic brown
spots on palms and soles followed by cancer of the skin. In more advanced stage,
there is cancer of the lungs and bladder (Marshall et al. 2007). Also, based on
extensive epidemiological study in Antofagasta, north of Chile, consumption of
arsenic in drinking water increases risk of acute myocardial mortality and sponta-
neous abortion (Yuan et al. 2007).

Arsenic in surface water and groundwater occurs predominantly as arsenate,
As(V), and arsenite, As(III). Both oxidation states of arsenic form oxyanions
(Plant et al. 2005): at about neutral pH, arsenate is present as H2AsO4

� and HAsO4
2� and arsenite as H3AsO3

0. They are typically adsorbed on hydrous ferric oxides
(HFO) with higher adsorption affinity for As(V) and decreasing adsorption rate with
increasing pH (Smedley and Kinniburgh 2002). Other oxidation states that can exist
under reducing conditions are As(-III) and As(0), while methylated species of
arsenic such as dimethylarsinate (DMA) are typically found in pond and lake
water rich in organic matter (Mandal and Suzuki 2002). In geothermal systems,
thioarsines such as (CH3)2AsCl have been identified too (Planer-Friedrich et al.
2006).

Typical processes responsible for natural arsenic enrichment are (1) reductive
dissolution of ferric minerals with adsorbed and coprecipitated arsenic in regions like
Bangladesh and West Bengal (Ahmed et al. 2004); (2) mobilization of arsenic under
oxidizing and high pH conditions, e.g., in the Pampean region of Argentina
(Bhattacharya et al. 2006); (3) oxidation of sulfidic minerals in bedrock, e.g., in
Wisconsin (Schreiber et al. 2000); and (4) geothermal activity, e.g., in the Trans-
Mexican Volcanic Belt (Birkle et al. 2010) and Chile (López et al. 2012). Reductive
mineral dissolution is by far the most important natural process exposing large
populations to arsenic risk.

However, concentrations of dissolved arsenic at mining sites, where sulfidic
minerals like arsenopyrite and As-rich pyrite are exposed to oxygen, are several
orders of magnitude higher than at natural arsenic occurrence sites. A typical
example is the Richmond Mine in California, where mine drainage water is concen-
trated by evaporation and arsenic concentrations reach up to 850 mg/L (Nordstrom
and Alpers 1999). At Snow Lake Pile in Manitoba, Canada, groundwater
downgradient of the pile has arsenic concentrations higher than 20 mg/L (Salzsauler
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et al. 2005). Concentrations of arsenic in pore water at the waste rock pile in Berikul,
Siberia, Russia, reach extreme concentrations as high as 22,000 mg/L (Gieré et al.
2003). The primary As(V) mineral precipitating from mine drainage is scorodite, but
there is an assemblage of other minerals including kaňkite, bukovskýite,
pharmacosiderite, and pitticite (Drahota and Filippi 2009; Kocourková-Víšková
et al. 2015). Also, As(V) in mining wastes can be incorporated into beudantite or
adsorbed onto the surfaces of jarosite (Gräfe et al. 2008).

The World Health Organization (WHO) and US Environmental Protection
Agency (EPA) adapted drinking water guideline of 0.01 mg/L, which replaced the
old limit of 0.05 mg/L in 2001 (Agency 2001). Diverse approaches for elimination of
arsenic have been explored including adsorption, coagulation/filtration, ion
exchange, photooxidation, reverse osmosis, membrane, nanofiltration, and conven-
tional iron/manganese removal processes; here, adsorption is viewed as one of the
most affordable, cheap, and effective methods (Mohan and Pittman Jr 2007).

4.4.2 Removal of Arsenic by NZVI

The use of Fe(0) to remove arsenic has been actively investigated by many
researchers. The surface area of NZVI plays a major role in both the adsorption
kinetics and capacities. Recently, nanoscale zerovalent iron was tested for the
removal of As(V) and As(III), which is the predominant arsenic species under anoxic
groundwater conditions (Kanel et al. 2005, 2006). The mechanisms of the reaction
with As species and NZVI depend on whether or not dissolved oxygen is present
along with the NZVI as described next.

When using NZVI in oxic conditions for arsenic removal, the oxidation of NZVI
occurs, and the reaction mechanisms are controlled mostly by the Fenton reaction:

Fe 0ð Þ þ O2 þ 2Hþ ! Fe IIð Þ þ H2O2 ð4:7Þ

Hydrogen peroxide combines with Fe(II) and Fe(III) corrosion products of NZVI,
thereby generating hydroxyl and superoxide radicals via the Fenton reaction:

Fe IIð Þ þ H2O2 ! Fe IIIð Þ þ HO • þ OH� ð4:8Þ
Fe IIð Þ þ O2 ! Fe IIIð Þ þ O2

•� ð4:9Þ
Fe IIð Þ þ O2

•� þ 2Hþ ! Fe IIIð Þ þ H2O2 ð4:10Þ

These radicals are viewed as oxidants and are considered to be responsible for
oxidation of As(III) to As(V) when arsenite is treated by NZVI. In other words,
under oxic conditions, corrosion of NZVI and formation of Fe3O4/Fe2O3

nanoparticles play a dominant role in the removal of As(III) and As(V) species
from aqueous solutions. The removal then involves only adsorption of As(V) species
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on the nanoparticles’ surfaces (Hug and Leupin 2003; Katsoyiannis et al. 2008;
Triszcz et al. 2009; Pang et al. 2011). Aqueous speciation reactions and surface
complexation reactions are presented in Table 4.4. Precipitation is assumed to be a
kinetically controlled slow process and is modeled as a mass transfer controlled
reaction represented in Table 4.4 (Tyrovola et al. 2007).

Under anoxic conditions, the reduction of As(V) to As(0) by Fe(0) is thermody-
namically possible. Therefore in anoxic conditions, As(V) and As(III) can be
reduced and/or adsorbed onto the nanoparticle surfaces. Figure 4.7 summarizes the
two possible pathways by which electron transfer between NZVI and arsenite and/or
arsenate pollutants can occur under anoxic conditions (Sasaki et al. 2009; Tuček
et al. 2017).

According to a proposed mechanism of As(V) and As(III) removal under anoxic
conditions in several published studies, initial breakage of As�O bonds in arsenite

Table 4.4 Aqueous speciation reactions and surface complexation reactions

Surface complexation reactions log K

Intrinsic surface complexation reactions

FeOH + H+ ¼ FeOHþ
2 7.29

FeOH ¼ FeO� + H+ �8.93

Arsenate adsorption constants

HAsO2�
4 + FeOH + H+ ¼ FeHAsO�

4 + H2O 30.51

HAsO2�
4 + FeOH +2H+ ¼ FeH2AsO4 + H2O 11.53

Arsenite adsorption constants

FeOH + H3AsO3 ¼ FeH2AsO3 + H2O 5.41

Adapted with permission from Tyrovola et al. (2007). Copyright (2007) Elsevier

Fig. 4.7 Two possible pathways (Path A and Path B) for As(III) and As(V) reduction to As(0) by
NZVI under anoxic conditions. Note: Fe2O3 is used to represent an iron oxide phase produced from
Fe(0) reacting with arsenite/arsenate, i.e., to specify any possible iron oxide/hydroxide that could be
formed under particular pH/redox conditions. (Reprinted with permission from Tuček et al. (2017).
Copyright (2017) American Chemical Society)
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molecules occurs upon adsorption onto a NZVI surface, followed by further reduc-
tion and diffusion of arsenic through the very thin layer of iron oxide formed at the
NZVI surface. This process results in the formation of an intermetallic phase of As
(0) (i.e., as proved by XPS – see Fig. 4.5), with an NZVI core, i.e., an FeAs alloy.
This mechanism was observed on air-stable NZVI particles with a core–shell ZVI
architecture (Fig. 4.8) (Farrell et al. 2001; Su and Puls 2001; Bang et al. 2005; Yan
et al. 2012a, b; Ling and Zhang 2014).

However, in the case of an oxide-shell-free NZVI (pyrophoric) particles, removal
of As(III) and As(V) species under anoxic conditions followed a different pathway.
Using XPS, no spectral components corresponding to FeAs alloy or Fe(0) enriched
with As were detected in samples incubated under these conditions. In this system,
there was a core�shell particle architecture, with a core composed of Fe(0) and a
double shell with inner and outer regions composed exclusively of As and iron(III)
oxide, respectively (Fig. 4.9) (Tuček et al. 2017).

The effects of Fe/As mass ratio, duration of reaction, and solution pH on arsenic
removal efficiency under both oxic and anoxic conditions are demonstrated in
Fig. 4.10. Arsenic removal by NZVI is more efficient in an anoxic environment
than in an oxic environment. In the oxic and anoxic environments, the removal
equilibrium for both As(III) and As(V) species was obtained within 24 h after NZVI
addition. Moreover, reaction rate data confirmed that within the first 60 min, the
removal rate was slightly faster for As(III) species than for As(V) species. As
reported earlier (Bang et al. 2005), this occurs due to the different adsorption

Fig. 4.8 Proposed mechanism of As(III)–NZVI reactions. The process includes (1) rapid adsorp-
tion of aqueous As(III) at the oxide surface, (2) reduction of As(III) complexes at the surface,
(3) translocation of arsenic across the oxide shell accompanied by further breaking of As�O bonds,
and (4) diffusion into the Fe(0) core. Arsenic prefers to accumulate at the surface of Fe(0) forming a
thin layer of Fe � As intermetallic; thus the amount of reduced arsenic depends on the amount of
NZVI used. As* denotes intermediate states between As(III) and Fe � As intermetallic. (Reprinted
with permission from Yan et al. (2012b). Copyright (2012) American Chemical Society)
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capacity of NZVI for oxidized vs. reduced As species. Under neutral pH, both As
(III) and As(V) are adsorbed strongly onto iron oxide surfaces via surface complex
formation. The pH-dependent behavior can be explained by ionization of both the
adsorbate and the adsorbent causing repulsion at the surface and decreasing the As
(III) adsorption (Kanel et al. 2005, 2006; Katsoyiannis et al. 2008; Mamindy-Pajany
et al. 2011; Wang et al. 2014; Tuček et al. 2017).

In addition, various ions in natural water could have significant effect on arsenic
removal efficiency by NZVI. The presence of borates, organic matter, silicates, and
phosphates in water decreases the removal of arsenic. On the other hand, carbonates,
sulfates, and nitrate ions at concentrations up to 10 mM have minimal effect on
arsenic removal; however higher concentration of anions can enhance the removal
rate of arsenic (Kanel et al. 2005, 2006; Biterna et al. 2007). On the other hand, other
work (Rodová et al. 2015) has shown a significant decrease of both arsenic (from
initial value of 85 mg L�1) and phosphate concentrations from mine water after
being amended with NZVI (Kaňk, Czech Republic).

Fig. 4.9 (a) Representative HRTEM image of the sample dried after reaction of As(III) and/or As
(V) species with oxide-shell-free NZVI under anoxic conditions showing formation of a secondary
core–shell architecture. (b) EDS chemical mapping of the Fe(0)/As/iron(III) oxide core�shell
nanoparticles, showing the Fe(0) core, As attached to the surface of Fe(0) nanoparticles and iron
(III) oxide phase covering the adsorbed As. (c) Line profile showing the firm locking of As between
the Fe(0) core and iron(III) oxide outer shell. (Adapted with permission from Tuček et al. (2017).
Copyright (2017) American Chemical Society)
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4.5 Removal of Arsenic by NZVI Derivatives

Generally, the capacity of NZVI particles toward removal of metals/metalloids is
limited due to their air instability and aggregation. In the past few years, various
composites have been tested with the aim to optimize the NZVI-based materials for
enhanced performance (see Table 4.5). For example, chitosan-modified zerovalent
iron nanoparticles (CIN) were suggested for arsenic removal. This material enhances
the stability of Fe(0) nanoparticles. It has been demonstrated that CIN is capable of

Fig. 4.10 Dependence of residual arsenic concentration on the amount of NZVI added (at pH � 7
and reaction time of 24 h) under (a) oxic and (d) anoxic conditions. Kinetics of removal of As(III)
and As(V) species by NZVI (at pH� 7 and Fe/As¼ 10:1) under (b) oxic and (e) anoxic conditions.
Dependence of residual arsenic concentration on the pH of the reaction mixture (at Fe/As ¼ 20:1
and reaction time of 24 h) under (c) oxic and (f) anoxic conditions. (Adapted with permission from
Tuček et al. (2017). Copyright (2017) American Chemical Society)
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As adsorption in a wide range of pH, and the study revealed that commonly
interfering ions like sulfate, phosphate, and silicate marginally affect the adsorption
behavior of both arsenite and arsenate (Gupta et al. 2012). Another study revealed a
continuously accelerated Fe0 corrosion driven by common oxidants (i.e., NaClO,
KMnO4, or H2O2) and thereby the rapid and efficient removal of As(V) by ZVI
under certain experimental conditions. ZVI simply coupled with NaClO, KMnO4, or
H2O2 resulted in almost complete As(V) removal within only 10 min (Guo et al.
2016). Zerovalent iron-activated carbon (NZVI-AC) derivatives increase the specific
surface area of NZVI. Activated carbon was used as the supporting material due to
its excellent properties and mechanical strength and porous structure (Zhu et al.
2009). For a cost-effective treatment of polluted waters (i.e., mainly in developing
countries), sand filters with NZVI parts were designed (Neumann et al. 2013). Other
NZVI derivatives improved applicability of ZVI for complicated real waters
(Gu et al. 2007; Wang et al. 2014).

Another pathway is to immobilize NZVI particles on fiber filters or membranes
(Thekkae Padil et al. 2016). A case study of NZVI-containing electrospun membrane
composed of poly[acrylonitrile-co-(methyl acrylate)-co-(itaconic acid)] (Fig. 4.11)
proved that this filtration material can be highly promising for repeated
(or continuous in the case of flowing media) use in arsenic removal. In this particular
case, the sorption capacity was nearly identical about 46 mg/g for both As(III) and
As(V) with just a slight decrease in efficiency over five cycles. However, a decrease
in efficiency was reported in the presence of some anions (PO4

3�, HCO3
�, SO4

2�,
and NO3

�) and cations (Fe2+, Ca2+, and Mg2+) (Thekkae Padil et al. 2016).

4.6 Chromium as a Waste

Chromium is a heavy metal that is used in many engineering and chemical indus-
tries, such as electroplating facilities, steel and alloy production, pigments, chemical
production, and tannery industries (Muthukrishnan and Guha 2008). Thus, chro-
mium is a common groundwater contaminant at many hazardous waste sites. The
two most common chromium oxidation states are hexavalent chromium, Cr(VI), and

Table 4.5 Examples of NZVI-based composites used for As(V)/As(III) removal with capacity
values for selected materials

Material
Removal capacity (mg/g)
As(V)/As(III)

Chitosan ZVI (CIN) (Gupta et al. 2012) 119/94

ZVI-based SONO filters (Neumann et al. 2013) –

ZVI-reduced graphite oxide (Wang et al. 2014) 29.0/35.8

Fe-containing mesoporous carbon (FeOMC) (Gu et al. 2007) 5.5–8.0

ZVI on activated carbon (Zhu et al. 2009) 12/18.2

Oxidants with ZVI (Guo et al. 2016) –
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the trivalent chromium, Cr(III), with the former being most toxic, carcinogenic, and
mutagenic (Weng et al. 2007; Petala et al. 2013). Specifically in humans, Cr(VI) can
be very harmful and cause various serious health problems, like diseases to the
respiratory tract and to the reproductive and gastroenterological systems. The US
Environmental Protection Agency has set the maximum contaminant level of total
chromium concentration in drinking water at 0.1 mg/L (2011), whereas the World
Health Organization (2003) and European Economic Community recommend a
provisional drinking water guideline of 0.05 mg/L (Organization 2011; Agency
2015). Cr(III) occurs naturally in the environment, and it is an essential element in
humans and is much less toxic than Cr(VI). Cr(III) is relatively stable and has low
solubility (<10�5 M) in aqueous solutions (Richard and Bourg 1991). On the other
hand, Cr(VI), in the form of chromate anions (e.g., CrO4

2�, HCrO4
�, Cr2O7

2�), is
highly soluble, especially under acidic conditions, reactive, and more mobile in
aquatic systems and a porous medium.

Reduction of Cr(VI) to Cr(III) is considered as an efficient remediation method
because the toxicity of Cr(III) is 500–1000 times less than in the case of Cr
(VI) (Costa 2003). However, long-term exposure to Cr(III) in large doses can also
be considered harmful (Kareus et al. 2001; Stearns et al. 2002). Thus, the ideal Cr
(VI) removal strategy should include both reduction and precipitation or adsorption
of Cr species, as is provided by NZVI.

Fig. 4.11 SEM images of electrospun membrane (a) and NZVI-decorated electrospun membrane
(b, d) with EDS spectrum for NZVI
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4.7 Removal of Chromium by NZVI

Zerovalent iron, especially NZVI, has received significant attention toward
Cr(VI) removal due to its remarkable efficiency in reduction of Cr(VI) (Li et al.
2006). Cr(VI) can easily accept the electrons that are provided from ZVI and can be
reduced to lower and less toxic oxidation state. So far, many pathways have been
suggested in order to explain the reduction of Cr(VI) by NZVI. The reduction of Cr
(VI) can be described both as heterogeneous (direct) and homogenous (indirect)
(Gheju 2011). The direct route refers to the direct electron transfer from NZVI to
Cr(VI). Conversely, indirect electron transfer occurs when iron is first oxidized to the
2+ valent state, which then reacts with Cr(VI). Indirect reduction can also occur
when active hydrogen, which is derived from the corrosion of NZVI by water, reacts
with Cr(VI). Generally, the overall reaction of Cr(VI) with NZVI can be described
by Eq. 4.11:

Fe0ðsÞ þ HCrO4
�ðaqÞ þ 7HþðaqÞ ! Cr3þðaqÞ þ Fe3þðaqÞ þ 4H2OðlÞ ð4:11Þ

The reaction can also involve species, such as CrO4
2� and Cr2O7

2�, with the
predominant species being dependent on the pH of the solution (Weng et al. 2007).

The overall mechanism of Cr(VI) elimination by NZVI is not only from reduc-
tion; a combination of sorption, reduction, and precipitation processes can occur,
with the rate and degree depending on parameters, such as pH, concentration of
initial Cr(VI), surface area, size and dose of NZVI, and the presence of various
dissolved and organic substances. The core of NZVI, formed by metallic iron, acts as
an e� donor and is responsible for the reduction, while the shell serves to conduct
electrons and adsorbs (both of Cr(VI) and Cr(III)) where it can precipitate (i.e.,
CrxFe1–x(OH)3 or CrxFe1–x(OOH), where x < 1) (Li and Zhang 2007). The following
reaction is proposed for the formation of the mixed Fe(III)–Cr(III) hydroxide solid
precipitates:

xCr3þ þ 1� xð ÞFe3þ þ 3OH� ! CrxFe1�x OHð Þ3 ð4:12Þ

Hence, the NZVI technology turned out to be an excellent solution to eliminate
Cr(VI) not only by reduction and conversion into the less toxic form (i.e., CrIII) but
also by promoting its precipitation and limiting its mobility.

The Cr(VI) removal rate by NZVI is often rapid at early times, while for longer
times the reaction is decelerated. This could be an effect of the Fe(III)–Cr(III) (oxy)
hydroxide formation which can block the surface of the NZVI particles and inhibit or
delay the reduction process. A typical example of a Cr(VI) removal kinetics is given
in Fig. 4.12. Moreover, among various parameters, the degree of the maximum
Cr(VI) removal capacity by NZVI is strongly dependent on the pH of the aqueous
solution that is applied. According to many reports, it was found that the
Cr(VI) reduction rate is increasing as pH decreases (Gheju 2011). Besides the
requirement of hydrogen ions in the reduction of Cr(VI), the following effects
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occur when pH values are low: the surface of NZVI is more positively charged, and
the dissolution of Fe(III)–Cr(III) (oxy)hydroxides is more favorable; thus, there are
more NZVI surface sites available for reaction.

4.8 NZVI Derivatives for Chromium Removal

Advanced materials consisting of NZVI have been developed in the past few years.
These materials overcome some of the disadvantages of NZVI, e.g., strong tendency
of aggregation, fast oxidation, and rapid sedimentation, and combine removal
mechanisms and capacities of different materials. The careful choice and combina-
tion of two or more components in a single material, especially at the nanoscale, can
result in the development of systems that incorporate the benefits from two different
materials and overcome the limitations that each one faces. Thus, approaches
involving surface modification of NZVI by electrostatic and/or 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 (Ponder et al. 2001; Wu et al. 2012) and bimetallic
particles with iron and a second metal (Liu et al. 2014b), are strategies that have been
investigated thoroughly. The composites could be a solution to overcoming the
magnetic attraction between the iron nanoparticles leading to increases in the surface
area or interfacial accessibility, increased mobility and stability, minimized aggre-
gation, and increased sorption capacity and thus significant increase in the reactivity.
In Table 4.6 are given some examples of advanced materials based on NZVI that
exhibited remarkable Cr(VI) removal ability.

Particularly, the selection of an appropriate surfactant for NZVI modification can
dramatically enhance the colloidal stability and mobility. The higher total capacity

Fig. 4.12 (a) Cr(VI) removal kinetics as a function of reaction time when the initial Cr(-
VI) concentrations were 100 and 1000 mg/L and NZVI dose was 5.0 g/L (Li et al.). (b) Effects
of pH on the Cr(VI) removal from aqueous solutions. (Adapted with permission from Li et al. and
Dai et al. (2016). Copyright (2008) American Chemical Society and Copyright (2016) Elsevier)
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for removal of Cr(VI) is attributed not only to the lower agglomeration and higher
mobility of the NZVI particles but also to the increased local concentration and
sorption of the contaminant on the surface of iron particles (Alessi and Li 2001;
Zhang et al. 2002). For instance, Pluronic F-127 copolymer and polyacrylic acid,
PAA, as surfactants for Cr(VI) removal were found to be beneficial, while the
sedimentation rate of NZVI was significantly decreased (Dong et al. 2016; Wang
et al. 2017). On the other hand, bimetallic particles with iron and a second (usually
noble) metal, e.g., Pd/Fe, Ni/Fe, or Pt/Fe, have exhibited a significantly higher
efficacy toward various pollutants’ removal, including Cr(VI) (Chen et al. 2008;
Kakavandi et al. 2014). The incorporated metal, even in a small amount, can
substantially enhance the overall NZVI efficiency by acting as a catalyst for electron
transfer and hydrogenation phenomena (Li et al. 2006). Furthermore, advanced
composites, where NZVI is supported on various materials, have shown promise
for water treatment (Fig. 4.13). In these composites, NZVI is reported to be less
agglomerated and to possess a higher specific surface area, colloidal stability,
homogeneous dispersion, and narrower size distribution (Ponder et al. 2000; Petala
et al. 2013). The appropriate choice of a supporting material can invoke different
removal mechanisms, i.e., absorption, reduction, and/or precipitation or even
photocatalysis, as well as combined effects (Baikousi et al. 2012; Zhou et al.
2016). For instance, composites have been made where NZVI is supported on
carbon materials that possess high sorption capacity and large surface area. This
appears to better disperse the NZVI and prevent agglomeration (Baikousi et al. 2015;
Liang et al. 2016). NZVI has also been supported on titanium oxide (Fig. 4.13). This
provides synergistic photoreduction and improves the stability of NZVI against
aggregation (Petala et al. 2016). These supported materials are important to the
development of NZVI because it can make NZVI attractive for a larger number of
environmental treatment processes.

Table 4.6 Removal capacity values of Cr(VI) by various NZVI-modified and NZVI-based
composites

Material Removal capacity (mg/g)

NZVI (Li et al. 2008) 50–179.9

Montmorillonite/NZVI (Wu et al. 2015) 410

ZVI/chitosan (Thinh et al. 2013) 55.8

NZVI/Fe3O4 (Lv et al. 2012) 100

NZVI/TiO2 (Petala et al. 2016) 51.6

Sodium dodecyl sulfate (SDS)-modified NZVI (Huang et al. 2015) 253.7

Graphene/NZVI (Jabeen et al. 2011) 162.6

NZVI-immobilized in calcium alginate beads (NZVI–C–A)
Biofilm-coated NZVI–C–A (Ravikumar et al. 2016)

320.7
473.9

Hierarchical lamellar porous carbon (FHLC)/NZVI (Li et al. 2016a) 357.1

Activated carbon (PAC)/NZVI/ag (Kakavandi et al. 2014)
Starch-coated NZVI-graphene composite (Kumarathilaka et al. 2016)
Pumice (P)/NZVI (Liu et al. 2014a; Liu et al. 2015)
Microcrystalline cellulose/NZVI (C-NZVI) (Sharma et al. 2015)
Polyaniline nanofibers/NZVI (Bhaumik et al. 2014)

100
143.3
106.9/306.6
66.4
434.8
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4.9 Pilot and Full-Scale Application of NZVI for Metal
Removal

The number of the reports of pilot and/or full-scale applications of NZVI for
treatment of metal�/metalloid-polluted waters are few in comparison with the
hundreds of published laboratory studies demonstrating applicability of NZVI and
their composites for elimination of organic pollutants from a broad spectrum of
water types. However, the use of NZVI for Cr(VI) reduction in pilot in situ
remediation was recently reported by Němeček et al. (2014). The reported contam-
inated area is located in the northern part of the Czech Republic as a former industrial
site where the source of contamination comes from potassium dichromate used for
production of Cr(III) in the leather tanning process. Prior to treatment, the Cr
(VI) concentration in groundwater was below 3 mg/L, but 2–46 mg/kg in aquifer

Fig. 4.13 Enhanced removal ability of NZVI composites toward Cr(VI), (a) B-NZVI: NZVI
supported on bentonite (Shi et al. 2011), (c) G-NZVI: NZVI supported on graphene (Jabeen et al.
2011), (b) TEM image of NZVI supported on montmorillonite, well dispersed and
non-agglomerated (dark spherical particles) (Zhang et al. 2013), (d) SEM image of NZVI supported
on a porous TiO2 photocatalyst, uniform size, and well dispersion onto the porous matrix (white
particles). (Adapted with permission from Petala et al. (2016). Copyright (2011) Elsevier and
Copyright (2013) Royal Society of Chemistry)
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soil. The contaminated aquifer was 4.5–5.5 m bgs (with a thickness about 5 m) in
Quaternary sands and gravels with clayey admixtures. The groundwater had low
total mineralization (Ca–SO4 type, <0.3 g/L of total dissolved solids, pH ~5.4,
Eh ¼ +450–550 mV, and low TOC <1.5 mg/L) with a flow velocity from 0.2 to
2 m per day and discharging into a river at a distance about 500 m. In August 2012,
120 kg of NZVI (commercial NANOFER 25 from NANO IRON Company, Czech
Republic) was dispersed in tap water (the final concentration of 2 g/L) and applied
into the saturated zone of the contaminated zone through three injection wells
(diameter 80 mm) situated perpendicularly to the groundwater flow with spacing
of 2.8 m (i.e., configuration of permeable injected barrier). In addition to injection
wells, there were also four monitoring wells: one upgradient and three
downgradients.

The evolution of selected physicochemical parameters of groundwater and
changes in Cr(VI) concentration, as monitored before and after the NZVI application
in all seven wells, is illustrated in Fig. 4.14. The 2D model of the Cr

Fig. 4.14 Evolution of pH, ORP, and concentration of Cr(VI) in groundwater during pilot
application of NZVI. Left part, injection wells; right part, monitoring wells and reference well.
(Reprinted with permission from Němeček et al. (2014). Copyright (2014) Elsevier)
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(VI) concentration is shown in Fig. 4.15. From detailed monitoring of the site, it is
clear that the application of NZVI resulted in an immediate decrease of Eh down to
�484 mV (within one day) followed by a rapid decrease in the concentration of both
Cr(VI) and also total Cr through geofixation of reduced Cr(III) in the soil matrix in
the form of insoluble FeIII–CrIII–oxyhydroxides. The rapid reductive effect of NZVI
was observed at a distance of 7 m downgradient. In the injection wells, the evident
reductive effect remained over 217 days; however, there was just a temporary effect
in the monitoring wells located 4 and 7 m downgradient from the injection point
requiring thus another treatment step (see Fig. 4.14).

In the study of Němeček et al. (2014), the authors also provided a detailed
assessment of the potential ecotoxicological effects of NZVI on autochthonous

Fig. 4.15 2D model illustrating the evolution of Cr(VI) concentration in groundwater during pilot
application of NZVI. For values see Fig. 4.14. (Reprinted with permission from Němeček et al.
(2014). Copyright (2014) Elsevier)
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bacterial microflora populations (i.e., microbial cultivation tests, phospholipid fatty
acid analysis (PLFA), and ecotoxicological tests with Vibrio fischeri). Surprisingly,
there was no observable negative impact of NZVI in the treated groundwater, and
PLFA of soil samples even indicated stimulation of Gram-positive bacteria growth
due to elimination of highly toxic Cr(VI) in aquifer. In a subsequent study of
Němeček et al. (2015), microbial growth was stimulated by application of inexpen-
sive organic substrate (cheese whey) 9 months after the application of NZVI (i.e.,
abiotic phase; see above). The increase in anaerobic bacterial microflora directly or
indirectly contributed to biotic reduction of remaining Cr(IV) at the site with broader
spatial effects detectable even at a distance of 22 m from the injection wells, with
clear long-term effects persisting at least 10 months after injection of whey (note,
there is rebound of total Cr in monitoring wells over monitoring period; Fig. 4.17).
The whole reaction mechanism (graphically illustrated in Fig. 4.16) included oxida-
tion of Fe0 to Fe(III) during abiotic phase of Cr(VI) reduction, followed by microbial
reduction of Fe(III) to Fe(II) (i.e., mostly by iron-reducing bacteria); the oxidation of
Fe(II) then caused further reduction of Cr(VI) even after the consumption of
substrate when microbial density decreased – see Fig. 4.17.

The identical approach, which turned out to be highly promising due to partial
regenerating 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 (4 m thick in Quaternary sandy
gravel with silty admixtures and overlaid by clay and clayey loam) was
co-contaminated by Cr(VI) (4.4–57 mg/L) and TCE/cis-DCE (400–6526 μg/L of
sum of chlorinated ethenes) as a consequence of historical degreasing and chromium
coating industrial activities. The groundwater had elevated mineralization (Ca–
HCO3

� type, 0.9–1.2 g/L of total dissolved solids, pH ¼ 6.9–7.0, Eh ¼ +130–490-
mV, and low TOC from 1.0 to 5.4 mg/L) with a flow velocity 1.5 m per day

Fig. 4.16 Graphical illustration of possible reactions among NZVI, Cr(VI), TCE, and whey (with
highlighted role of microorganisms) leading to decontamination of groundwater. (Reprinted with
permission from Němeček et al. (2015). Copyright (2015) Elsevier)

188 J. Filip et al.



discharging into a river at the distance of 430 m. Initially, two types of NZVI
particles (20 kg of NANOFER STAR and then 20 kg of NANOFER 25S, both
from NANO IRON Company, Czech Republic) were applied by direct push tech-
nology at 4-month intervals at a concentration of 1 g/L and 2 g/L, respectively, into
the three boreholes situated perpendicularly to groundwater flow. Subsequently, the
whey was applied 2.5 months later using a circulation system resulting in 60 mg/L of
TOC in the groundwater (i.e., 8.2 m3 of whey was injected during 5 weeks). The
application of NZVI caused the Eh to decrease below �400 mV, which then
stabilized at 50 to 100 mV after injection of whey. The evolution of Cr
(VI) concentration during the course of the pilot test is presented in Fig. 4.18,
demonstrating the efficiency and sustainability of the combined nano-bio-approach
for the treatment of groundwater with mixed contamination. It is worth mentioning
that at the end of the pilot test (i.e., after 13 months from the first NZVI injection), the
NZVI was almost totally oxidized according to Mössbauer spectroscopy measure-
ment on frozen samples (6% of Fe0 from Fetot).

A full-scale application of NZVI for heavy metal removal from waste water of the
Jiangxi Copper Company, China, has been reported. The wastewater contained
mainly Cu � 103 mg L�1, Ni, Zn, Pb, and also arsenic � 110 mg L�1, Se, and Sb
(Li et al. 2017). The wastewater treatment plant consists of several mixed reactors
(h 4.8 m, l 4.8 m, and w 3 m with an effective volume about 60 m3) constructed as
separate modules (Fig. 4.19). It was demonstrated that NZVI acted as a highly

Fig. 4.17 Changes in concentration of Cr(VI) and total Cr in groundwater during pilot application
of NZVI (first Roman numeral on the x-axis is the month, and the second number is the year). Left
part, injection wells; right part, monitoring wells and reference well. (Reprinted with permission
from Němeček et al. (2015). Copyright (2015) Elsevier)
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efficient reagent (>99.5% removal of key metals with capacities of 245 mg As and
226 mg of Cu per 1 g of NZVI at the same time) providing a low redox potential and
subsequent separation of metals. The performance of the technology over >120 days
is shown in Fig. 4.20; the average concentration of Cu(II) was reduced from 103 to
0.16 mg L�1 and As(V) from 110 to 0.29 mg L�1 (i.e., to a value below the local
discharge limits), and other metals and metalloids were reduced successfully below
0.1 mg L�1 as well. The advantage of such technology lies in the fact that NZVI
keeps a low redox condition in the closed reactors, lowering the required NZVI

Fig. 4.18 Evolution of Cr(VI) concentration in groundwater based on NZVI injection and appli-
cation of whey – a 2D model. (Adapted with permission from Němeček et al. (2016). Copyright
(2016) Elsevier)

Fig. 4.19 Schematic drawing of pilot plant utilizing NZVI particles for removal of metals from
wastewater. (Reprinted with permission from Li et al. (2017). Copyright (2017) Elsevier)
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dosage over time (>12 months) with partial recycling of NZVI. This example serves
as evidence that such technology can be sustainable and cost-effective, utilizing
several key aspects of NZVI, including simultaneous removal of different metals by
multiple modes of action, fast reactivity, easy separation via gravitational settling,
and low NZVI dosing due to high specific surface area of the used NZVI particles.
Moreover, the NZVI particles after adsorption of metals were subsequently
processed as a valuable metal resource, possessing higher concentration of copper
than the original ore processed in the Jiangxi Copper Company (Li et al. 2017).

Similarly, arsenic removal from drinking water was successfully demonstrated
within a pilot test in Canada (Gottinger et al. 2010). In this case, a column filter
containing 50% sand and 50% of NZVI was integrated into a biological water
treatment plant. The arsenic removal reached the value of 99.7% (i.e., below
0.1 mg L�1), accompanied with reduction of ammonia, iron, and manganese
concentration.
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Fig. 4.20 Demonstration of successful long-term performance of wastewater treatment plant (see
Fig. 4.18) for simultaneous removal of As and Cu. (Reprinted with permission from Li et al. (2017).
Copyright (2017) Elsevier)
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Chapter 5
Colloidal and Surface Science
and Engineering for Bare and Polymer-
Modified NZVI Applications: Dispersion
Stability, Mobility in Porous Media,
and Contaminant Specificity

Tanapon Phenrat, Gregory V. Lowry, and Peyman Babakhani

Abstract This chapter summarizes the fundamentals of colloidal and surface sci-
ence for understanding poor deliverability and mobility of bare NZVI in the subsur-
face for in situ remediation. The role of three factors, namely, intrinsic magnetic
attraction of NZVI, high particle concentration for remedial application, and unfa-
vorable environmental conditions, on the poor NZVI mobility is fundamentally
explained. Moreover, this chapter also describes the state of the art in using poly-
meric surface modification to provide NZVI characteristics needed for effective in
situ remediation (i.e., enhancing NZVI dispersion stability and mobility in porous
media and maximizing their affinity to target dense nonaqueous phase liquid source
zones). It explains the physicochemical reasons for how polymeric surface modifi-
cation can overcome dispersion instability, extensive deposition, and contaminant
non-targetability.
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5.1 Why Does Colloidal and Surface Science
and Engineering Matter for NZVI Applications?

After first introduced in 1996 (Wang and Zhang 1997), nanoscale zerovalent iron
(NZVI) has been a promising remediation agent for a broad range of researchers and
practitioners who want to explore a source-zone remediation route. Similar to bulk
zerovalent iron (ZVI) powder, NZVI is capable of reductive dechlorination of
chlorinated organics (Chap. 3) and immobilization of metals via reductive precipi-
tation and surface complexation (Chap. 4). Nevertheless, compared to the ZVI that is
typically used for contaminated plume interception via a permeable reactive barrier
(PRB), the small size of NZVI gives plenty of opportunity for in situ active
treatment. First, being “nano” results in a high surface area, leading to higher
contaminant degradation rates or increased adsorption capacity per mass of the
remediation agents compared to the bulk material. The small size of nanomaterials
also offers the potential for their injection into the subsurface for in situ remediation
(Tratnyek and Johnson 2006; Lowry 2007). This feature is particularly attractive for
treating deep contaminant source areas (e.g., dense nonaqueous phase liquid or
DNAPL), which are costly to remediate and technically challenging, and it is
difficult (if possible) to meet cleanup targets in a reasonable amount of time (Miller
et al. 1990; Leeson et al. 2003; US.EPA 2003; Grant and Gerhard 2007).

Originally, bare NZVI was proposed for in situ remediation. The first pilot remedi-
ation using bare NZVI was conducted in 2001 (Elliott and Zhang 2001). Nevertheless,
high reactivity and small size alone are insufficient to make NZVI a good in situ
remediation agent. The NZVI must also be readily dispersible in water such that it can
migrate through water-saturated porous media to the contaminated area and must be
able to target specific contaminants, such as DNAPL (see Fig. 5.1). Not long after
laboratory and field trials, researchers realized the limited mobility of bare NZVI in
saturated porous media (i.e., practical transport distances of only a few centimeters or
less for bare, unsupported particles; Schrick et al. 2004; Saleh et al. 2007).

There are two explanations for the poor transport of NZVI in water-saturated
porous media. First, NZVI can substantially be filtered from the aqueous phase by
attachment to aquifer materials (Schrick et al. 2004; Saleh et al. 2007; Phenrat et al.
2009a). Second, agglomeration and subsequent gelation (formation of a particle
network) could cause pore plugging, which limits transport (Phenrat et al. 2007;
2009a; Saleh et al. 2007); see some modeling approaches in Chap. 6. In addition,
bare NZVI has no affinity to DNAPL, making it incapable of NAPL targeting, which
limits the source-zone remediation potential since NZVI may just flow past the
source zone, even when being injected close to the source-zone vicinity (Baumann
et al. 2005).
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This chapter will utilize colloidal and surface science to illustrate these technical
difficulties. Obviously, enhancing NZVI dispersion stability and mobility in porous
media and maximizing their affinity to target NAPL are necessary to ensure the
success of in situ groundwater remediation using NZVI. Polymeric surface modifi-
cation (Saleh et al. 2005, 2007; Phenrat et al. 2008; 2009b) is one of the most
attractive alternatives to improve performance of NZVI regarding these aspects.
Thus, this chapter describes the state of the art in using colloidal and surface
engineering via polymeric surface modification of NZVI to provide NZVI charac-
teristics needed for effective in situ remediation. It explains the physicochemical
reasons for how polymeric surface modification can overcome the following chal-
lenges: dispersion instability, extensive deposition, and contaminant
non-targetability.

Fig. 5.1 Schematic of the colloidal and surface phenomena control of subsurface remediation
using NZVI injection. (Modified from Lowry 2007)
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5.2 Why Does Bare NZVI Extensively Agglomerate
and Immobilize in the Subsurface Environment?

Excessive agglomeration of bare NZVI is due to the combined effects of three
factors, namely, magnetic attraction, high concentration for remedial application,
and unfavorable environmental conditions. The synergetic roles of the three factors
might be explored by considering the rate of change of particle number concentra-
tion during agglomeration. Such a model is known as the population balance
equation (PBE), which was originally developed by Smoluchowski (1917) in the
context of coagulation (Smoluchowski 1917; Chandrasekhar 1943).

Other discretization approaches that are deemed to be more suitable for sectioning
the particle size dimension grid rather than considering the full ranges of particle
sizes were developed by Hounslow et al. (1988), Lister et al. (1995), and Kumar and
Ramkrishna (1996a, b). One of the most widely accepted models of this family is
known as the fixed pivot (FP) approach (Kumar and Ramkrishna 1996a), which can
preserve two characteristics of the formulation integral, such as mass and population,
and is claimed to be capable of being used on any arbitrary particle size grid. This
model is given as:

dNk

dt
¼

Xj�k

j, i
xk�1� x jþxið Þ�xkþ1

1� 1
2
δ j, i

� �
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X
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where Nk is the particle number concentration of agglomerates consisting of
k primary particles [L�3], β is the collision frequency, α is collision efficiency factor,
x is representative volume of each size class in the grid, δ is Kronecker delta, and ηk
is:

ηk ¼
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Moreover, NZVI’s magnetic attraction and unfavorable environmental conditions
promote NZVI agglomeration via increasing the collision efficiency factor (α), while
high NZVI particle concentration for remedial application facilitates the agglomer-
ation via increasing the collision frequency factor (β) and decreasing the number of
small size Nj while increasing the number of larger size Ni. A detailed discussion of
each factor follows.
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5.2.1 Magnetic Attraction

First, NZVI’s magnetic attraction directly accelerates NZVI agglomeration, which
subsequently promotes NZVI deposition in saturated porous media. When two
surfaces (i.e., NZVI particle-particle surfaces or NZVI particle surface of aquifer
material) approach one another, if attractive forces outweigh repulsive forces, the
two surfaces will stick once collided. For natural colloids and various nanomaterials,
the probability of agglomeration and deposition is typically modeled by classical
DLVO theory (Evans and Wennerstrom 1999).

In this theory, the van der Waals forces (VvdW) are the primary attractive force,
while repulsive forces are derived from the electrostatic double layer (VES) (Fig. 5.2).
The VvdW originates from the sum of interactions between atomic and molecular
constitutes of the two approaching particles or surfaces (including permanent
dipoles, induced dipoles, and fluctuating dipoles), while VES originates from the
excess osmotic pressure of ionic constitutes surrounding the charged surface when
they are overlapping (Fig. 5.3). The VvdW attractive force between two spherical
particles of radius R1 and R2 or between a spherical particle of radius R and a flat
surface (a representative of a large collector grain (aquifer material) relative to a
nanoparticle) is given in Eqs. (5.3) and (5.4), respectively (Evans and Wennerstrom
1999):

V vdw
sphere-
sphere

hð Þ ¼ � A

6h
R1R2

R1 þ R2
ð5:3Þ

V vdw
sphere-
wall

hð Þ ¼ �AR

6h
, ð5:4Þ

where A is the Hamaker constant, which is 1 � 10�19 N�m for NZVI (Phenrat et al.
2007), and h (m) is the separation distance between two interacting surfaces. The
VvdW decays with increasing h and increases in magnitude and extent as the particle
size increases (Fig. 5.4). This attractive energy promotes agglomeration and
deposition.

Electrostatic repulsion between two identical particles of radius R and between a
particle and a flat surface is given in Eqs. (5.5) and (5.6), respectively (Evans and
Wennerstrom 1999):
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Fig. 5.2 Components of classical and extended DLVO theory (with VM) between (a) bare particle-
particle and (b) bare cluster-aquifer material
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where εr is the relative dielectric constant of the liquid, ε0 is the permittivity of the
vacuum, and ζ1 and ζ2 are the zeta potentials of a particle and a collector, respec-
tively. The zeta potential of bare NZVI is typically �32 mV at 1 mM NaHCO3,
while κ is the inverse Debye length, which, for symmetrical (z-z) electrolytes, can be
expressed as follows (Evans and Wennerstrom 1999):

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2Σniz2i
εrε0kBT

s
, ð5:7Þ

where e is the electron charge, ni is the number concentration of ion i in the bulk
solution, and zi is the valence of ion i. The VES decays exponentially with separation
distance (h) and decreases in magnitude as the Debye length (1/κ) decreases. In
addition, VES decreases as the particle size decreases (Fig. 5.4). This repulsive
energy inhibits aggregation and deposition. Because of their small size, the energy
barrier for NZVI to resist aggregation and deposition may be less than that of
micron-sized particles of the same surface charge.

The total force (VT) according to the DLVO theory is the sum of VES and VvdW,
where VES is a short-ranged force in comparison to VvdW. Thus, at conditions
favorable for agglomeration (high ionic strength and large particle size and low
surface charge with high Hamaker constant), VvdW outweighs VES at any distance,
leading to agglomeration at the primaryminimumwith no energy barrier (VT, max� 0)

Fig. 5.3 Origins of VvdW

and VES
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to resist agglomeration. This condition is called mass transfer-limited agglomeration
(or diffusion-limited agglomeration (DLA)), meaning that any collision of the two
particles will result in agglomeration (see Fig. 5.5) (Elimelech et al. 1998a; Zhu et al.
2014). On the other hand, at conditions unfavorable for agglomeration (high surface
charge of nanoparticles, low ionic strength, and small particles with low Hamaker
constant), V

ES
at some closer distance outweighs VvdW, creating an energy barrier to

encounter agglomeration (Fig. 5.4a). This condition is called reaction-limited

Fig. 5.4 (a) Classical DLVO theory for NZVI at two particle sizes (RH ¼ 20 and 200 nm). (b)
Classical and extended DLVO theories for NZVI (RNIP), magnetite, and hematite at RH ¼ 20 nm
(Phenrat et al. 2007). (Reprinted with permission from Phenrat et al. 2007. Copyright (2007)
American Chemical Society)
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agglomeration (Fig. 5.5), meaning that the agglomeration will happen only when the
collision results in a collision energy greater than the energy barrier (VT, max) to yield
the attachment of the two surfaces. Using kinetics theory, the flow rate of particles
aggregating on a single particle F can be estimated as in Eq. (5.8):

F ¼ � 8πDN0R1
2R exp

VT
kBT

� �
dh
h2

ð5:8Þ

where D is diffusion coefficient of particles, N0 is the initial particle concentration in
the dispersion, and h is the distance between the particles aggregating on a single
particle. For VT, max ¼ 0 (i.e., DLA), F ¼ 8πDN0(2R) where R is the radius of the
particles.

On the other hand, for RLA, one can calculate the stability ratio (W ) as defined by
Eq. (5.9) (Baalousha 2017):

W � 1
2κR

exp
VT,max

kBT

� 	
ð5:9Þ

Applying classical DLVO theory to bare NZVI particle-particle interaction and
assuming spherical particles of the radius ¼ 20 nm, an energy barrier of ~7.0kBT is
predicted (Fig. 5.4a), where kB is the Boltzmann constant
(1.38 � 10�23 m2 kg s�2 K�1). This energy barrier corresponds to a stability ratio
of ~90 (i.e., agglomeration of particles with this energy barrier is predicted to be
90 times slower than for particles aggregating under DLA, which has no energy
barrier), suggesting that the dispersions of bare NZVI should be stable.

Fig. 5.5 Diffusion-limited agglomeration (DLA) and diffusion-limited cluster-cluster aggregation
(DLCCA) regimes of bare NZVI (Phenrat et al. 2007). Reprinted with permission from Phenrat
et al. 2007. Copyright (2007) American Chemical Society
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Nevertheless, this theoretical prediction contrasts with the actual observation of
rapid agglomeration of bare NZVI. This is because, besides VvdW and VES, NZVI
appears to have an intrinsic permanent magnetic dipole moment, even in the absence
of an applied magnetic field (Phenrat et al. 2007), which plays a substantial role in
agglomeration and deposition. When particle dipoles are oriented in a head-to-tail
configuration, the maximum magnetic attraction energy (VM) can be expressed as
(Phenrat et al. 2007):

VM ¼ �8πμ0M
2
sR

3

9 h
R þ 2
� �3 , ð5:10Þ

where μ0 is the permeability of the vacuum andMs is the saturation magnetization of
the particles. In addition,Ms is a function of the Fe

0 content of the particles (Fig. 5.6).
Thus, VM is a function of NZVI age (freshly prepared or aged with interaction with
water and air). Considering the magnetic attraction, the extended DLVO theory can
successfully predict the instability of bare NZVI as experimentally observed
(Fig. 5.4b). Considering Eq. (5.10), the size of magnetic nanoparticles, such as
NZVI, significantly affects aggregation and deposition (Phenrat et al. 2007) because
VM increases in magnitude with a particle radius to the sixth power. The NZVI is
polydisperse, and particle size (hydrodynamic radius (RH)) ranges from 5 to 40 nm
(Phenrat et al. 2009a). Large NZVI particles in the dispersion may behave as a
magnetic seeding, catalyzing agglomeration and leading to the formation of large
NZVI clusters. This agrees with the two-phase pattern of NZVI agglomeration. In

Fig. 5.6 Empirical relationship between the saturation magnetizationMs and the Fe0 content of the
particles. The curve was determined from Ms measurements on magnetite, on two RNIP particles
having different Fe0 content, and on elemental iron (100% Fe0) (Phenrat et al. 2008). (Reprinted
with permission from Phenrat et al. 2008. Copyright (2008) Springer Nature)

210 T. Phenrat et al.



the first state, the individual NZVI (radius of 5–40 nm with an average
radius ¼ 20 nm) rapidly agglomerates to form discrete, micron-sized aggregates
(~1.2 μm). This is followed by the linking of each of these aggregates into chains or
gelation (15–50 μm) based on the diffusion-limited cluster-to-cluster aggregation
(DLCCA) behavior (Fig. 5.5). This leads to bare NZVI dispersion instability, as the
gravitational flux of NZVI cluster settling outweighs their diffusional flux due to
Brownian motion.

Magnetic-promoting NZVI agglomeration also subsequently accelerates NZVI
attachment to aquifer material. Although the interaction between NZVI cluster and
surface of aquifer materials (modeled by silica sand) involves no magnetic attraction,
the much larger size of NZVI clusters in comparison to individual NZVI particles
results in favorable particle-surface attachment via the primary and secondary
minimum depending on the increased sizes as a result of increased VvdW. Figure 5.7
shows examples of total energy of interaction between bare NZVI particles and
NZVI clusters and a flat surface. The sum of the interaction energy results in an
attractive primary minimumwhere NZVI clusters are deposited (Phenrat et al. 2007).
Typically, the attachment under this attractive primary minimum is irreversible and
could promote pore clogging (see Chap. 6).

Fig. 5.7 Hypothetical interaction energy profiles showing various components of the particle-
collector/particle-particle interaction energy profile including total interaction energy with and
without the electrosteric repulsive forces afforded by adsorbed or grafted polyelectrolytes (Vosm

and Velas) (Phenrat and Lowry 2009)
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5.2.2 High NZVI Particle Concentration

The subsurface restoration requires the delivery of a high concentration of NZVI
favorable for NZVI agglomeration. While the past studies of colloidal and nanopar-
ticle mobility in porous media were typically conducted at low (natural-relevant)
particle concentration (<30 mg/L) to assess the risk of contaminant exposure via
contaminant-bound colloids, the studies of NZVI mobility in porous media must be
based on engineering design to deliver relatively high NZVI particle concentration
into the subsurface to degrade or immobilize contaminants of concern. This is
because several recent studies estimated that the amount of NZVI to completely
degrade TCE is 1:1 by mass (Liu et al. 2005). Similarly, to completely immobilize
metals, an NZVI-to-metal ratio of 67 (He et al. 2010) or 33 (Busch et al. 2015) has
been used in field trials. Thus, NZVI is typically delivered into the subsurface at the
concentration of 1–20 g/L, and an average injection concentration of ~6 g/L has been
found, considering several field studies using NZVI (Elliott and Zhang 2001; Henn
and Waddill 2006; Bennett et al. 2010; He et al. 2010; Wei et al. 2012; Johnson et al.
2013; Jordan et al. 2013; Köber et al. 2014; Kocur et al. 2014). This corresponds to
roughly 5 � 1020 to 1 � 1022 individual NZVI particles (radius ¼ 40 nm) per liter.
Consequently, NZVI can collide with one another in the dispersion or in the pore
water of porous media much easier than in the case of natural colloidal particles or
incidental nanoparticles at a low particle concentration (<30 mg/L or <1.6 � 1019

particles/L). This can be logically explained by the concept of mean free path (λ),
which is defined as the average distance between collisions for two adjacent
nanoparticles (Eq. 5.11):

λ ¼ 1

4
ffiffiffi
2

p
πnvR2

, ð5:11Þ

where nv is the number of particles per unit volume and R is the radius of the
individual or primary nanoparticles. Thus, the more concentrated the NZVI disper-
sion, the greater the nv, the smaller the λ, and the greater the chance of collision. This
high change of particle collision superimposes the attractive sum of forces domi-
nated by VM, which will lead to extensive NZVI agglomeration that is unfavorable
for subsurface delivery.

The frequency of collisions between NZVI particles and/or agglomerates depends
on the structure and porosity of the agglomerates since the hydrodynamic drag on
porous agglomerates is significantly different from that of impermeable, individual
particles. The particles may collide with one another via three main mechanisms:
perikinetic aggregation, orthokinetic aggregation, and differential sedimentation.
The perikinetic mechanism is caused by the Brownian motion of particles. The
collision frequency factor for perikinetic aggregation (Brownian motion, βi,j

Br) is
given in Eq. (5.12):
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βBr
i, j ¼

2kbT
3μ

v
1=D f

i þ v
1=D f

j

� � 1
Ωi
v
�1=D f

i þ 1
Ω j

v
�1=D f

j

� 	
, ð5:12Þ

where μ is the dynamic viscosity of the suspending fluid and vi and vj are the
collision volume of NZVI agglomerates belonging to sections i and j, respectively.
In addition, Df is the fractal dimension of agglomerates, and Ωi and Ωj are the drag
force correction factors for agglomerates belonging to sections i and j, defined as the
ratio of the force exerted by the fluid on a permeable agglomerate to that on an
impermeable particle or agglomerate (Neale et al. 1973; Thill et al. 2001; Aziz et al.
2003; Vikesland et al. 2016):

Ω ¼
2ξ2 1� tanh ξð Þ

ξ

� �
2ξ2 þ 3 1� tanh ξð Þ

ξ

� � , ð5:13Þ

where ξ is the nondimensional permeability of the porous agglomerate given as
follows:

ξ ¼ a

ω1=2
, ð5:14Þ

where a and ω are the radius and the intrinsic permeability of agglomerates,
respectively. The collision volume (v) of an agglomerate is defined by Eq. (5.15):

v ¼ π

6
d0ð Þ3�D f dð ÞD f , ð5:15Þ

where d0 is the diameter of the primary particles and d is the diameter of each
agglomerate or the agglomerate class diameter. In aggregation modeling, typically,
the particle volume dimension is discretized as either an arithmetic series of agglom-
erates volumes (v0, 2v0, 3v0, 4v0, . . .) or a geometric series of agglomerate volumes
(vi+1/vi ¼ 21/q, where q is the geometric grid discretization factor; Babakhani et al.
2018). The geometric series is more practical in aggregation modeling of NZVI since
less computation effort is required for this discretization than that of an arithmetic
series. After taking such an assumption for the volume of aggregates, the diameter of
each agglomerate can be calculated from Eq. (5.15). Having the number fraction,
volume, or mass concentration of each agglomerate class, the particle size distribu-
tion (PSD) can be determined for the dispersion. Given the mass concentration of
each class (Ci), the average diameter (Dgeom) of PSD can be then obtained via a
geometric mean formulation (Merkus 2009; Babakhani et al. 2018):
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Dgeom ¼ exp

Pkmax
i¼1 Cid

3
i ln diPkmax

i¼1 Cid
3
i

 !
, ð5:16Þ

This mean diameter can be interpreted as a diameter of gyration. A relationship is
available for determining the hydrodynamic diameter (DH) based on this mean
diameter (Lattuada et al. 2004).

The orthokinetic aggregation results from any motion or flow in a fluid that can
cause shear stress (Eq. 5.17). The collision frequency factor for orthokinetic aggre-
gation (βi,j

Sh) is given by Babakhani et al. (2018):

β Sh
i, j ¼

G

π
v1� 3=D fð Þ
0 η1=2ci

v1=D f
i þ η1=2c j

v1=D f
j

� �3
, ð5:17Þ

whereG is the volume-averaged fluid velocity gradient or shear rate, v0 is the volume
of individual primary particles, and ηcfi is the fluid collection efficiency of an
agglomerate, defined as the ratio of the fluid flow moving through the agglomerate
to that approaching it. This can be determined from the Brinkman equation (Thill
et al. 2001; Jeldres et al. 2015):

ηc ¼ 1� dc
ξ
� cc
ξ3

, ð5:18Þ

where

dc ¼ 3
J
ξ3 1� tanh ξð Þ

ξ

� 	
, ð5:19Þ

cc ¼ �1
J

ξ5 þ 6ξ3 � tanh ξð Þ
ξ

3ξ5 þ 6ξ3
� �� 	

, ð5:20Þ

J ¼ 2ξ2 þ 3� 3
tanh ξð Þ

ξ
, ð5:21Þ

Lastly, differential sedimentation is another mechanism of aggregation that
occurs when the particle sizes are different. The collision frequency factor for
differential sedimentation (βi,j

DS) is given by Babakhani et al. (2018):

βDS
i, j ¼ 3

2
π

6

� �1=3
v2=3�2=D f
0 η1=2ci

v1=D f
i þ η1=2c j

v1=D f
j

� �2
Ui � U j

 , ð5:22Þ

where g is the acceleration due to gravity and Ui and Uj are the settling velocities of
agglomerates. Recently, Babakhani et al. (2018) examined four different approaches
to the settling velocity of nanoparticle agglomerates and found that a power-law
formulation is the best model for the settling velocity of nanoparticles:
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U0
¼ d

d0

� 	D f

: ð5:23Þ

Both the drag force correction factor and the fluid collection of an agglomerate
depend on agglomerate permeability, which in turn is a function of the solid volume
fraction of the agglomerate. There are several empirical expressions for estimating
agglomerate permeability (Logan and Hunt 1987; Johnson et al. 1996; Veerapaneni
and Wiesner 1996; Li and Logan 2001; Thill et al. 2001). Babakhani et al. (2018)
also investigated two types of these expressions in addition to the case with the
assumption of no permeability for colliding agglomerates. They found that the
Brinkman permeability model (Veerapaneni and Wiesner 1996; Li and Logan
2001; Thill et al. 2001) performs best for calculating the collision rates of agglom-
erates. This model is given as follows (Jeldres et al. 2015):

ω ¼ d0ð Þ2
72

3þ 3
1� φð Þ �

8
1� φð Þ � 3

� 	1
3

 !
, ð5:24Þ

where φ is porosity, which is determined from the following (Lee et al. 2000;
Sterling et al. 2005; Jeldres et al. 2015):

φ ¼ 1� d

d0

� 	D f�3

: ð5:25Þ

Using a model developed for the solution of Eq. (5.1) with the β expressions from
Eqs. (5.12), (5.17), and (5.22) (Babakhani et al. 2018) and considering the following
equation for sedimentation of particles, the effects of different factors on mean size,
aqueous total mass concentration, and PSD can be examined:

dNk

dt
¼ �Uk

Zs
Nk, ð5:26Þ

where Zs is the sedimentation depth and Uk is the settling velocity of the agglomer-
ates in class k.

The outcomes of this investigation are shown in Fig. 5.8 for the effects of the
initial concentration. According to Fig. 5.8, with the increase of the initial mass
concentration of NZVI in the dispersion by three orders of magnitude, the average
size of the particles, which is progressively growing, reaches approximately two
orders of magnitude larger than that at low concentration. This causes a much higher
sedimentation rate of agglomerates in the case of high concentration. Overall, the
most important factor in triggering bare NZVI agglomeration is the amount of
suspended concentration, which is dynamically changing with time.
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5.2.3 Unfavorable Environmental Conditions

While attractive forces that destabilize NZVI dispersion, such as VvdW and VM, are
insensitive to environmental parameters, as the only force to battle bare NZVI
agglomeration, VES is very sensitive to environmental parameters, especially pore
water solution chemistry. As shown in Eqs. (5.5) and (5.6), the magnitude of VES is a

Fig. 5.8 Effect of initial mass concentration (C0) on mean particle size growth,
nondimensionalized suspended concentration, and PSD over time. The PSD graphs are shown at
the beginning, middle, and end of simulation period (50 min). Other input parameters in the model
are attachment efficiency α ¼ 1, fractal dimension Df ¼ 2.0, the geometric grid discretization factor
q ¼ 2, primary particle radius a0 ¼ 80 nm, particle density ρp ¼ 7874 kg/m3, sedimentation depth
2.3 cm, and shear rate G ¼ 0
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function of the zeta potentials of a particle (for agglomeration) and of the zeta
potential of a collector (for particle deposition in porous media). On the other
hand, the extent of VES is a function of the Debye length (1/κ). The greater the
zeta potential, the greater the magnitude of VES. Similarly, the greater the Debye
length, the greater the extent of VES. However, in natural geochemical conditions,
pore water typically contains electrolytes, such as NO3�, PO4

�3, Ca2+, and Na+.
These ionic species can seriously decrease both magnitude and the extent of VES.
Although indifferent electrolytes including Ca2+ and Na+ will not substantially sorb
on to the surface of NZVI, their presence at high concentrations in pore water can
suppress the Debye length by the charge screening process. As shown in Eq. (5.7),
multivalent ions, such as Ca2+ and Mg2+, in groundwater are four times more
effective in the screening charge of NZVI than monovalent ions, such as Na+. This
charge screening phenomenon will seriously decrease the extent of VES, rendering
lower resistance against agglomeration and more irreversible agglomeration and
deposition. Furthermore, divalent cations, such as Ca2+, in the presence of any
polymer, such as natural organic matter (NOM), can bring about substantial agglom-
eration and deposition due to bridging (Chen and Elimelech 2006; Wang et al. 2011;
Torkzaban et al. 2012). Despite that, these polymers can also have a stabilizing
effect, as will be discussed later (Phenrat et al. 2010b).

Although the existence of magnetic force-driven agglomeration and subsequent
deposition is deemed to play a key role in poor mobility of bare NZVI in porous
media, there is a range of other factors in natural environmental conditions of soils
that might contribute to this behavior. These features include various heterogeneities
resulting from surface roughness (Yao et al. 1971; Ryan and Elimelech 1996;
Elimelech et al. 1998b; Tufenkji and Elimelech 2004), NOM (Hotze et al. 2010;
Phenrat et al. 2010b), iron oxyhydroxide coating (Tian et al. 2012; Wang et al. 2012;
Liu et al. 2013), silylation (Elimelech et al. 2000), extracellular polymeric sub-
stances, biofilm (Jiang et al. 2013; Li et al. 2013; Mitzel and Tufenkji 2014; He
et al. 2015; Basnet et al. 2016), and other minerals, such as clays, which have a high
surface area and a highly asymmetric platelet with amphoteric behavior of the edges
(having both positive and negative charges for the same geochemical conditions,
leading to ambivalent interactions with NZVI at the same time; Tombacz and
Szekeres 2004; Holmboe et al. 2009; Amorós et al. 2010; Chowdhury et al. 2012;
Kim et al. 2012; Tsujimoto et al. 2013).

Moreover, in field conditions, porous media may involve mobile and immobile
domains (Krupp et al. 1972; Van Genuchten 1981; Bradford et al. 2003; Bradford
et al. 2011). The NZVI, due to its higher diffusion than larger colloids, is prone to
diffuse into the immobile domains more easily and be trapped permanently or
temporarily. Recent studies (Torkzaban et al. 2008; Liang et al. 2013; Molnar
et al. 2015) indicate that the effect of heterogeneities, such as micro- and nano-
surface roughness, is considerable for nanoparticle transport in porous media.
However, a more recent study (Babakhani et al. 2017) suggested that the role of
these heterogeneities is overcome by the influence of the secondary minimum
energy well.
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Although the research on the effect of biofilm-coated porous media is in an
infancy level, current reports (Tripathi et al. 2011; Basnet et al. 2016) suggest that
NZVI and other nanoparticles showed elevated retention (e.g., up to 26-fold in the
presence of CaCl2) in biofilm-coated porous media. In the presence of CaCl2, one of
the reasons for enhanced deposition of NZVI was attributed to bridging with
functional groups in biofilm matrices (Basnet et al. 2016). Therefore, greater reten-
tion of bare NZVI, disregarding the agglomeration and its subsequent mechanisms,
can be such surface heterogeneities. Babakhani et al. (2017) tried to lump such
heterogeneities into a single parameter in a meta-analysis based on a dataset of
493 published column experiment outcomes. They found that the average sensitivity
of the proposed heterogeneity parameter was even greater than parameters like
dispersivity. In their investigation, Babakhani et al. (2017) considered 20 environ-
mental factors affecting nano-sized particle transport in porous media. Their results
showed that the most crucial factor in controlling effluent concentration (C/C0) was
the grain zeta potential and the most important factor in controlling the attachment
rate was the nanoparticle coating concentration followed by the grain zeta potential.
Therefore, surface interaction forces are extremely important in marked retention of
bare NZVI in field porous media and need to be engineered for successful emplace-
ment of this technology in contaminated subsurface environments.

5.3 What Is Polymeric Surface Modification?

Polymeric surface modification has long been receiving a great deal of attention as a
means to enhance the dispersion stability of colloidal particles in various industrial
applications from food processing to drilling fluid (Evans and Wennerstrom 1999).
Thus, unsurprisingly, it is the very first approach ever tried for improving NZVI
dispersion stability (Schrick et al. 2004; Saleh et al. 2005). A polymer is a macro-
molecule consisting of a repetition of smaller chemical units, monomers (Fig. 5.9).
The number of units in a given chain is called the degree of polymerization, Dp. A
polymer in which some monomer units are ionized and charged is referred to as a
polyelectrolyte. Polyelectrolytes often achieve a net negative charge from carboxyl-
ate, sulfate, or sulfonate groups (-COO�, -SO4

�, and -SO3
�, respectively) or a net

positive charge from ammonium or protonated amines. Chapter 2 provides the
detailed synthesis and properties of polymer-modified NZVI. Nevertheless,
Table 5.1 summarizes various polyelectrolytes used for surface modification/
functionalization of NZVI for groundwater remediation.

Both simple homopolymer and advanced block copolymer have been used for
NZVI modification (Fig. 5.9c). Homopolymers consist of the same monomer units in
the macromolecule, while block copolymers consist of one repeating monomer unit
followed by one or more blocks of different repeating units. Block copolymers have
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advantages over homopolymers in that different functionalities for different tasks
can be built into different blocks. Homopolymers are normally sorbed onto the
surface in the train-loop-tail orientation (Fig. 5.9c). Trains are sequences in contact
with the sorbed surface. Loops and tails are attached but extend from the surface.
Block copolymers adsorb similarly, but block copolymers can be designed to anchor
to the surface and theoretically can control the adsorbed layer configuration (Saleh
et al. 2005). For example, poly(methacrylic acid) (PMAA; Table 5.1), which has a
specific sorption affinity on the oxide surface, is used as an anchoring block of the
trick block copolymer for NZVI surface modification. The chemical and structural
complexity of different polymers influences their ability to stabilize nanoparticle
dispersions, enhance transport, and afford contaminant targeting (Saleh et al. 2005).
It should be noted that only negatively charged polyelectrolytes or uncharged poly-
mers are used for this purpose because aquifer materials at a neutral pH are normally
negatively charged. The mobility of positively charged polyelectrolyte-modified
nanoparticles would be limited due to the electrostatic attraction between
nanoparticles and aquifer materials.

Fig. 5.9 (a) Polymerization to form polymer, (b) charged polymer is polyelectrolyte, and (c)
sorption configurations of various types of polymer
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5.3.1 How Can Polymeric/Polyelectrolyte Surface
Modification Enhance NZVI Dispersion Stability
and Mobility in the Subsurface?

Polymeric/polyelectrolyte surface modification can improve NZVI dispersion sta-
bility and mobility in porous media by introducing an additional (electro)steric
repulsion to counter VvdW and VM forces that promote agglomeration and deposition.

Table 5.1 Polymeric modifiers used to modify NZVI for subsurface remediation and their
laboratory reported ability to enhance colloidal stability and transport in porous media (Phenrat
et al. 2011a)

Surface modifier
Performance
Stabilization Transport Reactivity Targetability

Polymers
Polyethylene glycol (PEG) Gooda Poora,b – –

Polyvinyl alcohol (PVA) Poora Suspected
to be poor

– –

Guar gum (Tiraferri et al. 2008;
Tiraferri and Sethi 2009)

Good Moderate – –

Xanthan gum (shear thinning)
(Comba and Sethi 2009; Vecchia
et al. 2009)

Excellent Excellent – –

Performance
Polyelectrolytes Stabilization Transport Reactivity Targetability
Triblock copolymersc

PMAA48-PMMA17-PSS650 (Saleh
et al. 2005, 2007, 2008)

Excellent Excellent Good Good

PMAA42-PMMA26-PSS462 (Saleh
et al. 2005, 2007, 2008)

Good Excellent Good Moderate

Polystyrene (PSS) (Phenrat et al.
2008; Phenrat and Kumloet 2016)

Excellent Good Good Good

Polyaspartate (PAP) (Phenrat et al.
2008, 2015)

Excellent Good Moderate Good

Carboxymethyl cellulose (CMC)
(He et al. 2007; Phenrat et al. 2008)

Fair to
excellent

Poor to
excellent

Moderate Good

Polyacrylic acid (PAA) (Schrick
et al. 2004; Yang et al. 2007)

Excellent Good Good –

Mixture of PAA-PSS-bentonited

(Hydutsky et al. 2007)
– Excellent – –

aUnpublished data from our laboratory
bPoor transportability of PEG-modified nanoparticles is attributed to the strong specific interaction
between PEG and silica sand
cTriblock copolymer-functionalized NZVI can form stable picking emulsions of DNAPL (TCE)-
water
dThe difference in the performance of CMC between refs. (Phenrat et al. 2008) and (Hydutsky et al.
2007) is presumably due to different modification approaches
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Steric repulsion has two origins. The first component is called osmotic repulsion
(Vosm), which is from the overlap of the polymer layers on two approaching surfaces.
This overlap increases the local polymer segment concentration and thus increases
the local osmotic pressure in the overlap region. The second component is called
elastic repulsion (Velas), which is from further compression of the adsorbed poly-
electrolyte layers below the thickness of the unperturbed layer (d ), leading to a loss
of entropy. The two components are mathematically illustrated in Eqs. (5.27) and
(5.28), respectively (Phenrat et al. 2008):

Vosm

kBT
¼ 0, 2d � h

Vosm

kBT
¼ a4π

υ1
φp

2 1
2
� χ

� 	
d � h

2

� 	2

, d � h < 2d

Vosm

kBT
¼ a4π

υ1
φp

2 1
2
� χ

� 	
d2

h

2d
� 1
4
� ln

h

d

� 	� 	
, h < d,

ð5:27Þ

where χ is the Flory-Huggins solvency parameter, øp is the calculated volume
fraction of polymer within the brush layer, d is the thickness of the brush, and υ1
is the volume of a solvent molecule. Moreover, Eq. (5.28) is given as:
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where MW is the molecular weight of the polyelectrolyte and ρp is its density. For
polyelectrolyte, the charged portion of the macromolecule also causes an electro-
static component (Eq. 5.5), which is superimposed with the steric repulsions to
become electrosteric repulsion.

The range and magnitude of the electrosteric repulsion between a pair of particles
or a particle and a collector depend on the surface concentration of adsorbed
polyelectrolyte and extension and charge density of the adsorbed polyelectrolyte
layer. The mass and configuration of polyelectrolytes adsorbed onto the NZVI
surface are governed by the molecular weight, the ionization and charge density of
the macromolecule, the charge density and polarity of the NZVI surface, the solvent
quality, and the ionic strength. The conformation of the adsorbed polymer can also
contribute to the magnitude of the electrosteric repulsion. However, the range of
electrosteric repulsion is solely controlled by the adsorbed layer thickness (d ) of
polyelectrolyte on the NZVI. As shown in Fig. 5.7 (VT

XDLVO with steric), for
separation distances beyond 2d, VvdW attractive forces are dominant and result in
the net attractive potential. However, when the polyelectrolyte-modified particles
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approach one another at a distance of less than 2d, there is a large energy barrier due
to the adsorbed layer. In fact, the polymer coatings make it very difficult for these
particles to aggregate in a primary minimum, so all agglomeration or deposition
must occur in under a shallower secondary minimum. This has very important
consequences regarding the dispersion stability and mobility of nanoparticles in
the subsurface because agglomeration and attachment under a secondary minimum
are subjected to disaggregation and detachment due to shear force and Brownian
energy (see Chap. 6). For this reason, aggregation and mobility of surface-modified
nanoparticles should be largely controlled by the adsorbed polyelectrolyte layer
properties. A recent study (Phenrat et al. 2008) correlated the adsorbed polyelectro-
lyte layer properties (d estimated using Ohshima’s soft particle analysis) and the
adsorbed polyelectrolyte mass (Γ) on NZVI to their dispersion stabilities
(Fig. 5.10a). The higher the adsorbed polyelectrolyte mass and the more extended
the layer thickness, the larger the magnitude and extent of electrosteric repulsion and
the smaller the secondary minimum well for agglomeration. For a similar reason,
considering the particle-collector interaction under the influence of adsorbed poly-
mer layers, collector ripening and pore plugging are not expected for the transport of
colloidally stable polyelectrolyte-modified nanoparticles in saturated porous media.
Figure 5.10b illustrates the enhanced mobility of NZVI particles modified by various
surface modifiers compared to bare NZVI particles (see more discussion on
Chap. 6). The influence of electrosteric stabilization on the enhancement of disper-
sion stability and nanoparticle transport is also generally observed as summarized in
Table 5.1.

Fig. 5.10 (a) Correlation between the colloidally stable fraction (wt%) of nanoparticles and the
measured surface excess (Γ, mg/m2) and layer thickness (d, nm) of each adsorbed polyelectrolyte
(Phenrat et al. 2008). Reprinted with permission from Phenrat et al. 2008. Copyright (2008)
Springer Nature. (b) Effect of ionic strength on the elution of bare and modified RNIP through a
12.5 cm column with water-saturated silica sand having a porosity of 0.33. Particle mass concen-
tration is 3 g/L. All samples also contained 1 mM NaHCO3 to control pH at 7.4. The approach
velocity was 9.5 m/d (Saleh et al. 2007)

222 T. Phenrat et al.



5.3.2 How Can Polymeric Surface Modification Help NZVI
Dispersion Resist Unfavorable Environmental
Conditions?

Another unique feature of electrosteric stabilization with implications on subsurface
restoration using NZVI is the ability to maintain the strong repulsive forces at a high
ionic strength and in the presence of multivalent ionic species. Aggregation and
deposition of electrostatically stabilized nanoparticles are sensitive to ionic strength
and divalent cations due to charge neutralization and shrinking of the Debye length.
Electrosterically stabilized NZVI are much less sensitive to ionic strengths and types
of ionic species as can be seen from Eqs. (5.27) and (5.28) in which Vosm and Velas

are not a function of ionic strengths. The sensitivity of mobility of polyelectrolyte-
modified NZVI on the change of ionic strength is also seen in Fig. 5.10b. The
transportability (reported as percent elution) of NZVI modified by large polyelec-
trolyte (PMAA48-PMMA17-PSS650) is much less sensitive to the increase of ionic
strength in comparison to bare NZVI and NZVI modified by small polyelectrolytes
(PAP) (Saleh et al. 2007). A review of the applicable colloidal forces and influences
of these forces on the fate of nanoparticles in the environment is available (Louie
et al. 2016).

In addition to the ionic species in the subsurface, polyelectrolytes, such as CMC,
can enhance the transportability of NZVI even within biofilm-coated porous media,
although the mobility significantly decreases compared to transport in clean sand
(Basnet et al. 2016). The higher retention in biofilm-coated sand was attributed to the
agglomeration of NZVI and subsequent straining. Thus, CMC could, to some extent,
help stabilize NZVI, thereby improving its mobility.

Golmohamadi et al. (2013) suggested that the self-diffusion of nanoparticles in
biofilm is mainly controlled by the particle size rather than electrostatic interactions.
These authors mentioned that particles >66 nm can be excluded from the polymer
network, whereas the self-diffusion coefficient of nanoparticles <10 nm significantly
decreased in biofilm compared to that in water. The presence of polymer in NZVI
dispersion may alter NZVI diffusion and therefore its mobility, especially in dual-
domain porous media.

Mun et al. (2013) found that nanoparticle diffusion is retarded within water-
soluble polymer solutions (PEO, PV, PAA, and HEC within a concentration range of
0.5–1 g/L) predominantly due to changes in medium viscosity, particle size, and
existence of specific interactions between nanoparticles and components of the
medium. However, some coating, such as polyethylene glycol (PEG) on the surface
of particles, may enhance their diffusion because of the lubricating effect of the
coating (Mun et al. 2013). Therefore, the addition of polymer to NZVI dispersion,
depending on the amount of adsorbed polymer and free polymer in the solution, may
lead to lower or higher diffusion of NZVI into the immobile zones of porous media
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compared to pure NZVI dispersion, thereby enhancing or reducing the mobility of
polymer-modified NZVI dispersions.

Phenrat et al. (2010a) investigated the effect of excess polymer in NZVI disper-
sion on the transport of NZVI through a heterogeneously packed 2D media. They
found that excess polymer in a concentrated NZVI dispersion decreased its transport.
The excess polymer concentration (~0.13 g/L) in a system with high NZVI concen-
tration (6 g/L) promoted agglomeration via depletion flocculation, which decreased
transport. Depletion flocculation is driven by the size exclusion of unadsorbed, large
macromolecule coils from the space between two particles dispersed in the solution.
This results in osmotic attraction between two particles sharing the space as a result
of the flow of solution (polymer-free) out of the interparticle space driven by the
osmotic gradient. The occurrence and magnitude of depletion flocculation will
depend on the polymer concentration, the polymer MW, and the particle concentra-
tion (Phenrat et al. 2010a). In the light of that study, it appears that the reduced
diffusivity of NZVI in the presence of excess polymer and the consequent expected
decreased diffusion of NZVI into immobile zones of the flow cell, which should lead
to enhanced transport, are not considerable effects compared to the enhanced
agglomeration and consequent reduced mobility.

There are, of course, other effects of free polymer in dispersion. Higher concen-
tration of free polymer can elevate the viscosity of the fluid (Becker et al. 2015). It
can block the attachment surfaces in competition with the nanoparticles (Wang et al.
2014; Becker et al. 2015). In the presence of divalent cations, polymer bridging can
bring about a substantial level of agglomeration and deposition (Chen and Elimelech
2006; Wang et al. 2011; Torkzaban et al. 2012). The meta-analysis by Babakhani
et al. (2017) revealed that the effects of free polymer on nanoparticle transport are
dominated by enhanced agglomeration and subsequent reduced mobility. Overall,
the free polymer concentration appeared to have the least contribution to the
transport of nanoparticles among 20 environmental factors analyzed in that study
because of several potentially conflicting ways that excess polymer influences
mobility.

5.4 Targeting the DNAPL Source Zone by
Polymer-Modified NZVI

Chlorinated DNAPLs, entrapped in the source-zone subsurface, slowly dissolve and
generate a toxic plume of contaminated groundwater. A novel conceptual model of
active and selective DNAPL source-zone removal was made possible by polymeric
surface modification. This involves the delivery of polymer-modified NZVI to target
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DNAPL sources and subsequently perform reductive dechlorination. This original
idea was proposed by Saleh and coworkers (Saleh et al. 2005).

The original concept requires three different polymer blocks designed to provide
three different functionalities for three different tasks. The PMAA block serves to
anchor the triblock copolymers to the NZVI particles. Hydrophobic attractions
arising from the poly(methyl methacrylate) (PMMA) block provide the strong
affinity to the NAPL and create a low polarity region that hinders water access to
the NZVI particles with the goal of minimizing ZVI oxidation during transport in the
soil before it reaches the NAPL. The strongly charged PSS block serves to provide
strong electrosteric interparticle repulsions that promote colloidal stability and
electrosteric repulsion from the negatively charged surfaces that are predominant
in the subsurface at near neutral pH. In water, the PMMA block is collapsed, while
the extended PSS block provides electrosteric protection. At the DNAPL/water
interface, the PMMA block swells in the organic solvent and anchors the particle
at the interface (Fig. 5.11a). The PSS solubility in the organic phase is too weak to
allow full passage of the NZVI through the interface into the bulk NAPL phase. The
NZVI nanoparticles modified by triblock copolymers with this architecture and
chemical composition successfully anchored to DNAPL/water interfaces in the
laboratory as evaluated from the Pickering emulsion formation (Fig. 5.11b).

Recently, Phenrat et al. (2011a) and Phenrat and Kumloet (2016) demonstrated
that NZVI modified by olefin-maleic acid copolymer and PSS (homopolyelectrolyte)
can also form a Pickering emulsion. Phenrat et al. (2011a) also demonstrated that this
concept can be successfully applied in an upscaled, more realistic situation. They
delivered NZVI modified by olefin-maleic acid copolymer into a 2D tank with an
NAPL source zone (Fig. 5.12). They illustrated that NZVI modified by olefin-maleic
acid copolymer could target entrapped NAPL source zones at various NAPL satu-
rations in 2D flow-through porous media, which is more relevant to the field
conditions (Figs. 5.12 and 5.11c).

However, delivering NZVI to the chlorinated DNAPL/water interface appears to
be insufficient for effective DNAPL source-zone removal. Although NZVI increased
the efficient use of Fe0 for reductive dechlorination at the DNAPL/water interface
(Liu et al. 2007), under groundwater flow conditions, DNAPL dissolution to the
aqueous phase is a rate-limited step of dechlorination (Miller et al. 1990; Saba and
Illangasekare 2000). This is because the reductive dechlorination reaction is surface
mediated; therefore, contaminants must be dissolved from the DNAPL to transport
and adsorb onto the NZVI surface for electron transference. For this reason, the rate
of DNAPL degradation is limited by the rate of mass transfer to the aqueous phase
(Berge and Ramsburg 2010; Taghavy et al. 2010; Fagerlund et al. 2012; Phenrat
et al. 2016). Rather, the NZVI reacts with water to form H2, which increases the
amount of NZVI required for remediation. Therefore, Phenrat’s research group
proposed a novel use of the electromagnetic field with NZVI to enhance the
DNAPL dissolution and to speed up the reaction rate and improve the electron
efficiency of the remediation. This novel concept of using polymer-modified NZVI
that is capable of targeting NAPL with electromagnetic field is presented in
Chap. 11.
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Fig. 5.11 (a) A schematic diagram illustrating the proposed polyelectrolyte response used to
anchor particles at the DNAPL/water interface (Saleh et al. 2005). (b) Micrographs of emulsified
TCE droplets in water stabilized by PMAA42-PMMA26-PSS462 triblock copolymer-modified NZVI
nanoparticles at the TCE-water interface. (Reprinted with permission from Saleh et al. 2005.
Copyright (2005) American Chemical Society). (c) A micrograph of a dodecane source taken
from 2D cell experiment after in situ targeting experiment (Fig. 5.12) with MRNIP2 (NZVI
modified by olefin-maleic acid copolymer). (c) shows the accumulation of MRNIP2 at dodecane
interface rather than the deposition on sand grain which is in good agreement with the macroscopic
observation. The scale bars are 10 μm
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Fig. 5.12 (a) MRNIP2 (NZVI modified by olefin-maleic acid copolymer) (15 g/L) transported to
the NAPL sources (allowing 24 h without flow prior to flushing). (b) MRNIP2 bypassing the source
of S ¼ 100%. (c) MRNIP2 in the source zone of S ¼ 50%, (e) S ¼ 75%, and (g) S ¼ 100%.
MRNIP2 remaining in the source zone of (d) S ¼ 50%, (f) S ¼ 75%, and (h) S ¼ 100% after
flushing (Phenrat et al. 2011b). (Reprinted with permission from Phenrat et al. (2011b). Copyright
(2011) American Chemical Society)
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Chapter 6
Mechanistic, Mechanistic-Based Empirical,
and Continuum-Based Concepts
and Models for the Transport
of Polyelectrolyte-Modified Nanoscale
Zerovalent Iron (NZVI) in Saturated
Porous Media

Tanapon Phenrat, Peyman Babakhani, Jonathan Bridge, Ruey-an Doong,
and Gregory V. Lowry

Abstract Controlled emplacement of polyelectrolyte-modified NZVI at a high
particle concentration (1–10 g/L) is needed for effective in situ subsurface remedi-
ation. For this reason, a modeling tool capable of predicting polyelectrolyte-modified
NZVI transport is imperative. However, the deep bed filtration theory is invalid for
this purpose because several phenomena governing the transport of polyelectrolyte-
modified NZVI in saturated porous media, including detachment, particle
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agglomeration, straining, and porous media ripening, violate the fundamental
assumption of such a classical theory. Thus, this chapter critically reviews the
literature of each phenomenon with various kinds of nanoparticles with a special
focus on polyelectrolyte-modified NZVI. Then, each phenomenon is elaborated
using three kinds of mathematical models, including mechanistic (such as extended
DLVO theory), mechanistic-based empirical (correlations to predict NZVI agglom-
eration and deposition), and continuum-based (Eulerian continuum-based models).
These proposed modeling tools can be applied at various scales from column
experiments (1-D) to field-scaled operations (3-D) for designing NZVI injection
and emplacement in the subsurface.

Keywords Nanoscale zerovalent iron · Transport in porous media · Groundwater ·
Mechanism · Empirical · Numerical · Modeling tools

6.1 Introduction

Controlled emplacement of polyelectrolyte-modified nanoscale zerovalent iron
(polyelectrolyte-modified NZVI) at high particle concentration (1–10 g/L) is needed
for effective in situ subsurface remediation. Understanding the fate and transport of
polymer-modified NZVI at low particle concentration is essential for assessing
potential off-site migration of NZVI for risk management purposes. While it is
feasible to model the fate and transport of various nanoparticles (NPs), deep bed
filtration theory alone is not capable of estimating the transport and deposition of
either concentrated or diluted polyelectrolyte-modified NZVI. This is because sev-
eral other important phenomena including detachment, particle agglomeration,
straining, and porous media ripening take place during transport, in violation of a
fundamental assumption of the theory (Phenrat et al. 2009, 2010a, b, c). This chapter
reviews all the underlying phenomena that can possibly affect the behavior of
polyelectrolyte-modified NZVI in subsurface porous media (Tratnyek and Johnson
2006; Phenrat et al. 2009, 2010a, b, c; Praetorius et al. 2012; Ehtesabi et al. 2013;
Hashemi et al. 2013; Bardos et al. 2014; Babakhani et al. 2018; Yu et al. 2015b;
Baalousha et al. 2016; Peijnenburg et al. 2016). The mechanics of all relevant
phenomena will be explained, and empirical and continuum-based approaches will
be used to provide computational tools. This knowledge will facilitate more effective
and precise descriptions and predictions about the fate and transport of
polyelectrolyte-modified NZVI in porous media, thereby facilitating the develop-
ment of NZVI delivery tools for subsurface restoration and regulations to halt
conversion of NZVI from an emerging solution (Bottero et al. 2015) to an emerging
threat (Tian et al. 2010; Baalousha et al. 2016) (Chap. 15).
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6.2 Mechanistic vs Mechanistic-Based Empirical vs
Continuum-Scale Models

Modeling tools for assessing NZVI delivery and exposure in porous media may be
categorized into three major groups: (1) mechanistic models, (2) empirical models,
and (3) continuum-scale models. Selection of the most appropriate model for the
situation and modeling purpose is a trade-off between simplicity and accuracy
(Comba and Braun 2012; Dale et al. 2015a) and will depend on the scale of the
assessment (particle scale, pore scale, laboratory scale, or field scale) and the
required resolution/precision of the outcomes.

Mechanistic models focus on individual particles and consider the force, torque,
and energy of the particle and interacting media (McDowell-Boyer et al. 1986;
Adamczyk and Weroński 1999; Schijven and Hassanizadeh 2000; Grasso et al.
2002; Bradford and Torkzaban 2008; Keir et al. 2009; Phenrat et al. 2009; Hotze
et al. 2010; Petosa et al. 2010; Adamczyk et al. 2013; Molnar et al. 2015). Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Chap. 5) is perhaps the most frequently
used mechanistic model for transport of NZVI in porous media. Although this is a
lively area of ongoing research about NZVI and other NPs, mechanistic models are
typically used to explain phenomena affecting NZVI transport rather than to design
NZVI delivery, presumably due to the technical challenges posed when several
phenomena occur simultaneously during transport of NZVI in porous media. More-
over, the intrinsic complexities and heterogeneities prevalent in real environmental
conditions, such as surface roughness (Yao et al. 1971; Ryan and Elimelech 1996;
Elimelech et al. 1998; Tufenkji and Elimelech 2004a), natural organic matter (NOM)
(Hotze et al. 2010; Phenrat et al. 2010c), iron oxyhydroxide coating (Tian et al.
2012; Wang et al. 2012b; Liu et al. 2013), silylation (Elimelech et al. 2000),
extracellular polymeric substances, and biofilm (Jiang et al. 2013; Li et al. 2013;
He et al. 2015), make it difficult to use mechanistic models that impose assumptions
of uniformity. Obviously, the next challenge in terms of these models is the
development of mechanistic descriptions of particle interactions with heterogeneities
at a range of scales.

Mechanistic-based empirical models are an alternative to pure mechanistic
models. They are empirical in nature but are also based on a mechanical understand-
ing of relevant parameters and phenomena. Elimelech (Eq. 6.6) (Elimelech 1992)
was the first researcher who proposed a mechanistic-based empirical model for
predicting deposition of electrostatically stabilized (bare) colloids. Subsequently,
Bia and Tien (Eq. 6.7) (Bai and Tien 1996, 1999) proposed semiempirical
approaches using dimensionless parameters based on DLVO forces to model the
collision efficiency of colloids in porous media. The correlations successfully
modeled sticking coefficients of several sets of deep bed filtration experimental
data for bare colloidal particles. Phenrat et al. (2010c) further extended this approach
to model transport of polyelectrolyte-modified NZVI at both low and high particle
concentrations. These models can be applied at various scales from column exper-
iment to field-scale operations, as discussed in this chapter.
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Continuum-based models, on the other hand, are defined as partial differential
equations based on the continuity principle (either the mass conservation law (mass
balance) or particle number/volume balance) over the bulk spatial and temporal
domains of the system which are either continuous or numerically discretized
continuous domains (Van Genuchten and Wierenga 1976; Jacobson 2005;
Adamczyk et al. 2013; Kelly et al. 2013; Mehmani and Balhoff 2015b; Molnar
et al. 2015). This contrasts with pore-scale models, in which the domain has a
discrete configuration of solid and fluid (Mehmani and Balhoff 2015b). This chapter
focuses on Eulerian continuum-based models and thus excludes particle tracking
analysis (generally Lagrangian methods) (Taghavy et al. 2013, 2015), as it considers
particles a separate constituent from fluid. Continuum models have been widely used
for simulating miscible contaminants and classical colloid transport problems over
the past decades, and more recently they have been increasingly popular for model-
ing NP mobility behaviors in the environment (Van Genuchten and Wierenga 1976;
Saiers and Hornberger 1996; Zheng and Wang 1999b; Dale et al. 2015a, b). These
models can be applied at various scales, such as pore scale (Seetha et al. 2015),
column experiments (e.g., Bradford et al. 2003; Babakhani et al. 2018; Bradford and
Torkzaban 2015; Chrysikopoulos and Katzourakis 2015), bench-scale experiments
(Babakhani et al. 2018), mesocosm experiments (Therezien et al. 2014; Baalousha
et al. 2016), and field-scale operations (Cullen et al. 2010; Krol et al. 2013). This
allows continuum-based models to be applied not only for designing NZVI emplace-
ment but also for delineating the risk of NZVI release to the environment (Kelly et al.
2013; Nowack et al. 2015).

In contrast to mechanistic approaches which deal with forces or energy, contin-
uum models deal with rates. These models depend on the capability of receiving
different types of data based on particle number concentration (e.g., Song and
Elimelech 1993; Kretzschmar et al. 1999; Bradford et al. 2003, 2006a; Babakhani
et al. 2018) or particle mass concentration (e.g., Saiers et al. 1994; Kretzschmar et al.
1999; Sun et al. 2001) or the ability to transform data variables internally (Babakhani
et al. 2018; Taghavy et al. 2015) and can be calibrated and validated against a wide
variety of available data types obtained from simplified single-process or multi-
process laboratory experiments or realistic environmentally relevant field measure-
ments (Cullen et al. 2010; Krol et al. 2013; Babakhani et al. 2018; Chowdhury et al.
2015). More noteworthy is their ability to describe several transport phenomena
simultaneously (e.g., Saiers et al. 1994; Bradford et al. 2003, 2006b; Scheibe and
Wood 2003; Bradford and Bettahar 2006; Shen et al. 2008; Tosco and Sethi 2010;
Raychoudhury et al. 2012; Hosseini and Tosco 2013; Wang et al. 2014b; Babakhani
et al. 2018). This chapter will focus on discussing transport phenomena on a
continuum scale and incorporating them into a model for NZVI applications.
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6.3 Transport Mechanisms and Continuum Modeling
Approaches

According to a literature survey, Fig. 6.1 illustrates NZVI transport phenomena
evaluated over the past decade in comparison to those for other types of NPs.
Table 6.1 summarizes continuum-based modeling types applied for the transport
of NZVI in porous media. Table 6.2 summarizes literature pertaining to NZVI
transport that is reviewed in this chapter. This section describes each phenomenon
separately by first mechanistically explaining their physics using mechanical
models, then providing mechanistic-based empirical models if available, and finally
summarizing their respective continuum modeling approaches.

6.3.1 Advection and Dispersion

Advection and dispersion are core phenomena in every solute and NP transport in
subsurface and porous media. Advection is the mechanism of solute or NP transport
with the average velocity of flowing groundwater. Mechanical dispersion (Zheng
and Wang 1999b) acts to spread the solute and NP suspension parallel with and
normal to the direction of flow because of the difference between the real velocity of
the water inside the pores and the mean groundwater velocity, which arises from
microscale velocity variation both within and between pores of different sizes

Fig. 6.1 NZVI (iron) transport phenomena evaluated over the past decade in comparison to those
for other types of NPs
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(Prieve and Hoysan 1978; de Marsily 1986; Howington et al. 1997; Zheng and
Wang 1999b; James and Chrysikopoulos 2003; Fallah et al. 2012; Mehmani and
Balhoff 2015a, b). Adding the molecular diffusion to the mechanical dispersion will
result in hydrodynamic dispersion (Zheng and Wang 1999b).

In case of slow groundwater velocity, such as flow through compacted porous
media, dispersion is of low significance but can nevertheless result from the molec-
ular diffusion due to concentration gradients (Zheng and Wang 1999a; Huang et al.
2011). Accordingly, the transport of solutes and NPs through porous media in the
most simplified form might be described by the partial differential “advection-
dispersion” equation (ADE) (Iwasaki et al. 1937; Herzig et al. 1970; Van Genuchten
and Wierenga 1976; Harvey and Garabedian 1991; Zheng and Wang 1999a; Zhang
et al. 2010; Huang et al. 2011):

∂C
∂t

þ ρb
ε

∂S
∂t

¼ D
∂2C

∂x2
�V

∂C
∂x

ð6:1Þ

where x is distance in the porous media [with the dimension of L], t is time elapsed
[T], C [N L�3; N represents the particle number], and S [NM�1] are the particle
number concentrations of fluid-phase particles and deposited-phase particles, respec-
tively (e.g., Song and Elimelech 1993; Kretzschmar et al. 1999; Bradford et al. 2003,
2006a; Babakhani et al. 2018), or alternatively C [ML�3] and S [MM�1] are
the particle mass concentrations of fluid-phase particles and deposited-phase parti-
cles, respectively (e.g., Saiers et al. 1994; Kretzschmar et al. 1999; Sun et al. 2001);
V [LT�1] is the pore water velocity (also known as real water velocity, linear
groundwater flow velocity, seepage water velocity, interstitial velocity, or advection
velocity). This contrasts with the Darcy velocity (also known as the superficial
velocity or approach velocity) which is equal to the porosity times the pore water
velocity [LT�1]. D is the hydrodynamic dispersion or simply dispersion coefficient
[L2T�1]; ε is the bed porosity [—]; and ρb is the porous medium bulk density [ML�3].

In a one-dimensional uniform flow field such as column experiments, transverse
dispersion is not considered, and thus the dispersion coefficient has one longitudinal
component related to pore water velocity (Wang and Anderson 1995; Zheng and
Wang 1999b):

D ¼ αLV þ D∗ ð6:2Þ

where αL is longitudinal dispersivity [L] and D* is the effective molecular diffusion
coefficient [L2T�1]. αL is typically an intrinsic property of the porous medium as
well as a function of scale (Wang and Anderson 1995; Keller et al. 2004;
Illangasekare et al. 2010; Chrysikopoulos and Katzourakis 2015). Thus, the common
practice for both NPs and reactive solute transport is to determine this coefficient
based on the breakthrough data of nonreactive solute transport through any given
porous media (Parker et al. 1984; Harvey and Garabedian 1991; Wang and Anderson
1995; Chrysikopoulos and Katzourakis 2015). In the case of NP transport, strictly
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speaking, the dispersion coefficient should be obtained from the NP breakthrough
data rather than from nonreactive solute transport due to the potential for particulate-
specific dispersion mechanisms such as size exclusion and preferential flow
(discussed in later sections) (Bradford et al. 2003; James and Chrysikopoulos
2003; Keller et al. 2004; Chrysikopoulos and Katzourakis 2015). For example,
recently Chrysikopoulos and Katzourakis (2015) in a meta-study of 48 different
breakthrough curve (BTC) datasets found that dispersivity can exhibit positive
correlation with particle size and pore water velocity.

6.3.2 Attachment and Detachment

6.3.2.1 Irreversible Deposition

Solute mass transfer from liquid to solid phases is generally dominated by sorption
which is modeled as a reversible kinetic process (Limousin et al. 2007). However,
NZVI interacts with solid surfaces of porous media by a number of mechanisms
which may yield attachment that is practically irreversible. In other words, solute
retention which appears irreversible at short timescales can be considered reversible
at larger time scales under the same conditions (Limousin et al. 2007), whereas
irreversibly attached NZVI may not be detached unless a significant physical or
chemical perturbation occurs in the conditions of the system (Ryan and Elimelech
1996). Irreversible deposition or physicochemical filtration was well described by
colloid filtration theory (CFT) originally by drawing an analogy with the transport in
flocculation process (Yao et al. 1971) by trajectory analysis (Rajagopalan and Tien
1976) and generally by using filtration mass balance equations in a sphere around a
single collector (Logan et al. 1995a). According to this theory, the extent of
migration of colloids in saturated porous media can be estimated from the collision
efficiency (or sticking coefficient) (α) which represents the probability that a particle
successfully attaches to the surface of a collector (e.g., sand grain) once they come
into contact. α is defined as the ratio between the actual dimensionless deposition
rate of particles (η) and the dimensionless deposition rate under barrierless interac-
tion (η0), where all collisions result in attachment:

α ¼ η

η0
ð6:3Þ

Filtration theory relies upon estimation of two parameters, the single-collector
attachment efficiency, α, and the single-collector collision or contact efficiency, η0.
The single-collector collision frequency, η0, can be calculated using a mechanistic-
based empirical model such as Tufenkji and Elimelech’s correlation (Tufenkji and
Elimelech 2004a):
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η0 ¼ 2:4A1=3
S N�0:081

R N�0:715
Pe N0:052

vdW þ 0:55ASN
1:675
R N0:125

A þ 0:22N�0:24
R N1:11

G N0:053
vdW

ð6:4Þ

AS is a porosity-dependent parameter, NR is an aspect ratio, NPe is the Peclet number,
Nvdw is the van der Waals number, NA is the attraction number, and NG is the gravity
number. The first, second, and third terms represent the transport of particles to a
collector via diffusion, interception, and gravity, respectively (Tufenkji and
Elimelech 2004a). This single-collector collision or contact efficiency describes
the probability of that collision occurring in the first place.

On the other hand, the second parameter (α) describes the probability of any
collision between a particle and a collector resulting in attachment. Practically, α is
obtained from particle breakthrough at steady state, C, in a packed column (a clean
bed media of length L packed with a collector with an average radius ac, porosity ε,
and initial particle concentration C0) (Eq. 6.5):

αexp ¼ � ln
C

C0

� �
4ac

3 1� εð Þη0L
ð6:5Þ

Similar to the DLVO theory elaborated in Chap. 5, for bare (uncoated) colloidal
particles, α is theoretically a function of surface forces that act between a particle and
a collector, namely, electrostatic double-layer (EDL) repulsion and van der Waals
attraction (Elimelech et al. 1995), when considering a general, simplified case (i.e.,
neglecting chemical and physical heterogeneity of a collector and hydrodynamic and
diffusion forces). Irreversible attachment is supposed to be driven by the primary
minimum (see Fig. 5.7 in Chap. 5). Using dimensional analysis, Elimelech (1992)
and Bai and Tien (1996, 1999) proposed dimensionless parameters (Table 6.3) and
mechanistic-based empirical correlations (Eqs. 6.6 and 6.7, respectively) to estimate
the collision efficiency of electrostatically stabilized nanoparticles (without surface
coatings) in such simplified porous media:

α ¼ 2:57� 10�2N1:19
col ð6:6Þ

α ¼ 2:527� 10�3N0:7031
Lo N�0:3121

E1 N3:5111
E2 N1:352

DL ð6:7Þ

The Elimelech correlation accounts for screened electrostatic double-layer (EDL)
repulsion and van der Waals attractions. These are captured by the particle zeta
potential and solution Debye screening length and the Hamaker constant, respec-
tively. Ncol is essentially the ratio of the Hamaker constant (H) that controls van der
Waals attraction over zeta potentials of particles and collectors (ζp and ζg) that
determine EDL repulsions. Bai and Tien empirically account for similar interactions
in a more detailed way.

The set of dimensionless parameters (NLo, NE1, NE2, NDL) proposed by Bai and
Tien (1996, 1999) in Eq. (6.7) is the deconvolution of Ncol with each dimensionless
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parameter representing a specific physical phenomenon. NLo and the product of NE1,
NE2, and NDL represent the van der Waals attraction and electrostatic repulsion,
respectively, over the influence of fluid velocity on particle deposition due to
interception (Bai and Tien 1996; Tufenkji and Elimelech 2004a). NDL accounts for
electrostatic screening to scale NE1 and NE2 for a particular solution chemistry. These
correlations reasonably predict the collision efficiencies of electrostatically stabilized
colloids in porous media under environmentally relevant conditions (Elimelech
1992; Bai and Tien 1996, 1999). Nevertheless, Phenrat et al. (2010c) reported that
neither Elimelech’s nor Bai and Tien’s correlation adequately predicts the collision
efficiencies of polymer-coated NZVI (even at low concentration when NZVI
agglomeration is not significant). Presumably, the correlations neglect electrosteric
repulsions and the decreased friction afforded by such polymeric coatings that can
inhibit attachment to surfaces as well as allow reversible attachment under a sec-
ondary minimum. As a result, these correlations systematically significantly
overestimate the attachment efficiency of NZVI coated with NOM or polymer

Table 6.3 Dimensionless parameters (Elimelech 1992; Bai and Tien 1996, 1999; Tufenkji and
Elimelech 2004a) used in Eqs. (6.4)–(6.7)

Notation Definition Formula

Ncol Stability parameter κH
ε0εrζpζg

NLo London number 4H

9πμd2pus

NE1 First electrokinetic parameter ε0εr ζ2p þ ζ2g

� �
3πμusdp

NE2 Second electrokinetic parameter 2ζpζg

ζ2p þ ζ2g

� �
NDL Double-layer force parameter κdp
NR Aspect ratio dp

dc

NPe Peclet number usdc
D1

NvdW van der Waals number H
kbT

NA Attraction number H

3πμd2pus

NG Gravity number d2p ρp � ρ f

� �
g

18μus
As Porosity-dependent parameter 2 1�γ2ð Þ

2�3γþ3γ5�2γ6

Note: dp is particle diameter; dc is collector diameter; D1 is the bulk diffusion coefficient (described
by Stokes-Einstein equation); ε0 and εr are permittivity of vacuum and dielectric constant, respec-
tively; g is the gravitational acceleration; H is the Hamaker constant; kb is the Boltzmann constant; κ
is the Debye parameter; ρp and ρf are the density of particle and fluid, respectively; T is fluid
absolute temperature; us is fluid superficial velocity; μ is viscosity of fluid; ζp and ζg are electrical
surface potential of particle and collector, respectively; and γ is (1 � f)1/3, where f is porosity
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(Phenrat et al. 2010c). This would tend to underestimate the transport distance and
overestimate the filtration efficiency of these particles.

In continuum-based models, the definition of the attachment term depends on the
conceptualization of deposition phenomena. The simplified form of the governing
ADE equation for colloid transport in porous media can be written with a first-order
irreversible attachment term as model type (i), Table 6.1 (Iwasaki et al. 1937; Herzig
et al. 1970). In this model, Katt is the attachment rate coefficient [T�1] which can be
related to the parameters of CFT via the following equation (Harvey and Garabedian
1991; Elimelech et al. 1998; O’Carroll et al. 2004; Tufenkji and Elimelech 2004a;
Johnson et al. 2007; O’Carroll et al. 2012):

Katt ¼ 3 1� εð Þ
2d50

αη0V ð6:8Þ

where d50 is the median porous media grain size [L] and ε is the porosity of porous
media [—]. Although the parameter Katt can be expressed via the theoretical
relationship of Eq. (6.8), determination of α still requires experimental data. On
this basis, throughout this chapter we directly deal with the parameter Katt instead of
α (Bradford and Torkzaban 2015; Seetha et al. 2015). From the continuum modeling
viewpoint, type (i) models only describe irreversible deposition and do not consider
subsequent detachment. In a particular experiment where other mechanisms of
transport are not operative, increases in the value of Katt lead to abatement of
breakthrough curve (BTC), which appears as a total drop of the plateau as shown
in Fig. 6.2 with the curves generated by numerical solution of type (i) models using
the MT3DMS model code (Babakhani et al. 2018). Table 6.2 shows that 44% of
NZVI continuum modeling studies used type (i) models. It is evident that most used
very simplified experimental conditions, highlighting that this model and thereby
CFT are strictly limited in scope of application to steady flow through idealized,
uniform media. There have already been several excellent review papers (Ives 1970;
McDowell-Boyer et al. 1986; Schijven and Hassanizadeh 2000; Jegatheesan and
Vigneswaran 2005; Bradford and Torkzaban 2008; Keir et al. 2009; Petosa et al.
2010; Bradford et al. 2014; Cornelis 2015; Molnar et al. 2015) discussing the
deposition mechanisms of NZVI and other NPs in porous media. From the perspec-
tive of continuum modeling, however, it is apparent that deposition cannot be
considered in isolation except in the most artificial circumstances. For example,
using classical filtration theory to calculate α and η0 by neglecting agglomeration
and secondary minimum caused by adsorbed polymer layer on NZVI is inappropri-
ate for describing the transport of polyelectrolyte-modified NZVI at high concentra-
tion where agglomeration does occur (Phenrat et al. 2009, 2010a, b) as to be
discussed next.
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6.3.2.2 Detachment

When the NZVI particle association with the solid surface is not strong enough to be
permanently retained, particles can be subjected to reversible deposition and thereby
detachment. Particles trapped at a shallow secondary minimum (Fig. 6.3) due to
energy barriers imposed by electrosteric repulsions or, as recently found, even at a

Fig. 6.2 Breakthrough curves generated by numerical solution of model type (i) with MT3DMS
model code following Babakhani et al. (2015) for various Katt values (S

�1). Other parameters of
flow and porous media conditions were selected according to Babakhani et al. (2015). (Reprinted
with permission from Babakhani et al. (2017). Copyright (2017) Elsevier)
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Fig. 6.3 Representative potential energy of particle-collector interaction calculated by extended
DLVO for a cluster with a ¼ 328 representing PSS70K-RNIP-F1 dispersion (Phenrat et al. 2009)
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shallow primary minimum resulting from nanoscale surface heterogeneities
(Torkzaban and Bradford 2016; Wang et al. 2016) will be maintained just tempo-
rarily. Phenrat et al. (2009) revealed that detachment of polystyrene sulfonate (PSS)-
modified NZVI transporting through a sand-packed column contributed to lower
collision efficiency than what is theoretically predicted by classical DLVO theory.
They hypothesized that electrosteric repulsions due to an adsorbed PSS layer on
NZVI caused NZVI attachment on sand grains under a shallow secondary minimum
according to extended DLVO calculation (Fig. 6.3). In a flow field, the deposited
NZVI under a shallow secondary minimum can be re-entrained when the applied
torque (Tapplied) overcomes the adhesive torque (Tadhesive) due to the particle-
collector interaction. The Tapplied induced by hydrodynamic drag force on retained
particles at the collector surface can be represented as (Bergendahl and Grasso 2000;
Li et al. 2005; Torkzaban et al. 2007; Phenrat et al. 2010a):

Tapplied ¼ 1:4aFD ð6:9Þ

where a is the radius of retained colloid particles/aggregates and FD is the drag force
acting on attached NZVI which can be expressed as Eq. (6.10) (Torkzaban et al.
2007):

FD ¼ 10:205πμ
∂v
∂r

� �
a2 ð6:10Þ

where μ is the fluid viscosity and ∂v/∂r is the shear experienced by a retained
particle at the pore wall. Assuming a constricted tube model represents the void
space between collectors in the porous media, and ∂v/∂r can be expressed as
Eq. (6.11) (Bergendahl and Grasso 2000):

∂v
∂r

¼ Q=Npore

π=4ð Þd2z
4 dz=2� að Þ

dz=2ð Þ2 ð6:11Þ

dz is the diameter of pore in the constricted tube model used to calculate νcolloid, the
fluid velocity at colloid (Bergendahl and Grasso 2000). Figure 6.4 illustrates dz as a
function of z from the center of a collector:

dz ¼ 2
dmax

2
þ 4

dc
2
� dmax

2

� �
0:5� z

h

� �2
� 	
 �

ð6:12Þ

νcolloid ¼ Q=Npore

π=4ð Þd2z
4 dz=2� acolloidð Þ

dz=2ð Þ2 ð6:13Þ

dmax (Eq. 6.12) is the maximum pore diameter.
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dmax ¼ 2:141dc ð6:14Þ

On the other hand, Tadhesive is expressed as the adhesive force (FA) acting on a
lever arm (lx) (Torkzaban et al. 2007). In the case of PSS-modified NZVI, the
adhesive force (FA) that acts on the attached particles is calculated from the absolute
value of a secondary minimum (Θmin) predicted by extended DLVO potential pro-
files (Fig. 6.3) using Eq. (6.15):

FA ¼ Θmin

hmin
ð6:15Þ

where hmin is the separation distance at the secondary minimum between the colloid
and the collector surface.

lx represents the radius of the colloid-surface contact area and is estimated using
the theory of Johnson, Kendall, and Roberts (Eq. 6.16) (Torkzaban et al. 2007). K is
the composite Young’s modulus. For deposition of PSS70K-modified nanoparticles
on silica sand in this study, a value of K ¼ 4.014 � 109 N m�2 for glass bead
collectors and polystyrene is used (Bergendahl and Grasso 2000):

Fig. 6.4 Diameter of pore (dz) as a function of distance from the center of a collector (z) used in this
study assuming the constricted tube model as a representation of the void space between collectors
in the porous media
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lx ¼ FAa

4K

� �1=3

ð6:16Þ

Figure 6.5 illustrates the magnitude of Tadhesive and Tapplied as a function of
particle/aggregate sizes for PSS-modified NZVI with the measured adsorbed layer
properties under the hydrodynamic and geochemical conditions used in Phenrat et al.
(2009). This simplified theoretical analysis reveals that Tapplied for the individual
PSS70K-NZVI of hydrodynamic radius (RH) ¼ 25 and 45 nm is seven and three
orders of magnitude greater than its Tadhesive. Therefore, detachment takes place and
promotes NZVI mobility in porous media. This agrees with the low sticking
coefficient of PSS70K-F1 (RH ¼ 25 nm) and –F2 (RH ¼ 45 nm) at low particle
concentration (30 mg/L) where agglomeration does not occur. Nevertheless, for
delivery of PSS-modified NZVI at high particle concentration, agglomeration
plays a substantial role on Tadhesive and Tapplied and NZVI detachment as will be
discussed next.

As for mechanistic-based empirical models, Phenrat et al. (2010c) extended Bai
and Tien’s correlation to include the decrease of the friction force afforded by the
adsorbed macromolecules which subsequently results in greater potential of particle
rolling or detachment promoted by fluid drag force. They developed a dimensionless

Fig. 6.5 The calculated Tapplied (solid lines) and Tadhesive (dashed lines) for different sizes of
PSS-modified NZVI (as individual particles and aggregates) for the transport conditions used in
this study assuming the constricted tube model (Fig. 6.4) as a representation of the void space
between collectors in the porous media (Phenrat et al. 2009)
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number, layer-electrokinetic parameter (NLEK) (6.17 and 6.18), and corresponding
empirical correlation for predicting collusion efficiency developed by the
Buckingham-П approach (Eq. 6.19). The new correlations (Eq. 6.19) can estimate
experimental collision efficiency (αexp) well. They illustrated that including NLEK

into the semiempirical model significantly improves estimation of αexp over the Bai
and Tien or Elimelech models for the 80 combinations of particle and coating types
used:

NLEK ¼ dpd
2
MusΓNaρp
μMW

ð6:17Þ

dM ¼ dM0
I

Iave

� 	�2=3

ð6:18Þ

αpre ¼ 10�1:35N0:39
LO N�1:17

E1 N�0:10
LEK ð6:19Þ

where Na is Avogadro’s number.
Ohshima’s approach assumes that the adsorbed layer thickness, dM0, is constant

over the range of salt concentrations used in the analysis. Thus, dM0 from Ohshima’s
analysis is the average layer thickness at the average ionic strength (Iave) used in the
analysis. Monte Carlo simulations, mean field theory, and self-consistent field theory
(Hariharan et al. 1998) indicate that the layer thickness of adsorbed polyelectrolyte
(dM) decreases with increasing ionic strength (I ) (Argiller and Tirrell 1992;
Hariharan et al. 1998; Abu-Lail and Camesano 2003) to the power 2/3, i.e., dM ~ I�2/3.
The layer thickness (dM) at a particular salt concentration (I) used in Eq. (6.17) was
therefore scaled using Eq. (6.18).

As shown in Eqs. (6.17)–(6.19), steric repulsions are a function of particle and
adsorbed layer properties including dp, dM, Γ, ρp (polymer density), and MW

(molecular weight of polymer). The rolling and detachment promoted by the reduc-
tion of the friction force is a function of fluid viscosity (μ) and fluid velocity (us) in
addition to the particle and adsorbed layer properties mentioned above. The dimen-
sionless layer-electrokinetic parameter (NLEK), representing both electrosteric repul-
sions and the decrease in friction force, can be expressed as a function of dp, dM, Γ,
ρp, and MW, μ, and us.

In addition to detachment resulting in low collision efficiency, studies commonly
identify three forms of NP detachments which affect the shape of the breakthrough
curve (BTC): (1) detachment shown by tailing in the BTC, (2) detachment in the
form of a retarded or delayed BTC, and (3) detachment or release in the form of
separated peaks following the BTC. The first type of detachment emerges in the form
of tailing in the BTC where the feeding solution into the column inlet is switched
from the injecting particle dispersion to the particle-free solution with the same ionic
strength and pH (two-phase injection experiments). This is the most common
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reference to “detachment” and has been observed for various NPs such as
polyelectrolyte-modified NZVI (Tosco and Sethi 2010; Raychoudhury et al.
2014), carbon nanotubes (Kasel et al. 2013), silica (Saiers et al. 1994), nanoporous
silicate (Shang et al. 2013), and Ag NPs (Flory et al. 2013; Kanel et al. 2013;
Neukum et al. 2014a). This is also known as re-entrainment and has been observed
as dramatically extended BTC tailing which has been observed for a wide variety of
colloids (Zhang et al. 2001a; b; Johnson et al. 2007; Landkamer et al. 2013). The
underlying mechanism for this kind of detachment is commonly sought in the
hydrodynamic forces.

Based on continuum-scale models, the governing set of transport equations
considering kinetic detachment of this type is given as type (ii) models (Table 6.1)
(de Marsily 1986; Kretzschmar et al. 1999), as well as types (iii) and (iv) models
accounting for dual-site attachment/detachment. A solution of type (ii) sets of
equations holding Katt constant while varying Kdet was conducted with the aid of
MT3DMS code (Zheng and Wang 1999b) and is presented in Fig. 6.6a. The results
show that rising Kdet not only causes the emergence of tailing in BTC but also leads
to an asymmetric rise in the plateau of BTC higher at the side of the descending limb,
until finally the plateau becomes flat and BTC resembles the conservative transport
at the largest value of Kdet.

In the second type of detachment, retardation appears as a horizontal shift in the
colloid/NP BTC compared to conservative transport BTC (Fig. 6.6b). This has been
observed for iron NPs (Harendra and Vipulanandan 2010), Ag NPs (Flory et al.
2013; Kanel et al. 2013; Liang et al. 2013a), carboxyl-modified latex NPs
(Sasidharan et al. 2014), HAP NPs (Wang et al. 2012d), and QDs (Torkzaban
et al. 2010b; Wang et al. 2013; Kini et al. 2014). The most pronounced occurrence
of the retardation has been observed for NPs with infinitesimally small size (<10 nm)
such as QDs, particularly at elevated IS, decreased pH (Torkzaban et al. 2010b,
2012; Wang et al. 2013), smaller sizes of porous media grains (Torkzaban et al.
2010b; Wang et al. 2014d), or increased temperature (Kini et al. 2014). It should be
noted that although here we categorize retardation as a kind of detachment, in several
studies which have observed retardation, “detachment” has been ruled out because
the tailing in the BTC was not observed (He et al. 2009; Torkzaban et al. 2010a, b;
Torkzaban et al. 2012, 2013; Wang et al. 2013, 2014d; Sasidharan et al. 2014;
Treumann et al. 2014).

Nevertheless our view, based on the sum of evidence, is that retardation results
from reversible interaction of particles with the porous media surfaces, i.e., attach-
ment and detachment, the net result of which will control the final transport of
particles (Babakhani et al. 2018). Retardation in its linear form is mathematically
related to the most common parameter in the literature of reactive transport modeling
in groundwater known as distribution coefficient or partition coefficient Kd. The use
of Kd, however, requires applying an assumption of equilibrium between the
dissolved and sorbed phases of solute contaminant (or attached and mobile phases
of colloids/NPs). The respective model of this parameter is given in Table 6.1, as
type (v). The solution to this model using MT3DMS code is shown in Fig. 6.6b. This
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Fig. 6.6 Breakthrough curves generated by numerical solution of (a) model type (iv) from
Table 6.1, for various Kdet values (s

�1) and a fixed Katt ¼ 0.001 s�1, and (b) model type (v) from
Table 6.1, for various retardation factors and a fixed Katt ¼ 0.001 s�1 with MT3DMS model code
following Babakhani et al. (2015). Other parameters of flow and porous media conditions were
selected according to Babakhani et al. (2015) (or refer to Table 6.1). (Reprinted with permission
from Babakhani et al. (2017). Copyright (2017) Elsevier)
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figure elucidates how retardation of BTC occurs in combination with a significant
amount of irreversible attachment (Katt ¼ 1 � 10�3 s�1).

The third type of detachment, which has been referred to as release or
remobilization, is related to the cases where after injection of the particle dispersion
(first phase) and particle-free background solution (second phase), a solution with a
lower ionic strength (IS) or a different pH is flushed through the porous media
container. The released mass can be seen in the BTC in the form of separated peak
(s) following the primary breakthrough (Torkzaban et al. 2010a, 2013, 2015;
Godinez and Darnault 2011; Li et al. 2011; Jones and Su 2012; Lanphere et al.
2013; Bradford et al. 2015). The model for simulating the release is given as type
(vi) model in Table 6.1 (Torkzaban et al. 2013, 2015; Bradford et al. 2014). This
equation assumes that remobilized particles do not reattach again, with the rationale
that conditions following a perturbation that causes release are less favorable for
reattachment than the original conditions (Torkzaban et al. 2015). This type of model
has not yet been investigated for polyelectrolyte-modified NZVI.

6.3.3 Straining

In addition to the filtration mechanisms which are driven by the interfacial forces
between particles and the porous media surfaces, retention of particles in porous
media can be driven by physical straining (Bradford et al. 2002; Xu et al. 2006).
Straining is defined as the process of physical trapping of particles in pore throats
which are narrower than the size of particles to be passed through or in the case of
high concentrations of particles, straining is deemed to occur as a result of concurrent
arrival of many particles at a pore opening and consequent jamming and arching
which can eventually lead to clogging of the filtration surface (Ives 1970;
Jegatheesan and Vigneswaran 2005). In engineered filtration systems, such physical
straining results in a continuous compressible cake (Cleasby and Baumann 1962;
Ives 1963) or a mat with holes (Ives 1963).

Observed in experimental micromodels by the aid of pore visualization (Auset
and Keller 2006), straining can happen in cases where polyelectrolyte-modified
NZVI is injected into subsurface media in the near vicinity of the injection well
(e.g., Elliott and Zhang 2001; Edmiston et al. 2011; Rosansky et al. 2013; Köber
et al. 2014). Occasionally, straining has been further subdivided into two mecha-
nisms of wedging and bridging. Wedging is the trapping of particles at two bounding
surfaces without interference of particles, while bridging is the simultaneous arriving
and accumulation of particles at the pore constriction (Bradford and Torkzaban
2008; Zhang et al. 2012; Dong et al. 2015). In reality, even for ideal spherical NPs
and uniform grains, the pores are not uniform because of the existence of narrow
spaces at the contact angle of the spheres which brings about a differential capacity
of straining for different sizes of NPs. Herzig et al. (1970) illustrated different
retention sites for straining as (Fig. 6.7) (1) surface sites, (2) crevice sites, (3) con-
striction sites, and (4) cavern sites. This initiated the development and the use of a
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criterion for straining model selection by the ratio of particle diameter to grain
diameter (dp/dg) (Xu et al. 2006; Shen et al. 2008; Xu et al. 2008). This critical
ratio for straining as obtained from experimental results simultaneously under the
influence of physicochemical filtration and straining retention was found to be
0.0017 (Tan et al. 1994; Bradford et al. 2002, 2003; Li et al. 2004; Foppen et al.
2005). The idea of a critical straining threshold is important in developing the
conceptual model of NP transport with regard to straining, as many papers have
identified (Choy et al. 2008; Fang et al. 2009, 2013, 2015a, b; Li et al. 2011; Jiang
et al. 2012a, b; Cornelis et al. 2013; El Badawy et al. 2013; Jiang et al. 2013;
Neukum et al. 2014b; Qi et al. 2014a, b; He et al. 2015; Sun et al. 2015a; Wang et al.
2015b, c) or rejected the influence of straining based on this criteria (Wang et al.
2011; Jones and Su 2014; Kurlanda-Witek et al. 2014; Toloni et al. 2014).

In addition to this criterion, another sign for identifying the straining is the shape
of the retained colloid mass profile as a function of distance from the inlet (RCP),
particularly the observation of hyper-exponential behavior of the RCP (a marked
decreasing rate of deposition with distance from inlet according to an inverse power
law) by a number of authors (Bradford and Bettahar 2006; Bradford et al. 2006b;
Bradford and Toride 2007; Gargiulo et al. 2007, 2008; Ben-Moshe et al. 2010; Wang
et al. 2011, 2012c; Kasel et al. 2013), even though this behavior of the RCP can also
be attributed to other factors and mechanisms such as surface roughness (Bradford
et al. 2002; Shellenberger and Logan 2002; Bradford et al. 2003; Yoon et al. 2006),
concurrent aggregation (Chen and Elimelech 2006, 2007; Chatterjee and Gupta
2009; Chatterjee et al. 2010), colloid population heterogeneity (Tong and Johnson
2007; Jones and Su 2012), variations in the pore-scale velocity (Bradford et al.
2011a, b; Liang et al. 2013b), and chemical heterogeneity (Bolster et al. 1999; Li
et al. 2004; Tufenkji and Elimelech 2005). Besides, monotonic and/or
non-monotonic RCPs were also observed when the straining was the dominant
mechanism of retention (Bradford et al. 2006b; Xu et al. 2006; Xu and Saiers
2009; Porubcan and Xu 2011). Non-monotonic RCP demonstrates a peak of con-
centration somewhere between the inlet and the outlet of the porous media domain
(Bradford et al. 2006b). Despite extensive allusions to the reflection of transport and
deposition mechanisms in the RCP shape among literature studies (e.g., Bradford
and Bettahar 2006; Bradford et al. 2006b; Bradford and Toride 2007; Gargiulo et al.

Fig. 6.7 Possible retention sites for straining from Herzig et al. (1970). (Reprinted with permission
from Babakhani et al. (2017). Copyright (2017) Elsevier)
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2007, 2008; Wang et al. 2011, 2012c; Kasel et al. 2013), there have been fewer
attempts to evaluate the slope of the BTC plateau in respect of the underlying
mechanisms of transport. More frequently, however, straining has evidently come
with an ascending BTC plateau including that of polyelectrolyte-modified NZVI
(Raychoudhury et al. 2014).

From the perspective of continuum-scale modeling, straining has been described
either with a depth-dependent decaying exponential function (Bradford et al. 2003)
or with a concentration-dependent decaying exponential function (Xu et al. 2006,
2008; Xu and Saiers 2009). The former includes one empirical parameter, β,
standing for the shape of the colloid spatial distribution and one extra variable of
x standing for the distance from the inlet. This function, given below, is in fact able to
predict the depth-dependent RCP (Bradford et al. 2003):

ψ x ¼
dc þ x

dc

� ��β

ð6:20Þ

where dc is size of grains (collector) representing the pore length which is oftentimes
considered as d50, the median size of the porous media grains. The implementation
of this function in the advection-dispersion model is its multiplication in the term for
attachment (in Katt) as given in model types (ix), (x), (xi), (xii), (xiii), and (xiv) in
Table 6.1. When β is equal to zero (ψx ¼ 1), the decrease of retained concentration
with distance is exponential which is the case for clean bed filtration theory (Brad-
ford and Bettahar 2006).

On the other hand, the concentration-dependent decaying exponential expression
includes two parameters, a rate coefficient parameter, k0, standing for straining
kinetic rate coefficient [T-1] and the coefficient for the exponential decline in
straining rates, λ, with the same unit as retained concentration variable, S, [NM�1

or MM�1] (Xu et al. 2006):

ρb
ε

∂S
∂t

¼ k0 C e
�S=λ ð6:21Þ

This expression is solved within the advection-dispersion equation. When S � 0,
the equation becomes the same as that for clean bed colloid filtration theory.

The depth-dependent expression used by Bradford et al. (2003) has become more
popular for simulation of colloid and NP straining to the extent that most of the
recent studies on NP transport have utilized this expression to fit the BTC/RCP of NP
transport through column experiments, e.g., for hydroxyapatite NPs (Wang et al.
2012b, c, d, 2014a, b, 2015b, c) and silver NPs (Liang et al. 2013b; Wang et al.
2014a). More frequent applications of the expression developed by Bradford et al.
(2003) might be because of two reasons. The first reason is that the depth-dependent
expression of Bradford et al. (2003) uses only one parameter (β), which can be
estimated based on the observed shape of the RCP and even in most of the studies as
either a fixed value of 0.432 (Bradford et al. 2003; Bradford and Bettahar 2006;
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Wang et al. 2011, 2012b; c, d, 2014a; b, 2015a; Fang et al. 2013; Liang et al. 2013b;
Qi et al. 2014a, b; Fan et al. 2015a, b) or 1.532 (e.g., Liang et al. 2013a), which has
been used without adding an extra free parameter to the parameter estimation
procedure. For polyelectrolyte-modified NZVI, however, this parameter has been
considered as a free parameter to be estimated in terms of inverse modeling, and the
values obtained comprise of 0.609 for CMC-modified NZVI (Raychoudhury et al.
2014). The second reason is that the depth-dependent model considers a decaying
attachment rate with a distance which is favorable for capturing the hyper-
exponential behavior of RCP, frequently witnessed in the transport of colloids and
NPs subjected to concurrent physicochemical filtration and straining.

On the other hand, in studies that have used the concentration-dependent model,
the effect of physicochemical filtration was turned off, by thorough cleaning of the
sand and the use of deionized water (DI) as the dispersant solution, in order to
maximize electrostatic repulsion between the colloids and sand surface thereby to
expect the mere influence of straining unambiguously (Xu et al. 2006, 2008; Xu and
Saiers 2009; Porubcan and Xu 2011; Torkzaban et al. 2012). This brought about a
nearly monotonic-shaped RCP in those studies. It is still not clear whether this model
can fit the BTCs and RCPs for conditions where the concurrent influences of
physicochemical filtration and straining exist. It should be noted that the straining
model used by Bradford et al. (2003) has been criticized for not having enough
power to describe the real straining phenomena (Johnson et al. 2011). In other words,
whenever the depth-dependent model has been fitted to the experimental data with
hyper-exponential RCP, it is obscured, recalling the ambiguities regarding the
relevancy of straining to the RCP behavior, whether in reality the model describes
the straining phenomena or merely the depth-dependent behavior (Johnson et al.
2011). Therefore, there is a crucial need to develop more rigorous conceptual models
that can consider the concurrent effect of various phenomena occurring for NP
during transport in porous media in order to decrease the uncertainty regarding the
underlying mechanisms. This problem becomes even more convoluted when other
phenomena such as blocking/ripening are involved, as addressed in the next section.

6.3.4 Site-Blocking and Ripening

6.3.4.1 Site-Blocking

The surface of porous media may have a limited capacity for the adsorption/
attachment of solute/particles, and once this capacity is filled, the adsorption/attach-
ment of further solute/particles is hindered by the presence of previously sorbed/
attached materials. The most popular approach for modeling this quality, called the
site-blocking effect, is the Langmuir approach for solutes/gases (Langmuir 1918)
and for colloids (Adamczyk et al. 1994) adsorption onto solid surfaces. This is used
to model the site-blocking effect of colloidal particle attachment during transport in
porous media via the following relationship (Saiers et al. 1994):
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ψb ¼ 1� S

Sm

� �
ð6:22Þ

where ψb is the Langmuirian blocking function related to the fraction of porous
medium available for deposition [—] and Sm is the maximum retained-particle phase
concentration, i.e., colloidal retention capacity [NM�1 or MM�1]. When used in the
advection-dispersion model, this expression will result in second-order colloid
deposition kinetics limited by aqueous phase as well as solid phase concentrations
(Skopp 1986; Saiers et al. 1994). The BTC produced by this model does not maintain
a plateau but instead gradually climbs toward the peak (ascending plateau). This
gradual rising plateau is a sign of decline in the deposition rate with increases in the
amount of attached phase particles, i.e., the blocking effect (Saiers et al. 1994).

Accordingly, many papers, by observing the gradual increasing plateau of the
BTC, applied the Langmuirian approach to the continuum model (model types (xv),
(x), (xi), (xiii), (xvi), and (v), Table 6.1) in order to simulate the transport of, e.g., Ag
NPs (Braun et al. 2014; Neukum et al. 2014b), GO (Feriancikova and Xu 2012; Liu
et al. 2015; Sun et al. 2015b), CeO2 NPs (Li et al. 2011), TiO2 NPs (Saiers et al.
1994; Toloni et al. 2014), QD (Torkzaban et al. 2012, 2013; Wang et al. 2013, d),
and CML (Torkzaban et al. 2012). Based on the satisfactory model fitting results,
these studies proposed the blocking of the physicochemical attachment sites as
underlying phenomena for transport of NPs in porous media. However, the appli-
cation of this model has not been limited to blocking due to physicochemical
deposition but also been widely applied for describing the debilitating capacity of
the straining sites over time via model types (xi) and (x), Table 6.1. In addition, in a
few studies (Wang et al. 2012b, d), the Langmuirian type site-blocking function was
combined with the depth-dependent model of straining in the form of dual-
deposition sites (model types (x), Table 6.1) – one for time-dependent retention
and another for depth-dependent deposition, without any mention to specific phe-
nomena of straining or blocking.

It is very important to note that an arising plateau of the BTC should not be
always taken as a sign of site-blocking phenomena. Recalling the generated BTC by
using the simple nonequilibrium attachment/detachment model (model type (ii),
Table 6.1) in Fig. 6.6a, ascending BTC plateaus can also emerge with increasing
Kdet values as described earlier. Nevertheless, these shapes of BTC, resulting from
simple attachment/detachment models, come with tailing which may not be the case
when the underlying transport process is site blocking (e.g., Feriancikova and Xu
2012; Torkzaban et al. 2013; Neukum et al. 2014b; Qi et al. 2014a, b; Sasidharan
et al. 2014; Toloni et al. 2014; Wang et al. 2014d; Sun et al. 2015b) or may have
occurred simultaneously, as modeled via both Kdet and Langmuirian function at the
same time (Tosco and Sethi 2010; Fan et al. 2015a; He et al. 2015).

From a mechanistic standpoint, the Langmuir function can be criticized for being
a linear function of the surface coverage (Johnson and Elimelech 1995). Therefore, a
dynamic blocking function based on the nonequilibrium model of random sequential
adsorption (RSA) mechanics as a nonlinear power law function of surface coverage
was developed in order to account for the real surface exclusion effects introduced
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by larger colloids (Schaaf and Talbot 1989; Johnson and Elimelech 1995). Being a
sort of mechanistic approach, this model obviated the need for parameter estimation.
This model was even employed to simulate the transport of colloids in heteroge-
neous porous media (Sun et al. 2001). Nevertheless, this type of modeling approach
generally comes with the disadvantages of ignoring the specific interactions of
attaching particles with interfaces and with previously deposited particles, as well
as inefficiency of their application for non-spherical particles (Adamczyk et al.
2013). Furthermore, they have the limitation of being strictly valid for just the
irreversible deposition (Adamczyk et al. 2013). A detailed discussion of this
model can be found in Adamczyk et al. (2013).

Noticeably, no NZVI transport studies report the site-blocking effect. Presum-
ably, NZVI is intrinsic to magnetic particles, and particle-particle interaction involv-
ing magnetic attraction is much stronger than particle-collector interaction which
involves only van der Waals attraction. Thus, deposited NZVI on a collector surface
will favor further deposition of suspended NZVI on the NZVI-occupied surface
rather than blocking of the deposition site. Thus, for cases of NZVI (especially bare
NZVI), ripening rather than blocking has been reported.

6.3.4.2 Ripening

Ripening is the opposite of the blocking phenomena, i.e., it is expected to occur
when the particle-particle interactions/associations on the surface of porous media
are stronger than the particle-surface interactions/associations. Also, in contrast to
the blocking mechanism, in which the deposition rate decreases with time, ripening
causes an increase in the deposition rate with time. This leads to a dropping plateau
of the BTC in the case of ripening (Deshpande and Shonnard 1999; Kretzschmar
et al. 1999; Bradford et al. 2003, 2006a; Nascimento et al. 2006; Bradford and
Torkzaban 2008; Shen et al. 2008; Chatterjee et al. 2010; Chen et al. 2011; Hosseini
and Tosco 2013; Bradford et al. 2014; Gastone et al. 2014; Tosco et al. 2014; Wang
et al. 2014b, 2015b; Basnet et al. 2015).

Ripening has been observed for NPs such as NZVI (Tiraferri and Sethi 2009;
Tosco and Sethi 2010; Basnet et al. 2013, 2015; Hosseini and Tosco 2013; Tosco
et al. 2014), HAP NPs (Wang et al. 2012b, 2014b, 2015b, c), TiO2 (Chen et al. 2011,
2012; Wang et al. 2014c), nano-C60 (Cheng et al. 2005), CeO2 NP (Lv et al. 2014),
and ZnO NP (Jiang et al. 2012a, b) typically at ISs in the range 10–20 mM NaCl or
1 mM CaCl2 (e.g., Chen et al. 2011, 2012; Jiang et al. 2012b). The increase in the
inflow concentration of bare NZVI strongly affected ripening and can result in
clogging of porous media (Fig. 6.8).

In the context of continuum-based modeling of NPs, two modeling approaches
have generally been applied to ripening. First, a more robust form of Eq. (6.22),
already capable of modeling the blocking effect, was introduced to model the
ripening phenomena alternatively, given as Eq. (e) in model type (xiv), Table 6.1
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(Shen et al. 2008; Tosco and Sethi 2010; Hosseini and Tosco 2013). This equation
represents ripening when β1 > 0 and A1 > 0 or blocking when β1 ¼ 1 and A1 ¼ 1/Sm.
Second, ripening has been modeled by adding a second-order term between the
aqueous phase and the attached phase to the mass balance equation of the attached
phase as given in Eq. (b) in model type (xii), Table 6.1 (Bradford and Bettahar 2006;
Wang et al. 2014b).

Since ripening takes place in physicochemical conditions that are also favorable
for aggregation, these terms sometimes have been used interchangeably, or in other
words, aggregation in porous media has sometimes been alluded to as ripening (Shen
et al. 2008; Tong et al. 2008; Wang et al. 2014c). Yet, it should be clarified that
aggregation, by itself, can occur both in the aqueous phase and the attached or
immobilized phase separately. In the aqueous phase, aggregation results from the
common mechanisms of aggregation, namely, perikinetic aggregation, differential
sedimentation, and orthokinetic aggregation (Elimelech et al. 1998; Babakhani et al.
2018), while in the attached phase, aggregation can result from the movement and/or
rolling of the particles weakly attached to the secondary minimum of the collector
surface and translating along the surface due to hydrodynamic drag forces and
eventually their accumulation near the rear of the collector or at grain-to-grain
contact areas (Bradford et al. 2006b; Kuznar and Elimelech 2007; Phenrat et al.
2009, 2010b; Bradford et al. 2011b; Sun et al. 2015b).

On the other hand, ripening arises from the interactions of depositing particles in
the aqueous phase, with the surface of the previously deposited particles in the

Fig. 6.8 Micro-fluidic cell images of bare NZVI ripening followed by clogging (a) after 1 min, (b)
after 5 min, (c) after 10 min, and (d) after 15 min (Saleh et al. 2007)
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retained phase, leading to multilayer accumulations of particles on the surface of the
collector (Kretzschmar et al. 1999; Nascimento et al. 2006; Chen et al. 2011; Basnet
et al. 2013; Wang et al. 2014b, 2015b). This also gives physical meaning to the
second type of ripening model outlined above in which ripening is described by a
second-order term standing for the interactions between the fluid phase and the
attached phase.

6.3.5 Aggregation/Agglomeration

Homoaggregation or agglomeration of polyelectrolyte-modified NZVI during trans-
port in porous media plays a major role in the attachment, detachment, straining, and
ripening discussed above since these phenomena are partly governed by particle or
agglomerate sizes. Due to the intrinsic magnetic attraction of NZVI, agglomeration
is substantial even with polymeric surface modification (see Chap. 5) as it can be
visually observed with bare eyes. Thus, NZVI literature has repeatedly studied
agglomeration effect on NZVI transport in porous media (Table 6.2).

The terms “agglomeration” and “dispersion stability” have been used inter-
changeably, but they are two distinct processes; agglomeration only considers the
attachment of particles to each other, while dispersion stability considers both their
attachment and their subsequent sedimentation and removal from the aqueous media
(Friedlander 1960a, b; Jeffrey 1981; Abel et al. 1994; Risovic and Martinis 1994;
Tang and Raper 2002; Phenrat et al. 2007). This difference is more pronounced in
the context of porous media. In particular, the restricted length scales for sedimen-
tation to take place in pores and the fact that they are advecting through the pores
may distinguish agglomeration in porous media from that in bulk aqueous scale
(Phenrat et al. 2009).

Thus far, the most common model for simulating the aggregation of colloids or
NPs is the Smoluchowski model (Smoluchowski 1917; Hunt 1982; Elimelech et al.
1998; Raychoudhury et al. 2012; Quik et al. 2014a, b; Taghavy et al. 2015). This
model is based on the superposition of three mechanisms: perikinetic, orthokinetic,
and differential sedimentation. The perikinetic mechanism of aggregation involves
particle-particle collisions caused by the Brownian motion of particles. Orthokinetic
aggregation involves collisions arising from any motion or flow in a fluid that can
cause shear stress. Differential sedimentation occurs when the particle sizes are so
different that larger particles settle faster than smaller ones and collide with those in
their paths (Elimelech et al. 1998; Babakhani et al. 2018). Detailed accounts of
aggregation mechanisms, e.g., consideration of the fractal nature of aggregates or of
gravitational sedimentation in aqueous media, are available elsewhere (Lee et al.
2000, 2002; Liu et al. 2011).

Agglomeration of NPs, in spite of being the focus of ongoing studies in aqueous
media (Liu et al. 2011; Quik et al. 2014a, b; Therezien et al. 2014; Goudeli et al.
2015; Yu et al. 2015a), has been widely ignored by models of transport in porous
media. Many modeling studies on NP transport reported to date have overlooked
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agglomeration by assuming that in the selected experimental conditions, aggregation
might have not been operative. This rationale may be justified by several observa-
tions including (1) high experimental values of zeta potential or stability analysis
based on critical coagulation concentration (CCC) or DLVO theory (El Badawy
et al. 2013; Kini et al. 2014; Toloni et al. 2014), (2) the lack of significant size change
observed under equivalent conditions in batch experiments (Li et al. 2011, 2013;
Rahman et al. 2013; Torkzaban et al. 2013; Braun et al. 2014; Neukum et al. 2014b;
Rahman et al. 2014; Sasidharan et al. 2014), or (3) the lack of any significant change
in the concentration of suspended NP in such batch experiments, indicating the
absence of sedimentation (e.g., He et al. 2015). Nevertheless, agglomeration cannot
be ignored in the case of NZVI applications for in situ remediation using high
particle concentration as elaborated in Chap. 5.

Agglomeration of polyelectrolyte-modified NZVI can affect the deposition of
NZVI during their transport through porous media in a number of ways. First, the
increase in size due to agglomeration can affect particle transport to a collector via
diffusion, sedimentation, and interception as represented by a single-collector colli-
sion frequency (η0) (Eq. 6.4). NZVI agglomeration reduces diffusivity, thereby
decreasing the collision frequency with a collector surface arising from diffusive
transport, although the effect can deviate from Stokes-Einstein predictions where
agglomeration results in high-porosity clusters with lower drag coefficients than
solid particles (Lin and Wiesner 2012).

Increasing the size of NZVI agglomerates can enhance NZVI transport to collec-
tor surface via sedimentation and interception. Additionally, the formation of porous
agglomerates can also bring about a two to three times higher sedimentation velocity
than that predicted by Stokes’ law for impermeable spheres of equivalent mass and
size (Li and Logan 1997). The porosity and thus settling velocity of fractal agglom-
erates can rise as their size grows because of the change in the fractal dimension that
indicates their density (Johnson et al. 1996; Li and Logan 2001; Chakraborti et al.
2003; Meng et al. 2013). The observed single-collector collision frequency of the
agglomerate (η0’) is a function of agglomerate size (dagg) and can be expressed as in
Eq. (6.23). Please note that the “prime” notation on η0’ is used to distinguish
between filtration theory that assumes no agglomeration and the modified filtration
theory presented in this study which assumes rapid steady state agglomeration.

η0
0 ¼ 67:39H0:05As

1=3

kBTð Þ�0:66d0:63c u0:72s

" #
d�0:796
agg þ 0:985H0:12As

u0:12s d1:68c

" #
d1:425agg

þ 3:16� 10�5H0:05d0:24c

kBTð Þ0:05u1:11s

" #
d1:98agg ð6:23Þ

Additionally, for NZVI particles which collide with collector surfaces, increases
in the size of agglomerates can increase the magnitude of the secondary minimum
according to DLVO interaction energy, thereby increasing attachment rate and
decreasing attachment reversibility. Phenrat et al. (2009) revealed that attachment
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of polystyrene sulfonate (PSS)-modified NZVI with the polydisperse RH from 15 to
260 nm (PSS-RNIP-F1) transporting through a sand-packed column was much
greater of PSS-modified NZVI with the monodisperse RH of 24 nm (PSS-RNIP-
F3) contrary to extended DLVO calculation predicting similar transportability of
individual PSS-modified NZVI for both sizes.

While they theoretically had similar electrosteric repulsions due to similar prop-
erties of adsorbed polyelectrolyte layers, PSS-modified NZVI with polydisperse RH

from 15 to 260 nm shared much greater magnetic attraction in comparison to
PSS-modified NZVI with the monodisperse RH of 24 nm. During the transport,
van der Waals and magnetic attractions of polydisperse PSS-modified NZVI with RH

from 15 to 260 nm induced agglomeration under the much deeper secondary
minimum. The shear flow in the porous media causes both agglomeration and
disagglomeration until the agglomerates reach a stable size. PSS70K-RNIP-F1
with greater fraction of large particles/agglomerates initially forms stable agglom-
erates with a larger average size than PSS70K-RNIP-F2 and F3, respectively.

As discussed earlier, in a flow field, the deposited NZVI under a shallow
secondary minimum can be re-entrained when the applied torque (Tapplied) over-
comes the adhesive torque (Tadhesive) due to the particle-collector interaction. As
shown in Fig. 6.5, the greater the particle or agglomerate sizes, the larger the Tadhesive
and the lower the Tapplied. Similarly, the Tadhesive for PSS70K-RNIP aggregates of
RH ¼ 155 and 367 nm (the representative of the first peak of PSS70K-RNIP-F1 and
PSS70K-RNIP–F2, respectively) is two and three orders of magnitude greater than
its Tapplied.

Thus, irreversible deposition is predicted in contrast to those of non-aggregating
PSS-modified NZVI. This model predicts that the larger the size of aggregates
transported through porous media for a given flow condition, geochemical condition,
and surface properties, the higher the probability of irreversible deposition, i.e.,
Tadhesive � Tapplied, as shown in the case of RH from 1 to 5 μm.

Consequently, Phenrat et al. (2009) proposed that an alternative conceptual
model of particle agglomeration and subsequent deposition (Fig. 6.9) is more
appropriate for explaining the deposition behavior of polyelectrolyte-modified
NZVI. This conceptual model assumes that stable agglomerates form quickly
under a secondary minimum attachment promoted by intrinsic magnetic attraction
among NZVI. The agglomerate size is a result of the balance between van der Waals
and magnetic attractions between polyelectrolyte-modified NZVI, electrosteric
repulsive forces from the adsorbed polyelectrolytes, and the induced fluid shear in
pore spaces. The agglomerates transport and deposit onto a collector (e.g., a sand
grain). Larger agglomerate sizes yield higher attachment efficiency and lower the
deposition reversibility as explained above. This conceptual model is consistent with
the observed deposition and attachment reversibility of PSS-RNIP-F1, PSS-RNIP-
F2, and PSS-RNIP-F3 where PSS-RNIP with larger particles and higher Fe0 content
(-F1 and -F2) formed larger stable agglomerates due to stronger magnetic attraction
between particles.

Additionally, using regression analysis of the set of column data, Phenrat et al.
(2010b) propose a mechanistic-based empirical model to predict a dimensionless
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agglomerate size (dagg/dp) as a function of the transport conditions, NaCl concen-
tration, shear rate in porous media (s�1), and properties of the polymeric surface
modifiers (Eq. 6.24).

For NaCl:

dagg
dp

¼ 4:24� 10�15 μ1:28o M2:55
s M0:10

w

η2:26v N0:3
avod

1:2
M0γ

0:3
s NaCl½ �∗0:2 ð6:24Þ

where μ0 is magnetic permeability in vacuum (1.25 � 10�6 N/A2) and Navo is
Avogadro’s number (6.03 � 1023 mole�1). [NaCl]* in this equation is in mole/m3.
MS (in A/m) is NZVI saturation magnetization. dM0 (in m) is adsorbed polymer layer
thickness determined from Ohshima’s soft particle analysis.MW is molecular weight
of polymeric surface modifier and ηv is fluid viscosity. The empirical unit of the
constant in Eq. (6.24) is kg�0.88 m4.13 mole�0.3.

Once we can predict agglomerate size, we can also predict the attachment
efficiency of the agglomerate (α’) from Eq. (6.19) by substituting dp with dagg to
yield:

VvdW and VM attractions  

promote aggregation

Shear force (SF) promotes 

disaggregation

VvdW and VM overcome SF

SF succeeds in disaggregation

Sand grain

Successful detachment 

due to drag torque

Unsuccessful 

detachment because 

secondary minimum 

well is too deep.

Successful detachment 

due to drag torque

(a)

(b)

Fig. 6.9 Conceptual model of aggregation of polydisperse NZVI followed by deposition of
clusters under a secondary minimum. This model conceptually considers the balance of shear
(which is a function of fluid velocity) and total attraction energy between particle-particle or
particle-aggregate (which is a function of ionic strength, van der Waals attraction, magnetic
attraction, and electrosteric repulsions) on aggregation and disaggregation together with the balance
between secondary minimum between clusters and collectors and drag torque on attachment and
detachment; (a) is for small size, less polydisperse surface-modified NZVI and (b) is for large size,
more polydisperse surface-modified NZVI (Phenrat et al. 2009). (Reprinted with permission from
Phenrat et al. (2009). Copyright (2009) American Chemical Society)
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α0 ¼ 6:29� 107H0:39u0:68s η0:88v M0:10
W

ρ0:10polyΓ
0:10d0:20M ζ2p þ ζ2g

� �1:17

264
375d0:29agg ð6:25Þ

The set of mechanistic-based correlations (Eqs. 6.23–6.25) can serve as a tool for
preliminary design of emplacement strategies for polyelectrolyte-modified NZVI at
high particle concentration in porous media using estimates of approach velocity,
grain size, ionic strength, and properties of NZVI particles (particle size and Fe0

content) and adsorbed polyelectrolyte layers (layer thickness and surface excess).
The application of this set of equations is done by using Eq. (6.24) to estimate the
apparent average size of stable aggregates formed in the system, and then using
Eqs. (6.23) and (6.25) to determine the collision frequency (η0’) and collision
efficiency (α’) for NZVI agglomerates, respectively. Then, the transport distance
(L ) for a desired C/C0 can be calculated from Eq. (6.5) by substituting αCF and
η0 with α’ and η0’, respectively. In addition, this set of correlations can be used in the
design of controlled emplacement strategies of polyelectrolyte-modified NZVI for in
situ remediation (see Sect. 6.4).

For continuum-scale modeling, Babakhani et al. (2018) modified widely used
solute transport models, MODFLOW and MT3DMS, in order to incorporate the
influence of agglomeration with other transport phenomena including attachment,
detachment, and subsequent irreversible deposition of agglomerates for
polyelectrolyte-modified NZVI at low and high particle concentrations. Accord-
ingly, they proposed modified advection-dispersion-reaction (ADR) and first-
order, reversible, kinetic-reaction (FRK) equations to capture these processes:

∂N
∂t

þ ρb
ε

∂ �N

∂t
¼ D

∂2N

∂x2
� V

∂N
∂x

� λ1N � λ2
ρb
ε

�N ð6:26Þ

ρb
ε

∂ �N

∂t
¼ KattN � ρb

ε
Kdet �N ð6:27Þ

where N [with a dimension of L�3] and �N [with a dimension of M�1] are the particle
number concentrations of fluid-phase particles and deposited particles, respectively;
V is the interstitial particle velocity; D is the hydrodynamic dispersion coefficient; ε
is the bed porosity; ρb is the porous medium bulk density; λ1 is the pseudo first-order
reaction rate [T�1], which stands for the decay in population of particles due to
agglomeration (mechanism #2); λ2 is the pseudo first-order reaction rate [T

�1] which
stands for the decay in the population of deposited, detachable particles and repre-
sents irreversible deposition (mechanism #3); and Katt and Kdet are the attachment
and detachment rate constants [T�1], respectively (mechanism #1). It should be
noted that, throughout this section, the word particles refers to both primary particles
and agglomerates (clusters), which are differentiated by size. Over the use of
equilibrium adsorption assumption, instead of first-order, reversible, kinetic-reaction
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equation (nonequilibrium), a linear reversible deposition model (equilibrium) was
also investigated in this study that uses one parameter of Kd, the distribution
coefficient [L3 M�1] (He et al. 2009).

While the concentration variable in Eqs. (6.26) and (6.27) is expressed in terms of
particle number concentration, it may be more convenient in many situations to work
with mass concentration. Mass concentration data from laboratory and field mea-
surements is typically more readily available than particle number concentration
data. In addition, widely used flow and transport models such as MODFLOW/
MT3D are also based on mass concentration. Furthermore, a recent study on the
transport of NPs (Wang et al. 2012a) implies that different interpretations can occur
when either of mass or particle number concentrations are used. Hence, it is useful to
be able to convert particle number concentration to mass concentration. To accom-
plish this, the following two equations were used:

N ¼ C
4
3π r3ρ fe

ð6:28Þ

�N ¼
�C

4
3π�r

3ρ fe
ð6:29Þ

where C is the mass concentration of fluid-phase particles (ML�3); �C is the mass
concentration of deposited-phase particles (MM�1); r and �r are the average radii of
particles in the fluid phase and deposited phase, respectively; and ρfe is the average
density of the particles or aggregates.

It should be noted that assuming the shape of the particles or agglomerates in
Eqs. (6.28) and (6.29) to be spherical is a common assumption for polymer-coated
NZVI particles (Raychoudhury et al. 2012; Taghavy et al. 2014). In order to reduce
the computational burden in this study, the average particle size is considered instead
of particle size distribution. On the other hand, in the previous paper, it was revealed
that dispersions with different degrees of polydispersivity have different agglomer-
ation and deposition behaviors compared to monodisperse dispersions. Therefore,
the impact of polydispersivity is investigated by fitting the model against different
breakthrough data sets obtained for dispersions with various degrees of initial
polydispersivity. After inserting Eqs. 6.28 and (6.29) into Eqs. (6.26) and (6.27),
there were four variables in the resulting equations: C, �C, r, and �r. In order to solve
the equations for these unknowns, two additional equations were required, one of
which was obtained by considering that the change in the particles’ radii is governed
by agglomeration. Since Eq. (6.26) assumes that the population of particles decays at
a rate of λ1 due to agglomeration, Babakhani et al. (2018) considered a pseudo first-
order reaction equation to represent the agglomeration process:

∂N
∂t

¼ �λ1t ð6:30Þ
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Integrating Eq. (6.30) with the initial condition that N ¼ N0 at t ¼ 0 yielded:

N ¼ N0e
�λ1t ð6:31Þ

Equation (6.31) relies on a simple pseudo first-order reaction model to represent
agglomeration (model type (viii), Table 6.1). The basis of common agglomeration
models such as the Smoluchowski model is a second-order rate equation (Holthoff
et al. 1996, 1997; Elimelech et al. 1998; Szilagyi et al. 2014) although there is a
limited number of studies which used a first-order formulation for agglomeration
(Swift and Friedlander 1964; Birkner and Morgan 1968; Logan et al. 1995b;
Baalousha 2009; Kocur et al. 2013). Babakhani et al. (2018) showed that the use
of a pseudo first-order model could successfully describe the agglomeration of
polyelectrolyte-modified NZVI in porous media conditions of homogenous
one-dimensional domains. Then, by inserting Eq. (6.28) into Eq. (6.31), the follow-
ing equation was obtained to account for the change in the average particle radius
due to agglomeration:

r ¼ r0

ffiffiffiffiffiffiffiffiffiffiffiffi
eλ1t

C

C0

3

r
ð6:32Þ

where r0 is the average radius of particles (or agglomerates) at t¼ 0 and C and C0 are
the mass concentrations of fluid-phase particles at a given t and t¼ 0, respectively. It
should be mentioned that Eq. (6.32) was developed solely based on agglomeration
and that the parameter C/C0, which emerged in this equation, must assumed unity,
because the change in the mass concentration cannot reflect any agglomeration
effect. As for this second additional equation, it was assumed that the radius of the
suspended particles was equal to the radius of the deposited, detachable particles.
This simplified assumption is used because particles are continually being
exchanged between the suspended phase and the deposited, detachable phase,
considering the fact that those particles that are irreversibly attached behave as if
they were eliminated from the system (a typical assumption of perfect sink models)
(Ryan and Elimelech 1996).

Ultimately, three equations remaining to be solved simultaneously include
Eqs. (6.26), (6.27), (6.32). In laboratory particle transport experiments, the transport
parameters related to the attachment and agglomeration (Katt, Kdet, λ1, and λ2) are
typically unknown. Therefore, an iterative procedure was developed to optimize
these parameters with respect to observed concentration data.

The steps of the iterative algorithm for calibrating the parameters of the model are
as follows:

(i) First, assume that there is neither NZVI agglomeration nor irreversible depo-
sition in the model’s porous media; thus, the value of r would be equal to the
value of r0, which is equal to the average radius of the particles at time zero.
Then, fit the standard numerical code to the observations, which are in terms of
mass concentration, and obtain the parameters of the model (Katt, Kdet, λ1,
and λ2).
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(ii) Use Eq. (6.32) to calculate r with the λ1 value obtained in the previous step;
assume that t is equal to the average retention time of the particles in the model
domain and C/C0 is equal to unity.

(iii) Convert the inflow concentration and the concentration data observed at the
outlet(s) from mass concentration to number concentration using Eq. (6.28) and
the radius of particles (aggregates) obtained from the previous step.

(iv) Fit the model output data (in number concentration) to the observed data, and
optimize the parameters of the model using the WinPEST model.

(v) Beginning at step ii, iterate with the new values of λ1 through step iv, until the
difference in the values of λ1 for two successive iterations becomes negligible.

(vi) As a convergence criteria for λ1, a value of 1% was considered to be sufficient,
because it induced a similar amount of error in the estimated size of agglom-
erates which is relatively minor in comparison to other possible uncertainties of
typical experimental and modeling procedures.

Figure 6.10 shows that the MODFLOW together with M3TD modified by
Eq. (6.26) to Eq. (6.32) successfully modeled experimental results of
PSS-modified NZVI transport in one-dimensional porous media both at low particle
concentration (0.03 g/L) where agglomeration is not significant and at high particle
concentration (1–6 g/L) where agglomeration plays an important role.

6.4 Upscaling Transport Models of Polyelectrolyte-
Modified NZVI

Although experiments to develop mechanistic-based models and continuum models
(in Table 6.1) were one-dimensional, it is clear that for field application, we need
two-dimensional (2-D) or three-dimensional (3-D) transport modeling platforms for
NZVI delivery and emplacement design. Thus, in the final section of this chapter, we
aim to present examples of integrating various mechanistic-based models and
continuum models representing multiple contemporaneous transport phenomena
together to develop a modeling tool for simulation and prediction of polymer-
modified NZVI delivery in subsurface. This can be done by using a multi-physics
modeling platform such as COMSOL or using a well-known MODFLOW/MT3D as
follows:

6.4.1 COMSOL-Based Transport Model for Predicting
the Emplacement and Transport of Polymer-Modified
NZVI in 2-D Heterogeneous Porous Media

In Sect. 6.3.5, we described the development of an empirical model (Eq. 6.23–6.25)
that allows for the prediction of polymer-modified NZVI transport in porous media
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Fig. 6.10 Comparison of the experimental and modeled breakthrough curves of the 1-D model:
(a) F3, F2, and F1 at the low concentration of 0.03 g/L, (b) F3, F2, and F1 at the high concentration
of 1 g/L, (c) F3, F2, and F1 at the high concentration of 3 g/L, and (d) F3, F2, and F1 at the high
concentration of 6 g/L. The symbols represent the experimental (Exp.) data, and the lines represent
the modeled (Mod.) data. The experimental data were taken from Phenrat et al. (2009), which had
been conducted in columns (25.5 cm long with internal diameters of 1.02 cm) packed with spherical
silica sand (d50 ¼ 300 μm) at a pore water velocity of 3.2 � 10�4 m/s (Babakhani et al. 2015)
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at high particle concentrations. However, it was validated only for homogeneous
sand and one-dimensional flow. To enable the model to predict the transport and
deposition of NZVI in heterogeneous porous media with varying flow velocities, we
coupled the mechanistic-based empirical correlations for estimating stable aggregate
sizes and their deposition in porous media (Eq. 6.23–6.25) with a two-dimensional
flow field simulation using COMSOL. To demonstrate the performance of the
model, we compared the measured transport and deposition of polymer-modified
NZVI transport in 2-D heterogeneous porous media with modeled results using the
same hydrogeochemical conditions as in the experiment. This experiment is
described in detail by Phenrat et al. (2010a).

Figure 6.11 shows the experimental and modeling results of polyelectrolyte-
modified NZVI (MRNIP2) transport at different pore volumes (PV). The experi-
mental and modeling results of MRNIP2 transport are similar. This suggests that the
COMSOL-based model using the mechanistic-based empirical correlations for esti-
mating stable aggregate sizes and of those aggregates in porous media is a promising
tool for designing delivery schemes for polymer-modified NZVI in porous media
when the nanoparticle properties and subsurface properties are known. We also tried
to couple other available colloidal transport models (such as standard and modified
filtration models that account for steric effects on deposition but ignore agglomer-
ation) with the COMSOL model. However, these models could not simulate the
experimental results. We assumed that a filtration model alone (ignoring steric effect
and agglomeration) underestimates MRNIP2 transport, while a modified filtration
model with the effects of steric repulsions on deposition but ignoring agglomeration
overestimates transport.

6.4.2 MODFLOW/MT3D-Based Transport Model
for Predicting the Emplacement and Transport
of Polymer-Modified NZVI in 2-D Heterogeneous
Porous Media and in 3-D for Design of NZVI Injection

The MODFLOW-based model can be modified to account for all the processes
affecting the transport of polymer-modified NZVI, including advection, dispersion,
attachment, detachment, and agglomeration as discussed previously. As with using
MODFLOW together with M3TD modified by Eq. (6.26) to Eq. (6.32) to model
transport of PSS-modified NZVI in 1-D porous media, the modeling platform can
successfully model experimental results of PSS-modified NZVI transport in 2-D
heterogeneous porous media.

Figure 6.12 compares the resulting concentration contours based on the λ1 values
obtained in the initial and final iterations with photographs of the washed MRNIP2
plume (experimental results). These results show an overall improvement in the
agreement between the experimental and simulated shapes of the NZVI plume after
estimating λ1 values through the iterative procedure. However, about a twofold
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overestimation is obvious in the right side of the medium layer, which may have
been due to the uncertainties found in this layer.

Even with some uncertainty, this approach, owing to the use of standard
MODFLOW modules, provides substantially simplified NZVI modeling to remedi-
ation practitioners and researchers who are already familiar with MODFLOW.
Figure 6.13 illustrates an example of using MODFLOW and M3TD with the

Fig. 6.11 Comparison between experimental and modeling results using COMSOL together with
mechanistic-based models for MRNIP2 transport in 2-D heterogeneous porous media at similar
pore volumes (PV)
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Fig. 6.12 Comparison of the experimental photographs with the modeled, color-shaded plots for
washed MRNIP2 at the high concentration of 6 g/L. The experimental photographs were taken from
Phenrat et al. (2010a). The upper, color-shaded plots of each photo were obtained from the initial
iteration of the iterative procedure, while the lower plots were obtained from the final iteration
(Babakhani et al. 2015)

276 T. Phenrat et al.



Fig. 6.13 An example of using MODFLOW and M3TD with the modified protocol proposed by
Babakhani et al. (2015) to design an injection and extraction of polyelectrolyte-modified NZVI in
subsurface for in situ remediation. In the investigated scenario, an impermeable cutoff wall has been
added to the up-gradient of the injection wells to assess the enhancement in migration distance
of NZVI



modified protocol proposed by Babakhani et al. (2018) to design an injection and
extraction of polyelectrolyte-modified NZVI in subsurface for emplacing a reactive
NZVI treatment zone for in situ groundwater remediation.
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Chapter 7
Moving into the Third Decade of Nanoscale
Zero-Valent Iron (NZVI) Development:
Best Practices for Field Implementation

Chris M. Kocur, Brent E. Sleep, and Denis M. O’Carroll

Abstract This chapter provides an overview of environmental restoration efforts
involving the application of NZVI. The chapter focuses on the novel application
techniques aimed at improving the delivery, characterization, and effectiveness of
NZVI, drawing on over two decades of peer-reviewed literature. Stressing a base of
knowledge through detailed site characterization toward a site conceptual model,
this chapter discusses delivery techniques, options for NZVI formulation, and
challenges associated with different site conditions. NZVI particle types and injec-
tion characteristics are covered along with field-ready analytical capabilities for
NZVI detection and characterization. The chapter also highlights cases where remote
sensing and modeling have been used to better understand NZVI delivery. Lessons
learned from past field studies are discussed and will become increasingly relevant as
the industry gears up for a renaissance of NZVI use. Growing confidence in the use
cases for stabilized NZVI, the synergistic application of ZVI + bioremediation and
technological advances such as sulfidation will catch the eye of practitioners and site
managers into the future and lead to more innovation.

Keywords Nanoscale zerovalent iron · Field implementation · Best practice ·
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7.1 Field-Scale Application of NZVI

The use of NZVI in the field has many complicating factors that must be considered
in the design of an appropriate treatment technology including, e.g., dilution,
oxidation, and interaction with ions. This is compounded by the fact that adequate
evaluation of remediation performance is often hampered by poor site characteriza-
tion (Preslo et al. 2005; Kueper 2014). In this chapter, we use examples from
previous NZVI field studies to illustrate important considerations involved in
assessing delivery and performance monitoring following NZVI application. The
different metrics that have been used to evaluate NZVI remediation performance will
be compared and discussed. Examples of site characterization techniques are used to
stress the importance of developing a conceptual model prior to field activities.
Strategies will be discussed for best assessing the site prior to amendment injection,
during injection, and during long-term monitoring.

7.2 Conceptual Site Model

A site conceptual model is important to develop prior to testing and field-scale
implementation of NZVI. A robust conceptual model can be developed after rigor-
ous site characterization and is necessary to achieve the desired remediation
outcomes.

Characterization must include identification of the sources of contamination, the
potential avenues of migration, and transfer between phases, and pre-remediation
conditions on site are imperative in selecting a remediation alternative and remedi-
ation monitoring plan. Knowledge of the distribution of contaminants within high
and low permeability zones allows for targeted remediation, and an understanding of
the current state of contaminant fluxes can allow for better prediction of the fate of
contaminants on site. The age of the site and the mass of contaminants that were
released are also important factors to consider in site characterization.

The 14-compartment model in Fig. 7.1 is an example of a contaminated site
conceptual model for a DNAPL-impacted site (ITRC 2011), which is the most
prevalent target compound for NZVI remediation operations. The model accounts
for the contaminant mass distributed in difference phases (Table 7.1) with different
subsurface formations simplified as high and low hydraulic conductivity (K) zones.
Initially, contaminants enter the system through high-K zones, perhaps as a DNAPL,
and then sorb and diffuse into lower K media. The model can therefore allow for the
understanding of contaminant fluxes that occur as the contamination persists,
migrates, and degrades. An accurate conceptual model, including knowledge of
how the contamination impacted the site in the source zone, how long the contam-
ination has persisted, and to what length the aqueous plume extends, as well as an
accurate profile of the lithology and media, is the first step in effective remediation.
This allows for strategic selection of a remediation approach and allows for the
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implementation of technologies that will most effectively remove the highest priority
contaminants. This will also facilitate an assessment of remediation performance and
the identification of remediation stop points or assist in the transition to another
remediation technology in the treatment train.

7.2.1 ZVI Alternatives for Remediation

ZVI-based technologies can treat a broad range of contaminated site problems.
Table 7.2 shows a comparative summary of the properties, attributes, and limitations

Fig. 7.1 Site conceptual model of subsurface contamination showing all possible phases of
contamination within the 14-compartment model: DNAPL, sorbed, aqueous, and vapor. (Adapted
from ITRC 2011)

Table 7.1 Phases of contamination in the site conceptual model laid out in the 14-compartment
model. This 14-compartment model is an example tool for evaluating chlorinated solvent sites with
NZVI. The shaded boxes indicate contamination that can be targeted with NZVI

Zone
Source zone Plume

Lower K Higher K Lower K Higher K

Vapor a b c d

DNAPL e f

Aqueous g h i k

Sorbed m n o s
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of ZVI-based technologies. The conditions of use will be site-specific and depend on
many factors; however, general criteria for the effective use of each ZVI variant have
been briefly outlined in Table 7.2 as referred to Fig. 7.1. NZVI is particularly
attractive due to its ability to treat higher concentrations of contaminants close to
the source zone (see also Chaps. 3 and 5) and also its ability to create ideal conditions
for in situ bioremediation (see also Chap. 10).

7.2.2 Role of NZVI

Advances in delivery techniques and particle mobility have allowed for the success-
ful application of NZVI at dozens of sites in North America, Asia, and Europe. At
many of these sites, NZVI was not applied for full-scale remediation but as pilot
trials to develop a knowledge set for future applications. What is becoming apparent
from the numerous examples of NZVI application is the necessity for a scalable and
reliable deployment in order to treat problem areas of contamination. These “hot
spots” may need to be treated due to accidental spills or remobilization of NAPL, or
there may be areas not remediated using other technologies, under characterized
source zones, or secondary sources of contamination. In all these scenarios, NZVI
provides a viable alternative when remediation goals require a truncated timeline.
Figure 7.2 presents several examples of contamination scenarios for which there are
limited viable remediation options. In addition, NZVI application requires minimal
aboveground infrastructure and can be effective for remediation around active
infrastructure and utilities.

7.3 Site Characterization

Site investigation and use of historical activity records can identify the potential
sources of contamination. Site topology and lithology information can be gathered
on regional, local, and site levels from borings and can be used to build a conceptual
site model. Through further investigation, more detailed elements of the conceptual
site model can be identified and decisions about remediation made. Site character-
istics including the type of subsurface media, hydraulic gradient, property bound-
aries, and infrastructure help inform selection and design of remediation alternatives.
The decision on whether an amendment injection remediation approach is appropri-
ate requires information related to whether the permeable media is appropriate for
delivery. This section provides a summary of some of the site characterization
methods that should be considered prior to the application of NZVI. The lithology,
depth of contamination, target contaminants, and possible co-contaminants, as well
as site-specific considerations (e.g., below- and aboveground infrastructure), will
strongly influence design.
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Fig. 7.2 Three cases where NZVI may be a suitable remediation alternative. (a) contamination in
fractured bedrock. (b) existing critical infrastructure is too expensive to dismantle prior to remedi-
ation. (c) contamination reaches depths unattainable by other remediation methods
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7.3.1 Conceptual Model Development

It is essential to delineate site contamination. Site lithology is often logged in detail
during borehole investigations. In the past, this information has been used to guide
engineers and geologists about where to install water wells or petroleum hydrocar-
bon extraction networks. For environmental remediation, knowledge of the geolog-
ical, lithological, and hydrological conditions is not enough to inform decisions.
Delineation of contamination is also required at the same level of detail.

Monitoring wells for environmental contamination investigation require a mod-
ified approach than that for drinking water extraction wells. Decades of research
and development of site investigation on superfund sites have found that tradi-
tional monitoring wells are incapable of adequately characterizing contamination.
Figure 7.3 provides an example of typical long-screen monitoring wells and some
of the shortcomings when applied to environmental remediation (Einarson 2005).
Table 7.3 describes the implications of different screen intervals on site character-
ization. The example contaminant contours can represent any soluble compound
sampled in an aqueous matrix. For example, for NZVI, the solute could be
chlorinated volatile organic compounds (CVOCs) (e.g., TCE). Well screen lengths
can be as long as 20 feet on some sites which can lead to large discrepancies
between the conceptual site model and actual site conditions.

Use of a transect of multilevel wells can provide a detailed conceptual under-
standing of the extent of contamination. Figure 7.4 is an example transect detailing a
CVOC plume traveling through Section A-A’. This level of detail helps delineate
more precisely plume extent. This type of plume delineation can be combined with

Fig. 7.3 (a) Illustration of three different well screen lengths (long-screened interval (L), medium
(M), and multilevel (N)) and (b) an example of possible concentrations of solute measured with
these different screened intervals. (Adapted from Einarson 2005)
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known hydraulic gradient and estimates of hydraulic conductivity to estimate con-
taminant flux across the transect. The transect can also be oriented longitudinally to
the direction of groundwater flow to delineate plume length, potentially providing
information related to plume attenuation. The same transect approach can be used to
delineate contamination within a source zone. NZVI and other amendments can be
targeted to zones where elevated concentrations are detected.

Table 7.3 Impact of monitoring well design on conceptual model of the CVOC contamination
on site

Bias in monitoring well
Implications on site
conceptual model

Resulting consequences on NZVI
remediation

Long well screen dilutes
CVOCs in samples

Maximum concentration is
underestimated

NZVI dose may not treat most of
the contaminated zone

Well screen only partially
captures contaminated
interval

Position of maximum CVOC
concentration is inaccurate

Targeted NZVI injection depth may
miss contamination

Complex layering of
media presents a long well
screen

No information about con-
taminant distribution

Injection may only enter the most
conductive media but miss the
contaminated zone

Long well installed and a
vertical hydraulic gradient
is present

Contamination may migrate
upward or downward within
well screen

NZVI injection (often viscous) may
mobilize contamination downward

Modified from Einarson (2005)

Fig. 7.4 Transect of a groundwater plume with total CVOC concentrations shaded at different
contour intervals. The transect was installed transverse to the direction of travel of a groundwater
plume. (Adapted from Einarson 2005)
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An EZVI field application has taken advantage of the multilevel well approach to
estimate mass flux using integral pump tests (Krug et al. 2010). Two monitoring
wells were installed with a small transect of three multilevel wells in between. Over
time, the multilevel concentrations were monitored, while the groundwater velocity
was controlled across the transect using the two surrounding monitoring wells. Over
a course of several years, the mass flux was periodically measured in this manner,
providing a method for NAPL mass loss determination (SERDP report). Generally,
more informed decisions regarding remediation success can be made using contam-
ination profiles along transects in comparison with traditional long-screen wells.

7.3.2 Well Methods

Quantification of subsurface aquifer properties (e.g., storage, hydraulic conductivity,
and groundwater direction) is vital in conceptual model development. There is a
range of established techniques to rigorously evaluate subsurface hydrogeological
parameters of interest (Fetter 2001; Pinder and Celia 2006). Pumping tests can
provide information about hydraulic conductivity or transmissivity, specific yield
(for unconfined aquifers) or storage (for confined aquifers), and connectivity of wells
or layers. Slug tests can be performed for a screened well, within an open borehole,
or through the use of packers along multiple discrete intervals to provide estimates of
transmissivity and ultimately hydraulic conductivity (Butler 1997). Other consider-
ations related to development of a site hydraulic conceptual model include the
position and seasonal fluctuation in the water table. The conceptual model may
have to be modified on some sites as seasonal changes in the water table can change
the groundwater flow direction and magnitude.

Tracer testing can be used to identify horizontal hydraulic conductivity using
arrival times between wells. This information can subsequently be used to bench-
mark solute transport against a conservative tracer (Bennett et al. 2010; He et al.
2010). This helps quantify the extent of adsorption and desorption of a given media.
Tracers are used in column tests to compare water flow to NZVI transport and have
been used as the basis for comparison in pilot-scale tests for NZVI injection as well
(He et al. 2010; Johnson et al. 2013; Kocur et al. 2014).

Constituents in the injection fluid can also be used as conservative tracers. The
electrical signal of the amendment injected can be used as a tracer to monitor extent
of migration (Wei et al. 2010; Johnson et al. 2013). The extent of polymer amend-
ment transport has also been demonstrated to correlate well with NZVI travel (Kocur
et al. 2014). Reactive tracers employing tracers that possess known sorption prop-
erties to the oil/water interface can be used in combination with a conservative tracer
to quantify the NAPL/water surface area (Annable et al. 1998). The effects of any
tracer on NZVI reactivity and mobility should be considered prior to field
application.
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7.3.3 Emerging Methods of Investigation

Alternative methods for site investigation may greatly aid or replace conventional
methods, depending on the situation. When permanent well infrastructure is not
feasible (e.g., creeks or riverbeds, other low-lying areas prone to flooding) or
permitted by regulators, alternative techniques can be the only methods available
for site characterization. These alternative methods include a range of probe
techniques:

• Waterloo profiler – Geoprobe tip with machined holes and screen allowing for
relative hydraulic conductivity testing at discrete intervals as the probe is driven
into the subsurface. The peristaltic pump at the surface can reverse direction
allowing sample collection. Geochemical analysis can indicate lithology (e.g.,
using electrical conductivity, EC).

• Membrane interface probe (MIP) – Membrane sleeve that allows for volatile
compounds sampling as the probe is driven into the ground. When the tip
encounters high aqueous concentrations or NAPL, the inert gas pumped on the
inside of the membrane will carry the volatile compounds to the surface for
analysis on a portable gas chromatograph with the detector of choice.

• Hydrosparge – Probe allows water to enter an internal chamber at a discrete depth
where gas is bubbled through the sample and passed to the surface where a gas
analysis system determines the volatile compounds in the sample.

• In situ solvent injection and extraction – Similar to the hydrosparge technique but
a solvent is released into the formation through the drive tip, then gathered by the
probe, and analyzed at the surface.

• Downhole microscope/camera – Visual evidence of NAPL in the subsurface at
depth based on the color (usually weathered and black).

• Laser-induced florescence (LIF) – Emission of a specific wavelength that is
compound specific and florescent detection can be used to identify
polychlorinated biphenyls and polycyclic aromatic hydrocarbons in the
subsurface.

A relatively recent example of the application of a probe at an NZVI field site is
the study of Bennett et al. (2010) who successfully used a MIP for aqueous phase
sampling prior to NZVI injection into a layered sand aquifer that was contaminated
with PCE and TCE (Fig. 7.5). More detailed descriptions of probes are available
(Kram 2005). Another suite of site characterization techniques are geophysical
methods that can be implemented aboveground or in boreholes. Information from
geophysical methods can be used to provide a continuum of data on the site when
properly calibrated to borehole data (Benson 2005). Probe techniques have the added
benefit of reducing waste as only samples are brought up to the surface. This can
reduce exposure at highly contaminated sites.
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7.3.4 Prescreening Mobility of NZVI in Porous Media

Transport through idealized porous media has been tested for a number of NZVI
formulations, and a growing understanding of NZVI/media interaction exists. How-
ever, laboratory testing using permeable media recovered from the site of interest
under the range of conditions that are planned at the site is the best way to
predetermine how mobile NZVI in the porous media in the field. Kocur et al.
(2013) discussed the importance of replicating field conditions in laboratory tests
to avoid overestimating NZVI transport in the field.

A number of studies have used unrealistically high pore water velocities in
laboratory experiments when attempting to determine the extent of field transport
(Zhan et al. 2008). During site investigation, core logs, and testing, can be used to
estimate the range of hydraulic conductivity expected on site and select appropriate
conditions for column experiments. Additionally, groundwater and soil constituents
that could impact NZVI mobility should be identified (e.g., high clay content and
mineralogical anomalies). For example, NZVI had limited mobility in soils rich in
calcium carbonates (Laumann et al. 2013). Previous studies have also noted a
decline in mobility in natural soils (Schrick et al. 2004; He et al. 2009).

The design and upscaling of NZVI remediation systems from batch, to laboratory,
to pilot scale has been done for a range of NZVI formulations and site conditions (see
also Chap. 6). Bennett et al. (2010) provide a model for pilot testing using a single well
pilot testing method. Coupling NZVI injection and extraction generated important

Fig. 7.5 Schematic showing the lithology of the site (a) and the results of the electrical conduc-
tivity and membrane interface probe (b) (Bennett et al. 2010; Krol et al. 2013). (Reprinted with
permission from Bennett et al. (2010) and Krol et al. (2013). Copyright (2010) Elsevier and
Copyright (2013) American Chemical Society)
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information related to NZVI sorption, interaction, and reaction with porous media.
This is particularly important on sites that differ from previous studies.

7.4 Evaluating Injection and Mobility of NZVI

The injection of NZVI at an injection well is governed by Darcy’s law:

q ¼ kρg

μ

dh

dr
ð7:1Þ

where q is the Darcy velocity, k is the permeability, ρ is the fluid density, μ is the
fluid viscosity, h is hydraulic head, and r is the radius from the well.

NZVI can be injected using the following techniques:

• Constant head injection with a constant head at the well or from a reservoir.
• Gravity feed injection is a constant head injection that is limited by the height of

the injection well, allowing only head from the standpipe (Fig. 7.6).
• Constant flux injection ensures that the Darcy flux is constant throughout the

injection by maintaining the appropriate head.

In column experiments, linear head loss across a column is determined from
Darcy’s law, resulting in a constant velocity throughout the column. Radial flow
from an injection well is often idealized as cylindrical flow emanating from the well.
In radial flow, as the radius from the well increases, the Darcy velocity decreases due
to a head drop throughout the system. Thus the radius of travel from a well can be
predicted using:

Fig. 7.6 Photos of a constant head injection showing the reservoir (left), pump (center), and flush-
mount wellhead (right)
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ROIFluid ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V

πnL
þ rwell2

r
ð7:2Þ

where ROIFluid is the maximum extent or the injection due to injection, V is the
volume injected, L is the screen length, and n is the porosity (Bennett et al. 2010).

7.4.1 Radius of Influence

The first NZVI field trials employed gravity injection and reported travel distances of
NZVI only a few feet due to poor NZVI suspension stability (Elliott and Zhang
2001). Unfortunately, in these studies, the methods of evaluating NZVI transport
were not well established, and it is likely that the radius of influence was likely closer
to a few inches rather than to a few feet (Sun et al. 2007). Advances in particle
stability resulted in NZVI suspensions that were easier to handle and inject (He et al.
2009; He et al. 2010). The most successful method to inject a large volume of NZVI
at a high rate is to increase the injection head resulting in a greater flux. This can be
achieved using constant head or constant flux injection techniques yielding a radius
of influence on the order of 5–7 feet, (Quinn et al. 2005, Krug et al. 2010) as
compared to the 2–3 feet with gravity injection (He et al. 2010; Krug et al. 2010).
Shear thinning polymers are now being used for MZVI injection under pressure
(Köber et al. 2014; Velimirovic et al. 2014; Luna et al. 2015). Krug et al. (2010)
tested injection alternatives prior to selecting full-scale delivery method for EZVI.
Luna et al. (2015) tested pressurized injection methods and investigated which
pressure discharge profile was able to inject the most stabilized MZVI on their
pilot site.

7.4.2 Effect of Viscosity

Increasing NZVI suspension viscosity is advantageous as it improves NZVI
suspension stability. This has been noted in numerous laboratory studies that
have used polymers (Tiraferri and Sethi 2009; Kocur et al. 2013), shear thinning
polymers (Tosco and Sethi 2010), and an oil-in-water emulsion (Berge and
Ramsburg 2009). Although a viscosity increase potentially increases the radius
of influence due to improved mobility, it has been noted that even a moderate
increase in viscosity can significantly increase injection pressure (Krol et al. 2013).
Injection of a viscous fluid also improves the stability of the injection front;
however, increases in viscosity could also result in mobilization of NAPL (Pennell
et al. 1994; Johnson et al. 2009; Abriola and Pennell 2011).
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7.4.3 Delivery Options in Less Permeable Media

Low permeability zones, when contaminated directly or through long-term diffusive
transport from higher permeability zones, can act as long-term sources of contam-
ination. Back diffusion has long been established as a cause of long asymptotic
concentration decline. This causes particular problems in site closure, and a reliance
on concentration-based criteria can result in extended monitoring because of the
diffusive flux from low permeability zones. Advanced techniques for accessing and
remediating less permeable zones are being explored using several different
approaches.

Delivery of electron donor using shear thinning polymers has been investigated
for many remediation technologies, including NZVI (Cantrell et al. 1997a, 1997b;
Comba and Sethi 2009; Vecchia et al. 2009; Truex et al. 2011b) and MZVI (Cantrell
et al. 1997b; Vecchia et al. 2009; Truex et al. 2011a). Shear thinning polymers have
been investigated for the injection of NZVI in column experiments (Zhong et al.
2008; Comba et al. 2012), in sandbox experiments (Oostrom et al. 2007), and in the
field (Truex et al. 2011a; Truex et al. 2011b). The shear rate is related to velocity (v),
permeability (k), and porosity (n) (Martel et al. 1998).

Shear Rate Υð Þ ¼ α
4vffiffiffiffiffi
8kn

q ð7:3Þ

Although more complex shear rate relationships have been described for porous
media (Phenrat et al. 2009a), Eq. 7.3 demonstrates that shear rate increases with
velocity. Thus, a shear thinning agent in the injection will result in a lower viscosity
when shear rate is high (i.e., while passing through low permeability media), making
it more likely for the fluid to pass through less permeable media. Injection with the
aid of shear thinning fluids will cause more uniformly distributed amendment along
the injection front in heterogeneous media because higher shear forces will thin the
fluid in lower permeability media (Zhong et al. 2008). This generally causes an
equalizing sweeping effect on the injection front and increases penetration into low
permeability lenses, areas that would otherwise be bypassed.

Amendments can also be delivered through low permeability media with the aid
of electrokinetics. In this case, electrodes are used to apply a direct current and
transmit charged particles through the subsurface. This has been utilized for heavy
metals and waste rock remediation (Acar and Alshawabkeh 1993; Mulligan et al.
2001). Electrokinetic-enhanced NZVI transport through low permeability media has
been demonstrated in laboratory studies (Chowdhury et al. 2012). This technology
has not been demonstrated for field-scale transport of NZVI; however, it has been
used for the delivery of bioremediation amendments in the field (Mao et al. 2012).

Pneumatic and hydraulic fracturing techniques have been adopted from the oil
and gas extraction industry to enhance subsurface ZVI distribution. Fracturing of
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media increases the permeability by intentionally exceeding the overburden effective
stress, fracturing the media (Murdoch and Slack 2002). Microscale and granular ZVI
can be delivered in this manner. The technique can also introduce sand or other
permeable media into the fracture creating a conduit that remains permeable. Such
techniques are effective for creating delivery pathways for electron donors in tight
media; however, this technique is subject to frequent daylighting of fractures.

7.5 NZVI Detection and Evaluation Methods in Field
Samples to Assess Mobility

The most reliable methods of quantifying NZVI mobility have, to date, involved
analysis of well-preserved samples or analysis of samples very soon after sampling.
Characterization and analytical techniques can also take advantage of the highly
reactive nature of NZVI to indirectly observe NZVI transport. In a field setting, this
approach of indirect observation (i.e., monitoring geochemical changes due to NZVI
oxidation and contaminant degradation at monitoring wells) is often the only
available means of evaluation. Observational methods are particularly useful for
providing screening level analysis (Fig. 7.7) but should be complemented with
additional analysis and characterization to gain a better conceptual understanding
of governing NZVI processes on site.

Fig. 7.7 Sampling on a NZVI test site (left) and on-site screening and sample preservation for
laboratory analysis (right)
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7.5.1 Challenges of Field Data Collection

Use of monitoring wells inherently assumes that this monitoring point is represen-
tative of a larger domain and that an analyte is intercepted by the well. As such, it can
be challenging to use monitoring wells to definitively determine transport of NZVI
or any amendment. Non-detection of NZVI can be due to the injection solution
bypassing a well that is installed in a less permeable zone. Heterogeneity or flow
along preferential pathways may also allow for NZVI to travel further than detected.
This can be a particular problem when budgetary constraints limit spatial sample
resolution. Detection of dissolved Fe at a well can be misinterpreted as NZVI travel;
however, it could represent the transport of NZVI oxidation products. In order to
definitively determine the extent to which NZVI has traveled and deposited in the
subsurface, additional analysis in the laboratory should be undertaken to validate
field measurements. The effects of sample dilution should be incorporated into
analysis. Some particle analysis methods require a minimum number of particles
(i.e., particle counts), and dilution of any analyte only serves to make detection more
difficult. Well dilution can be mitigated by identifying the highly transmissive zones,
prior to injection, and discrete interval sampling through the use of multilevel wells.

Wells are used for several purposes during site characterization, remediation, and
in post-remediation monitoring. Total Fe has been used in many column studies to
delineate NZVI distribution (Saleh et al. 2008; He et al. 2009; Phenrat et al. 2009a;
Raychoudhury et al. 2012; Kocur et al. 2013), and thus many field studies extend
total Fe analysis to delineate NZVI distribution following injection (Henn and
Waddill 2006; He et al. 2010). This method has been criticized as NZVI is rapidly
oxidized, and quantification of total Fe is not necessarily an indicator of NZVI
particle transport because geochemical transformations in the subsurface render
oxidized forms of iron more mobile than zero-valent forms (Shi et al. 2015).

Kocur et al. (2014) measured total Fe and the Fe0 content following injection of
NZVI at a contaminated site. After 24 h of injection, samples were collected at a
monitoring well where NZVI had traveled, and it was found that NZVI content
decreased from 55% to only 17% in the particles. Column studies evaluating NZVI
transport are commonly conducted for relatively short durations and under anoxic
conditions as such it is assumed that NZVI oxidation over the course of an exper-
iment can be neglected. Field studies, however, involving longer duration injections
and inherently less controlled conditions require analysis to assess NZVI particle
transport under injection conditions and background conditions on site.

Geochemical indicators have also been widely used as evidence of NZVI mobil-
ity in the field (Henn and Waddill 2006; He et al. 2010; Wei et al. 2010; Johnson
et al. 2013; Kocur et al. 2014). Fe0 oxidation increases pH and decreases ORP as it
rapidly consumes of dissolved oxygen. Geochemical indicators of NZVI oxidation
are not definitive evidence that NZVI is present, only that the vicinity of the well has
been impacted by oxidation products. Geochemical data is best suited as comple-
mentary data, or for screening purposes, to identify the best time to collect additional
samples for further analysis. Early field studies, and many applications of PRBs, rely
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on ORP threshold values in order to ensure that reductive dechlorination is occur-
ring. Thermodynamically, low ORP conditions are necessary for reductive elimina-
tion of chlorinated compounds; however, as Bennett et al. (2010) discussed, low
ORP does not necessarily mean that reductive dechlorination is occurring, only that
it is possible. Reductive dehalogenation and beta-elimination both require electron
and hydrogen; thus, evidence of their presence should also be explored. Recent work
by Shi et al. (2011, 2015) discussed the importance of additional analysis to support
ORP measurements.

Conservative tracers (e.g., conservative ions) are another way to gather
supporting information to improve the understanding of NZVI mobility. Many
studies have demonstrated a strong correlation between tracer migration and total
Fe distribution in aqueous samples during or immediately after injection. Bromide
has been used as a tracer during injection of NZVI at a field test (He et al. 2010) and
in push-pull tests (Bennett et al. 2010). Specific conductance has been used as a
tracer when SO4

2� and Na+ were the predominant ions in the system (Johnson et al.
2013). Bennett et al. (2010) also showed a strong correlation between Fe and TOC
immediately following injection due to the signal produced by the stabilizing
polymer, a relationship that was shown to be useful in calibrating viscosity (Krol
et al. 2013). Wei et al. (2010) suggested total Fe correlated with suspended and total
solids as an analog of mobility.

7.5.2 Intrusive Methods of Evaluating and Characterizing
Particles

NZVI particles have been characterized using numerous approaches and analytical
techniques in studies ranging from batch to field scale. The addition of polymeric
coatings will alter NZVI suspension properties and will therefore have an effect on
the interpretation of results. Below is a summary and critical analysis of the most
widely used methods for NZVI characterization (see more details of particle char-
acterization in Chap. 2).

7.5.2.1 Optical Methods

A jet black color of an aqueous solution is often an indication of NZVI presence
(Wang and Zhang 1997; Zhang andManthiram 1997; Elliott and Zhang 2001). NZVI
is visible, depending on the Fe0 content, at concentrations as low as 20mg/L (Shi et al.
2015). Visual indication of NZVI has been used in interpretation of 2-D sandbox
experiments (Kanel et al. 2008; Phenrat et al. 2010a) and provides evidence of NZVI
transport in column experiments as shown in Fig. 7.8. Visual techniques have also
been used as evidence of NZVI transport in field studies (Henn andWaddill 2006; He
et al. 2010; Kocur et al. 2014). Figure 7.9 shows a jet black NZVI slurry prior to
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injection and a black solution sampled at a downstream monitoring well. Field
samples can, however, contain silt and naturally occurring matter that can interfere
with visual techniques. Fe sulfides, other metals (e.g., Mn), and other black or dark
substances may be interpreted as NZVI; thus, caution is advisable in relying on only
visual evidence. Geochemical evidence of NZVI transport will typically accompany
or precede visual observations of NZVI in the field.

More advanced optical methods rely on absorbance quantification. UV/vis tech-
niques specific to NZVI have been used to determine Fe concentrations in stability
studies (Saleh et al. 2005; He et al. 2007; Phenrat et al. 2007; Phenrat et al. 2008;
Tiraferri et al. 2008; Comba and Sethi 2009; Johnson et al. 2009; Raychoudhury
et al. 2010; Sakulchaicharoen et al. 2010; Kocur et al. 2013) and have been extended
to laboratory column studies by calibrating absorbance of light at 508 nm (Schrick
et al. 2004; Saleh et al. 2007; Saleh et al. 2008; He et al. 2009; Johnson et al. 2009;
Phenrat et al. 2009a; Tiraferri and Sethi 2009; Raychoudhury et al. 2010; Kocur et al.
2013). In well-controlled studies in the laboratory, the use of total Fe to quantify

Fig. 7.8 Demonstration of 4 g/L NZVI stabilized with PAA moving through a heterogeneous
sandbox (Kanel 2008). (Reprinted with permission from Kanel et al. (2008). Copyright (2008)
American Chemical Society)

Fig. 7.9 NZVI slurry synthesized at 1 g/L in 0.8% wt CMC prior to injection (left). NZVI sample
collection at a monitoring well downstream of the injection (right)
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NZVI transport is considered to be acceptable. This assumption should be used with
caution in field studies or when there is sufficient time and conditions favorable to
NZVI oxidation. When a natural suspended matter matrix is involved, as would be
the case in field investigation, additional spectrographic considerations must be
employed to isolate the NZVI particle absorbance from the matrix.

When possible, a standard method (e.g., ferrozine method (Stookey 1970;
Viollier et al. 2000)) should be used to distinguish Fe phases to determine the extent
of oxidation and the remaining NZVI content. Field sampling techniques have
prescribed collection and Fe preservation techniques. The first sample will be filtered
using a 0.45 μm or 0.2 μm filter, and the second will be preserved unfiltered. The
dissolved species, predominantly ferrous iron, will be preserved in the filtered
sample, while the unfiltered sample will constitute the total Fe. These methods for
quantification of total Fe and dissolved Fe rely on the operational definition of
dissolved and solid Fe based on the filter size; however, NZVI can pass through
such filter sizes, complicating analysis.

Oxidized iron and NZVI can be quantitatively distinguished using UV/vis spec-
troscopy (Fig. 7.10) (Johnson et al. 2013). NZVI is quantified at 800 nm and
oxidized Fe at 325 nm. Use of UV/vis methods can require dilution, complicating
analysis. It is important to isolate the absorbance of engineered particles from the
matrix that may include natural colloids. The most reliable approach would be to
employ multiple lines of evidence to quantify NZVI.

7.5.2.2 Scattering Methods

Dynamic light scattering (DLS) and measurement of zeta potential are light scatter-
ing methods that have been used as bulk particle characterization analyses. Zeta
potential is calculated based on the Schmolukowski equation and measurement of

Fig. 7.10 UV/vis spectra of
NZVI (black) and oxidized
ZVI (brown), showing the
peaks used in two
wavelength calibration.
(Johnson et al. 2013)
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the electrophoretic mobility. This technique is a well-established tool in character-
izing colloids (Nurmi et al. 2005) and has been extended to NZVI characterization in
laboratory experiments (Saleh et al. 2005; Saleh et al. 2007; Phenrat et al. 2008;
Tiraferri et al. 2008; Chowdhury et al. 2012; Kocur et al. 2013). DLS has been used
to characterize NZVI and other nanoparticles (Nurmi et al. 2005; Saleh et al. 2008;
Tiraferri et al. 2008; Tiraferri and Sethi 2009; Chowdhury et al. 2012; Kocur et al.
2013). When there is a limited amount of larger background particles present, these
techniques are transferable to field analysis (Kocur et al. 2014). However, the
presence of larger native colloids will greatly skew the scattered light, and the
smaller NZVI particles will not be measured accurately. For polymer-coated parti-
cles, converting the measured electrophoretic mobility to a zeta potential is not as
straightforward as for uncoated particles, so the measured zeta potential should be
reported as apparent zeta potential (Saleh et al. 2008; Lowry et al. 2016).

Other novel methods for particle charge and size measurement have been
employed. Acoustic methods have been used to determine NZVI size distribution
and estimation of apparent zeta potential in a custom-made apparatus (Dukhin et al.
2001; Sun et al. 2006). Refractive laser analysis (e.g., nanoparticle tracking analysis,
NTA) is a microscopic method capable of calculating zeta potential and particle size
for low concentrations of nanoparticles, including NZVI (Raychoudhury et al. 2012;
Adeleye et al. 2013; Raychoudhury et al. 2014). NTA tracks single particles using
image analysis to calculate the parameters. NTA analysis is less affected by the
presence of naturally occurring colloids than is DLS and may provide an alternative
to DLS for field samples.

Limitations of scattering methods are similar to UV/vis for field methods, often
requiring dilution, and the methods are not able to distinguish between the type of
colloids in the system. The particle concentrations must be low to allow light
transmission, but the suspension must contain sufficient particle counts for measur-
ing particle scattering. DLS analysis yields erroneously small hydrodynamic diam-
eters when concentration is too high due to scattering of light off of multiple
particles. The limitations of NTA have not been tested in a field setting. For all
optical techniques, application to field samples requires a careful sampling procedure
to minimize the presence of sediment, silt, or clay in samples. A sampling program
that facilitates low-flow sampling techniques should produce samples suitable for
UV/vis and light scattering methods.

7.5.2.3 Microscopic and Energy Techniques

Classical light microscopy cannot resolve nanoscale dimensions; thus, the tech-
niques in this section focus on electron emission and X-ray microscopy. The
characterization tools summarized in this section, provided in Table 7.4, have been
used for characterization of NZVI in laboratory experiments (see also Chap. 2). The
methods also lend themselves to field studies to a limited degree as care must be
taken in sampling, and interpretation can become more difficult as the field matrix is
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more complex than that present in lab samples. These measurements also subject to
sample bias given that only a small number of particles are analyzed.

7.5.2.4 Geochemical Parameters

There is no standard method for reporting geochemical results, and although suc-
cessful application has been reported in several cases, the metrics of success are
unclear. ORP has commonly been reported in field studies investigating NZVI
transport (Elliott and Zhang 2001; Henn and Waddill 2006). The determination of
low ORP may not immediately point to effective transport in the subsurface; rather it
provides evidence that NZVI is in the vicinity and has been oxidized by water
following Eq. 7.4.

Fe0 þ 2H2O ! Fe2þ þ H2 " þ2 OH� ð7:4Þ

A pH change in the system can occur due to Eq. 7.4 along with the reaction of
NZVI with dissolved oxygen.

Table 7.4 Analytical electron spectroscopic and X-ray tools for characterizing NZVI

Technique Analysis Reference

TEM Transmission electron
microscopy

Size and morphol-
ogy detection by
phase-contrast
focusing

(Schrick et al. 2004;
Sakulchaicharoen et al. 2010;
Kocur et al. 2014)

SEM Scanning electron microscopy Topography of
larger sample area

(Wei et al. 2010)

STEM Scanning transmission elec-
tron microscopy

Size, morphology,
topology narrow
beam transmission

(Chang and Kang 2009; Yan
et al. 2010)

EDS Energy dispersive X-ray
spectroscopy

Elemental compo-
sition using scan-
ning X-ray

(Sun et al. 2006; Sun et al.
2008; Chang and Kang 2009;
Yan et al. 2010; Kocur et al.
2014)

XRD X-ray diffraction Identification of
crystalline struc-
ture in
nanoparticle

(Nurmi et al. 2005; Sun et al.
2006; Sun et al. 2008)

XPS X-ray photospectroscopy Surficial elemental
composition

(Nurmi et al. 2005; Li and
Zhang 2007)

EXAFS/
XANES

Extended X-ray absorption
spectroscopy/X-ray absorp-
tion near-edge structure
spectroscopy

Determination of
oxidation state of
the surface

(Nurmi et al. 2005; Sun et al.
2006; Li and Zhang 2007;
Reinsch et al. 2010)

7 Moving into the Third Decade of Nanoscale Zero-Valent Iron (NZVI). . . 313



Fe0 þ 1
2
O2 þ H2O ! Fe2þ þ 2OH� ð7:5Þ

pH and ORP have been used as an indicator of NZVI mobility (Henn and Waddill
2006; He et al. 2010; Wei et al. 2010; Kocur et al. 2014). This should be used with
caution as reducing conditions (less than �50 mV) may not necessarily indicate the
presence of NZVI or the potential for reductive dechlorination (Bennett et al. 2010),
especially given that ORP readings are affected by all species in the sample and not
only NZVI. Shi et al., in several studies, have investigated uses of ORP probes that
lead to poor measurements of redox potential. For example, NZVI particles can
attach to the probe yielding abnormally low ORP (Shi et al. 2011; Shi et al. 2015).
Given this, rotating disk electrodes have been proposed in place of stationary
electrodes for measurement of redox couples that are associated with NZVI
formulations.

Screening methods for the determination of the natural reductant demand on site
are limited. ORP provides a measurement of the geochemical conditions on site
during site investigation; however, the measurement does not estimate the capacity
of reducing species. For example, the use of NZVI has been called into question
where high levels of nitrates in the groundwater persist as the (hydr)oxide surface of
NZVI can become passivated (Reinsch et al. 2010); thus, nitrates should be
prescreened prior to NZVI application. Geochemical characterization during site
investigation has been proposed using assays for chemical reductant demand
(Tratnyek et al. 2014). Such a technique is available for in situ chemical oxidant
demand (Haselow et al. 2003) and provides a tool for technology selection. Similar
reductant demand tools could be built for screening sites for the feasibility of NZVI
application. Such standard methodology would systematically evaluate compatibil-
ity issues.

7.5.2.5 Determining Fe0 Content

Determining and distinguishing all phases of Fe can be difficult. In an environmen-
tally relevant system, Fe0 is rapidly oxidized to Fe2+, Fe3+, and Fe (hydr)oxides.
Qualitative measurements, like TEM, can quantify the core/shell structure of NZVI
particles as well as size and shell thickness (Matheson and Tratnyek 1994; Wang and
Zhang 1997; Zhang and Manthiram 1997; Schrick et al. 2004; Nurmi et al. 2005).
However, other analytical tools summarized above are needed to determine elemen-
tal compositions and structure of these surface layers. Groundwater composition
impacts the formation of different oxide phases in the shell (e.g., magnetite and
maghemite) (Reinsch et al. 2010). Reinsch et al. (2010) also suggest that the entire
ZVI core will become oxidized when dissolved oxygen is present except in cases
where high nitrates passivate the surface. Laboratory evaluation allows for investi-
gation of surface layer formation under controlled conditions; however, field appli-
cations must rely on bulk measurements to determine NZVI reaction potential.
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ZVI content can be determined through digestion with acid to completely trans-
form Fe0 to Fe2+ following Eq. 7.4. Analysis of the H2 gas evolved from the
complete oxidation of iron particles along with stoichiometric calculations, based
on knowledge of the total Fe, will yield the Fe0 content in the sample. Several
methods have been proposed for analysis of the evolved hydrogen including gas
chromatography (Liu et al. 2005; Liu and Lowry 2006) as well as gas displacement
for large sample volumes.

7.5.3 Measurement of Immobile Fe0 in Aquifer Media

NZVI interactions with porous media need to be considered when assessing the Fe0

content of emplaced NZVI. Bench-scale tests have provided black-box observations
of interaction with clay and fine soils, showing that there is more interaction than
with homogeneous glass beads or sands (Schrick et al. 2004; He et al. 2009). Other
studies have reported increased interaction with silica surfaces at high ionic strengths
(Saleh et al. 2008; He et al. 2009; Phenrat et al. 2010b; Laumann et al. 2013).
Laboratory transport experiments with natural soils and NZVI retention in field
studies suggest a significant portion of the NZVI will become associated with the
solid phase in the subsurface. Bennett et al. (2010) and Kocur et al. (2014) have
suggested that NZVI is not mobile over the long term and under natural flow
conditions. This stationary NZVI is not accounted for in aqueous sampling methods
or in many analysis techniques; however, this NZVI could still be reactive toward
the target contaminant. This suggests that soil surface analysis techniques should be
considered to assess the reactive potential of injected NZVI. In all cases, multiple
lines of evidence should be used to validate the mobility of NZVI.

7.5.4 Nonintrusive Methods of NZVI Determination

Alongside the development of particle characterization and identification techniques
discussed in Sect. 7.5.2, there is a need to link these results to continuum scale
evaluation techniques (Shi et al. 2015). Remote sensing techniques, sensors, and
probes are being explored for their utility in linking bulk fluid properties to NZVI
delivery and in some cases reaction and oxidation.

Geophysical methods can take advantage of the differential attenuation of elec-
trochemical and electromagnetic properties between the solute or constituent in the
plume (e.g., NZVI, NaBr) and the surrounding groundwater. Different media and
fluids will have different properties including electrical conductivity and dielectric
constants. Complications can arise in implementing geophysical methods as fluid or
solid properties can limit use. For example, ground-penetrating radar (GPR) and
electrical resistance tomography (ERT) are best suited to shallow subsurface cases.
Shi et al. (2015) review several types of geophysical techniques specifically for ZVI
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applications. Large-scale use for ZVI has been limited to verification of PRB
placement (Slater and Binley 2003) although laboratory studies have been extended
to track emplacement and geochemical changes in iron column experiments (Slater
et al. 2005; Wu et al. 2005; Wu et al. 2006; Wu et al. 2008; Wu et al. 2009).
Geophysical methods have been used to identify nanoparticles in laboratory studies
with induced polarization (Joyce et al. 2012). Induced polarization has been previ-
ously established as a tool in PRB column experiments (Slater et al. 2005).

The limitations of resistivity methods and subsurface tomography are associated
with the proximity of measurements to the targeted ZVI (Shi et al. 2015). Thus,
chemical threshold indicators for isolating specific redox couples have been pro-
posed as a complementary method for sensing NZVI distribution and oxidation
(Jones and Ingle Jr 2001; Tratnyek et al. 2001; Jones and Ingle Jr 2005). The use of
specific redox couples as indicators in reactive chemical probes can differentiate
target reducing species by color (e.g., resazurin indicator in batch tests with iron
filings) (Tratnyek et al. 2001). These reactive redox couples have potential to
determine the specific redox state of the injected amendment. This provides an
advantage over some redox electrodes, as static electrodes can result in erroneously
low ORP measurements. The effective use of redox electrodes has been explored in
laboratory studies as a mean for interpreting ORP measurements used to characterize
the results of injecting NZVI into groundwater (Shi et al. 2011; Su et al. 2014).

Magnetic susceptibility has also recently been studied as a means of remote
geophysical detection of ZVI (Vecchia et al. 2009; Buchau et al. 2010; Köber
et al. 2014). Vecchia et al. (2009) quantified ZVI mass using magnetic resonance
in column experiments. A field study by Köber et al. (2014) characterized soil cores
following the injection of nanoscale/microscale iron filings with a magnetic suscep-
tibility coil developed to delineate total Fe0 deposited in the subsurface (Fig. 7.11).
The study was able to determine the distribution of iron filings at a resolution of
<10 cm along soil cores. Similar technique has also been demonstrated for ZVI
fracture injection profiling (Arnason et al. 2014). Buchau et al. (2010) developed
inductive coils as remote sensors for the in situ detection of ZVI. The planned
emplacement of the coils prior to subsurface injection provided quantitative evalu-
ation of ZVI migration. Single particle inductively coupled plasma mass spectros-
copy techniques have also been developed with the potential of evaluating
nanoparticles (e.g., NZVI in environmental samples) (Lee et al. 2014). A combina-
tion of techniques may provide a clearer conceptual model of NZVI transport,
deposition, and reaction in the subsurface.

7.5.5 Modeling Field-Scale NZVI Transport

Accurate prediction of NZVI transport in porous media relies on many important
parameters and a process level understanding of complex interconnected physical
and chemical mechanisms governing transport (see Chap. 6). To date, there has not
been a comprehensive NZVI model that incorporates every aspect of delivery (see
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Chap. 6), contaminant interaction (see Chap. 5), and degradation (see Chap. 3);
however, models are currently available that capture many of the important physical
and chemical processes that occur.

Laboratory studies have investigated the transport of NZVI in column studies and
in 2-D sandboxes. Many of these studies used colloid filtration theory to predict
retention of particles in porous media. Colloid filtration theory (CFT) was originally
developed to predict colloid retention in water systems (Yao et al. 1971) but has been
extended to include a broad range of colloid-collector conditions (Bai and Tien
1996, 1999; Tufenkji and Elimelech 2004) including NZVI transport experiments
(Saleh et al. 2008; He et al. 2009; Johnson et al. 2009; Phenrat et al. 2009a; Tiraferri
and Sethi 2009). Care must be taken applying these models to field conditions as the
conditions used for model verification can be different than those in the field.

For example, CFT assumes particle stability against aggregation; however, NZVI
particles are prone to aggregation. CF also assumes “clean bed” conditions, i.e., that

Fig. 7.11 Rendered
N/MZVI deposition profile
of the subsurface using
magnetic susceptibility on
soil cores (Köber et al.
2014). Yellow >1 g/kg, red
>5 g/kg. (Reprinted with
permission from Köber et al.
(2014). Copyright (2014)
Springer Nature)
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the collector particles are not altered by deposition of particles. This is not likely to
be the case for injection of a concentrated slurry with high deposition rates. Some
have included aggregation and aggregate settling through an empirical correlation
(Phenrat et al. 2010b) or through the manipulation of the already widely adopted
predictive physiochemical estimation of colloid interaction forces to include
interparticle interaction (Petosa et al. 2010). Stabilizers that inhibit particle-particle
interaction, however, allow for extension of CFT to polymer/NZVI systems because
stable aggregates are formed (Baalousha 2009; Kocur et al. 2013). Kocur et al.
(2013) showed that inclusion of aggregation and sedimentation along with CFT
yields good prediction of NZVI transport behavior. Other mathematical formulations
have been suggested including general nanoparticle aggregation (Chatterjee and
Gupta 2009) and other retention mechanisms (e.g., straining and blocking) (Tosco
and Sethi 2010; Köber et al. 2014). These colloid retention mechanisms have been
proposed to be operable in NZVI systems (Raychoudhury et al. 2014). Krol et al.
(2013) presented a CFT model capable of field-scale predictive modeling of NZVI
application during a push-pull test. The model was successful in predicting the
transport of NZVI in a sandy aquifer (Fig. 7.12).

Fig. 7.12 Simulated changes in water saturation (a) t ¼ 43 min (end of P1); (b) t ¼ 76 min (end of
P2); (c) t ¼ 126 min (end of P3); aqueous NZVI mass (in moles) at: (d) t ¼ 43 min; e) t ¼ 76 min;
(f) t¼ 126 min; attached NZVI mass (in moles) at: (g) t¼ 43 min; h) t¼ 76 min; (i) t¼ 126 min for
field case simulation (Chowdhury et al. 2015). (Reprinted with permission from Chowdhury et al.
(2015). Copyright (2015) Elsevier)
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Other modeling approaches include simulation of the bulk movement of the fluid
containing the nanoparticles. This is particularly useful in the design of NZVI
delivery systems. For example, consideration of the density of an NZVI suspension
in SEAWAT yielded good predictions of the plugging behavior observed in 2-D
sandbox experiments in homogeneous porous media (Kanel et al. 2008). Analogs of
heterogeneous porous media have been investigated in small-scale 2-D experiments
(Phenrat et al. 2010a; Phenrat et al. 2011) and at the pilot scale in a packed aquifer
model (Johnson et al. 2013). Phenrat et al. (2010a, 2010b) showed that a predictive
model could capture NZVI transport in a 2-D sandbox. Modeling the interaction and
reaction of NZVI with contaminants has been limited as few studies consider mass
transfer or reaction. Phenrat et al. (2011) modeled the interaction of NZVI and PCE
in laboratory experiments (Fagerlund et al. 2012) showing the improved interaction
between PCE and NZVI provided by functionalized polymer coatings. NZVI trans-
port experiments through 1-D columns at residual PCE saturation were used to
validate a 1-D reactive transport model (Taghavy et al. 2010). Using a sensitivity
analysis, Taghavy et al. (2010) investigated the contact time required to achieve PCE
degradation to ethene. These types of simulations aid in the design and testing of
remediation strategies prior to implementation.

7.6 Lessons Learned from NZVI Field Applications

7.6.1 Occupational Health and Safety Considerations

There are precautions that should be taken when handling NZVI or other reactive
particles. These precautions and the risk associated with the work stem from the
novelty of the technology and the unknown repercussions of exposure to these
substances. Toxicologists have not yet had sufficient time to fully characterize the
effects of NZVI on human and ecosystem health, although there is some indication
that NZVI can have toxic effects (Keenan et al. 2009). Dermal and respiratory
protection should be employed on site when there is potential for exposure to NZVI.

NZVI may come to the field site in one of several forms: raw materials may be
delivered for on-site synthesis (Fig. 7.13); slurry may arrive in containers ready for
injection; or dry powders may be supplied for mixing of the slurry on site. Regard-
less of the form in which NZVI is supplied, appropriate protection should be taken.

Dry ZVI can oxidize rapidly when exposed to the atmosphere. The increased
surface area associated with small particle sizes allows this process to occur spon-
taneously, creating flames and sparks. This can be of particular concern for dry
NZVI that has been shipped in an inert atmosphere, e.g., N2. Vendors can provide
air-stabilized NZVI that has a Fe-oxide shell, making them less reactive in air
(NanoIron, S. R. O.). Large quantities of slurry that have dried may also be subject
to rapid oxidation (Fig. 7.14). Slurry that is preserved in ethanol or another solvent
should be handled according to the Material Safety Data Sheets. In all cases, the
supplier or vendor should provide information on handling in order to maintain
quality and also instruction on safe handling of the material.
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Fig. 7.13 Authors undertaking NZVI synthesis in London, Ontario, Canada, prior to a test
injection

Fig. 7.14 Photo of dry
non-stabilized NZVI
rapidly oxidizing as it is
poured out of a beaker.
(www.nanoiron.cz)
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The on-site synthesis of NZVI using chemical precipitation requires a strong
reductant. The reaction below involves the reduction of dissolved ferrous iron with a
reducing agent, sodium borohydride (NaBH4), forming solid ZVI particles in aque-
ous solution:

2Fe2
þ
ðaqÞ þ BH�

4 ðaqÞ þ 3H2OðlÞ ! 2Fe0ðsÞ þ H2BO
�
3 ðaqÞ þ 4HþðaqÞ

þ 2H2ðgÞ ð7:8Þ

The hydrogen that is off-gassed from this reaction should be managed and
monitored during the synthesis process. A gas meter can be used to monitor the
hydrogen and oxygen in the working zones. Hydrogen will be generated during the
preparation of NaBH4 in the chemical handling area and during the reduction of Fe2+

to Fe0 in the reaction vessel. Air monitoring in these areas, as well as at the perimeter
of an out-gas emission area, during chemical handling and reaction will ensure that
hydrogen levels satisfy safe working conditions and is well under the Lower
Explosive Limit (LEL) (4% of total gas for hydrogen). All sources of ignition
(e.g., lighters, cell phones, smoking, electrical equipment that sparks, heat, genera-
tors, vehicle engines, etc.) and flammable materials (e.g., flammable solvents,
flammable clothes, paper) should be removed from the working zones and kept at
a safe distance.

7.6.2 Considerations for Field Applications

Interpretation of field data requires a validated conceptual model. This includes
knowledge of the contribution of natural reductant demand and additional metals
or contaminants that may interfere with target contaminant degradation. By-products
may build up due to competition for reactive sites when high CVOC concentrations
are present on site or in multicomponent systems (Arnold and Roberts 2000).
By-products may also already be present on site due to microbially mediated
degradation. Appropriate bench- scale testing with soil and groundwater from the
site may indicate the potential for impacts from by-products, but reproducing the
exact field-scale conditions (inflowing water and microbiology) is difficult.

7.6.2.1 Dose

The appropriate NZVI dose for a given level of contamination on a per soil volume
unit basis has not been systematically studied. And therefore quantitative metrics for
dose are not available. Vendors and practitioners may have rules of thumb for
specific cases; however, an appropriate dose is likely site-specific, as no two
scenarios are identical. Fe/soil ratio of 0.004 or 4 g/ kg of soil has been used as a
qualitative threshold to achieve low ORP (e.g., �400 mV) throughout a treatment
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area (Gavaskar et al. 2005). This estimated loading of Fe0 has not significantly
changed since initial PRB installations (Cantrell et al. 1995) although some granular
PRB loadings can be as high as 10–22% wt of soil (Gillham et al. 2010). PRB
operation at a loading of 0.4% Fe0 has been estimated to be sufficient to last for
several decades if this loading has been delivered in columns (Kaplan et al. 1996;
Cantrell et al. 1997a). In situ soil mixing applications target Fe loadings between
0.5% and 2% (Tratnyek et al. 2014).

7.6.2.2 Delivery

There is concern that NZVI and MZVI cannot be delivered at the required dose to
treat in situ source zones. Gavaskar et al. (2005) commented that Fe/soil ratios
associated with soil mixing and PRB applications in the literature were not attainable
via injection methods. This is based on the limited success in early field studies prior
to the development of polymer coatings. Considering that many pilot injections
involve NZVI at a dose of 0.3–1 g/L, there may be a need for multiple injections.
There have been significant advances in the delivery of MZVI and NZVI (Quinn
et al. 2005; O'Hara et al. 2006; Truex et al. 2011a; Truex et al. 2011b; Su et al. 2012;
Köber et al. 2014; Luna et al. 2015). The addition of a stabilizer has the added
advantage of allowing more time for delivery than with an unstable slurry (Kocur
et al. 2013) and the ability to stabilize high concentrations of NZVI (Comba and
Sethi 2009). Improved stability leads to better mobility as discussed previously
(Saleh et al. 2008; He et al. 2009; Phenrat et al. 2009a; Kocur et al. 2013). This
provides the opportunity to inject more NZVI mass initially, either through multiple
injections or with a more concentrated slurry. The potential for plugging due to
multiple injections must be considered. Methods of injecting amendments into the
ground have been developed; however, methods of evaluating and accurately ana-
lyzing the delivery and performance are not as developed.

7.6.2.3 Longevity of NZVI Reactivity

Depending on the mass of Fe0 that is injected, loss of electron donors prior to
contaminant mass destruction will lead to a rebound in contaminant concentrations.
This is commonly reported in early field studies with NZVI where between 80% and
99% reduction in VOC concentrations within the vicinity of injection wells was
observed but was followed by rebound several months later (Mace 2006). This is
caused by the return of contaminated pore water that is pushed out of the test area by
the injection process (Bennett et al. 2010). In these cases, it is likely that dilution of
the injection mixture will cause the oxidation of NZVI with dissolved oxygen and
water following Eqs 7.4 and 7.5, causing Fe0 mass consumption. It has been
suggested that NZVI injection is best utilized for stationary phase contamination
(Bennett 2010). Estimates of reaction longevity vary and depend on subsurface
conditions and the amount of NZVI injected. Batch studies have determined that
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NZVI is reactive for months but only reactive in sediment aqueous mixtures for
about 1 month (Adeleye et al. 2013). In situ reaction longevity, however, has yet to
be fully explored. Contaminant interaction and degradation with deposited NZVI is
not well studied and remains an open question. This limitation is an important
knowledge gap that must be addressed to identify application strategies and condi-
tions that provide optimal remediation strategies using NZVI.

7.6.2.4 Site Screening Using Laboratory Tests

Prior to the implementation of NZVI at a field site, subsurface conditions can be
evaluated for NZVI compatibility. Batch tests can be designed to evaluate the
feasibility of NZVI with site-specific contaminants. Geochemical parameters are a
good starting point as NZVI will work best in a reducing environment, with a neutral
or slightly basic pH. Quantifying the natural reductant demand and simple estimates
of contaminant mass distribution in the subsurface can be used for technology
selection. Batch tests can evaluate the need for pretreatment or the addition of a
catalyst. These batch tests can also guide monitoring protocol and methods as well as
NZVI dose. The NZVI formulation can be tested in laboratory column tests in model
media or site media to determine mobility. The slurry can be injected using several
different methods to determine the best method of delivery or to screen contractors
with different equipment. Considering the inevitable need for some polishing treat-
ment prior to site closure, the site groundwater can be screened to determine the
impact to microbial species.

7.6.3 NZVI Performance Evaluation

A growing number of field tests have been performed and summaries of many of
these injections are available (Chap. 1). In Europe alone, more than 15 pilot- and
full-scale injections have taken place (Mueller et al. 2012). As discussed in this
chapter, a number of methods have been developed for delivering different formu-
lations and types of NZVI. Unfortunately, the rigorous methods that are essential for
the evaluation of NZVI technology have not evolved at the same pace. Often field
injections assume that successful injection and delivery to the subsurface are enough
to remediate the site; however, several decades ago, performance of in situ chemical
oxidants was evaluated in a similar manner. At many sites where oxidants were used,
concentrations rebounded to pretreatment concentrations in relatively short periods
of time. Methods of site characterization have improved since this time. Performance
evaluation of the mobility and in situ degradation of NZVI are just as important as
optimizing the injection and delivery of NZVI, necessitating the development of
more rigorous monitoring methods.
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7.6.4 NZVI and Combined Remedies for Field-Scale
Remediation

According to the environmental security technology certification program (ESTCP),
the most widely used remediation technologies are thermal, enhanced bioremedia-
tion, monitored natural attenuation, and in situ chemical oxidation. These technol-
ogies can be reliably employed for the cleanup of contaminated sites along with
many other technological alternatives that have been around for longer than chem-
ical reduction using NZVI. However, NZVI has many important benefits and can be
used in the treatment train coupled with many of these technologies.

Source removal approaches that treat highly NAPL-saturated media (e.g., thermal
treatment or flushing technologies) would precede NZVI injection in a treatment
train. NAPL source removal by flushing, solvent extraction, and hot water flushing
may represent opportunities for coupled use with NZVI injection. Flushing tech-
niques work well for NAPL pools and higher residual NAPL but less well with
lower-residual and sorbed contaminants. The infrastructure that would be used for
solvent flushing would be similar to NZVI injection wells leading to cost savings as
installed wells can be used for both purposes. Another example of sequential
treatment was investigated by coupling NZVI and electrical resistive heating
(ERH). In order to increase contaminant interaction with NZVI by increasing the
mass flux from NAPL residual, in situ ERH has been pilot tested as a coupled
technology with NZVI (Truex et al. 2011a). NZVI application would degrade
contaminants that were not removed during flooding or heating.

Sequential treatment using monitored natural attenuation may also couple with
NZVI application in a treatment train. NZVI that is deposited in the subsurface will
oxidize to Fe2+ and furthermore to Fe3+ species serving as an electron donor. This
approach has been demonstrated to degrade low levels of aqueous contaminants as
they flow through the reduced media (i.e., in situ redox manipulation) (Szecsody
et al. 2004). Such a technique can also immobilize contaminant metals (Cantrell et al.
1995; Li and Zhang 2007; O'Carroll et al. 2013).

Enhanced bioremediation by organohalide-respiring microorganisms has the
most potential when coupled with NZVI application. The reducing conditions
created as a result of the oxidation of NZVI and the hydrogen that is produced
eliminate any significant acclimatization period required for bioremediation.
Unintended microbially mediated degradation has been observed following NZVI/
CMC injection (He et al. 2010). ZVI emulsified in vegetable oil has also shown to
abiotically degrade PCE and TCE, while biodegradation products (e.g., methane and
volatile fatty acids) increased over a 2-year period, suggesting microbially mediated
degradation was stimulated (Su et al. 2012).

Laboratory studies have shown that naturally occurring microorganisms will
utilize the cathodically produced hydrogen in anaerobic systems. Increased micro-
bial degradation has been attributed to abiotic redox and electron donor processes
derived from NZVI oxidation in water (Lampron et al. 1998, 2001; Fernandez-
Sanchez et al. 2004; Jeon et al. 2013). This has led to number of studies investigating
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the effects of NZVI on microorganisms. Stimulation of bioactivity by ZVI was noted
in microcosms evaluating PRB performance (Lampron et al. 1998, 2001; Fernandez-
Sanchez et al. 2004) and in enriched cultures isolating Dehalobacter in the degra-
dation of carbon tetrachloride (Lee et al. 2015), Dehalococcoides in the degradation
of chlorinated ethenes (Rosenthal et al. 2004) and the degradation of chlorobenzenes
(Rosenthal et al. 2004; Zhu et al. 2012; Zhu et al. 2013). General dehydrogenase
activity was enhanced in soil activity tests with NZVI (Cullen et al. 2011) in addition
to upregulation of reductive dehydrogenases genes, tceA and vcrA (Xiu et al. 2010a)
in microcosms.

Many of these studies are limited as they evaluate single organisms or evaluate
single organism functions. However, they are important in the development of
remediation biomarkers. Specific studies have noted that enhanced microbial activity
is aided by the polymer coating that stabilizes the nanoparticles (Zhou et al. 2014),
while others have suggested that the polymer screens the organism from harmful
oxidative stress (Li et al. 2010; Xiu et al. 2010a). It has also been reported that this
biostimulation occurs only after a lag period (Xiu et al. 2010b). These remediation-
focused papers are accompanied by numerous toxicity studies focused on evaluating
the oxidative stress and negative impacts of NZVI on bacteria (Jiang et al. 2013),
aquatic organisms (Li et al. 2009), soils organisms (Pawlett et al. 2013; Saccà et al.
2014), and mammalian cells (Phenrat et al. 2009b) and human cells (Sun et al. 2011).

Fewer studies have taken a focus on the effects of NZVI on microbial community.
Kirschling et al. (2010) observed changes in Eubacteria diversity in aquifer media
microcosms, but no change in abundance was observed due to exposure to NZVI.
Barnes et al. (2010) studied aquifer-derived microbial microcosms, finding that
NZVI inhibited chlorinated ethene degradation. Zaa et al. (2010) comprehensively
characterized the organohalide-respiring microorganisms in a chlorinated ethene
plume undergoing natural attenuation. The most rigorous community-focused anal-
ysis was reported in soil mixing mesocosm experiments evaluating pesticide degra-
dation resulting in shifting microbial communities in real soil (Tilston et al. 2013).
These studies provide a step forward, evaluating field relevant soils and groundwater
in their laboratory studies. However, it is difficult to replicate field relevant exposure
conditions on microbial communities in microcosms.
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Chapter 8
Experiences from Pilot- and Large-Scale
Demonstration Sites from Across the Globe
Including Combined Remedies with NZVI

Johannes Bruns, Florin Gheorghiu, Michael Borda, and Julian Bosch

Abstract This chapter provides an overview of environmental restoration efforts
involving the application of NZVI and NZVI composite materials. The chapter
focuses on the novel application techniques aimed at improving the delivery,
characterization and effectiveness of particles, drawing on direct field experience
of the authors as well as review of over two decades of peer-reviewed literature.
Stressing a base of knowledge through detailed site characterization towards a
conceptual site model, this chapter’s main emphasis is on delivery techniques,
options for particle formulation and challenges associated with different site condi-
tions that would influence particle transport to the target contaminated areas, as well
as monitoring requirements to evaluate treatment effectiveness. Particle types and
injection characteristics are covered along with an evaluation of geological,
hydrogeological, geochemical and microbiological conditions favourable for
NZVI injection. The synergy between NZVI and bioremediation treatments is
discussed along with observed changes in microbiological activity following particle
treatments. This chapter also provides highlights of laboratory data needs, general
permitting requirements and health and safety issues related to NZVI. The chapter
concludes with a discussion of potential technology improvements that will likely
improve the effectiveness and implementability of NZVI treatments.
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8.1 Introduction

The use of zero-valent iron (Fe0) to treat sites impacted by chlorinated solvents is an
established and accepted technology in the environmental remediation industry. It is
effective for complete reductive dechlorination of chlorinated organic compounds,
e.g. chlorinated ethenes and chlorinated ethanes in contaminated soils, sediments,
groundwater and wastewater (Chap. 3). Nanoparticle field applications for ground-
water decontamination purposes were largely first performed in North America in
the early 2000s, shortly after applications in Europe followed. To date three particle
groups are used for remediation purposes in natural groundwater systems.

The first nanomaterial applied was zero-valent iron (NZVI), used for in situ
reduction of volatile chlorinated hydrocarbons (VCHC) and heavy metal fixing.
Fast chemical reaction and high performance in contamination reduction, complex
handling in the field and short travel distances in the aquifer characterize this
material available under several trade names. In North America additional catalysts
(e.g. palladium) are used to accelerate contaminant reduction or to reduce recalci-
trant constituents using NZVI alone. In Europe these kinds of additives are not
currently licensable for in situ applications.

R&D activities in Europe and North America lead to improvement of available
particles and forced the development of new, advanced nanomaterials like Carbo-
Iron® and intraBlue®. Carbo-Iron® is a composite material of colloidal activated
carbon and embedded nano-iron structures for VCHC reduction (Chap. 2). For
Carbo-Iron®, supporting the NZVI on a larger carbon colloid maintained the high
chemical reactivity of iron in water, but enabling the reagent is both more mobile in
the aquifer and easier to handle during application. The colloidal, nanoscale iron
oxide particle intraBlue® serves as electron acceptor for microbial hydrocarbon
degradation, and therefore indirect oxidative contaminant removal. After injection,
the material adsorbs to the soil matrix and acts as a non-toxic, sustained and rebound-
free stimulator for microbial activities.

The three particle groups, NZVI, supported NZVI, and nanoscale iron oxides,
have different characteristics, address various fields of application and are primary
materials currently available for commercial use. The following explanations sum-
marize the experiences with these materials made during large-scale field demon-
strations and site remediation over the last 20 years. Other particles show promising
degradation effects on various contaminants in laboratory tests, but they are not yet
suitable for commercial applications: there is need for further R&D, and the mate-
rials have to successfully complete field pilot tests before they are placed on the
market. A successful pilot test is one in which the ability of the material to be
emplaced and to degrade contaminants in situ is verified.

To warrant a cost-effective and successful field use, the application of
nanoparticles for site remediation should be based on a stepwise approach. Usually
the following steps are taken:

• Site suitability study
• Detailed site investigation
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• Contaminant degradation tests
• Authority licensing
• Application conception
• Particle design and production
• Particle injection
• Performance monitoring

Economic and ecologic aspects, resources conservation and requirements of
sustainable remediation procedures have led to an increasing number of in situ
applications of nanoparticles worldwide. This trend is estimated to continue, espe-
cially since the fears of negative consequences of engineered nanomaterials are
allayed, and more regulators are now supporting this technology.

This chapter presents the experience and lessons learned from field
implementations of nanoparticle-based remedies carried out worldwide. The struc-
ture of the chapter is organized to include an overview of the in situ treatment and the
details needed for the treatment design such as slurry composition, slurry injection
methods specific to unconsolidated sediments and fractured bedrock, estimation of
particle quantities and observations related to treatment longevity. Finally, a section
on the needs of future technology and implementation improvements viewed from
the perspective of field practitioners is added.

8.2 Site Investigation and Data Needs for Successful
Injection of NZVI

In situ contaminant treatment using nanoparticles consists of the injection of a water-
based suspension into the subsurface. Normally stabilizers are added to keep the
slurry stable, and sometimes catalysts are added to accelerate contaminant reduction
or to degrade recalcitrant constituents.

Typically, dissemination of nanoparticles in the subsurface can be achieved by
multiple methods including hydraulic soil fracturing and injection of NZVI/ZVI
sand mixtures; however, this section includes references to particle slurry gravity
feed, pressurized injections and pumping and reinjection of closed loops using wells
or possibly recharge galleries (i.e. trenches). Pressurized injections can be
implemented under slight injection pressures, or using higher pressures designed
to reopen existing or induced bedrock fractures.

The goal of nanoparticle injections is to obtain a well-dispersed reactant slurry in
the subsurface either throughout the affected aquifer or at least in the area with most
contaminant mass. As a result, the main or initial target of NZVI injections should be
the source zone or hotspots and highly permeable features, if present.

The design of nanoparticle injection is highly dependent on local geologic and
hydrogeologic heterogeneities. Well screen location and particle mass injection
should target the permeable sections of the stratigraphy. It is important that a
sufficient number of boreholes/wells in a proposed remedial area are installed and
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that the boreholes be logged in detail and stratigraphic correlations are made.
Detailed stratigraphic correlations allow for placement of monitoring wells
downgradient of the injection area with screens set at the appropriate level. Water
level monitoring and detailed understanding of groundwater flow, groundwater
fluctuations and variability in groundwater gradients and flow direction are also
important for the same reasons discussed above. Tracer tests and detailed monitoring
with multi-parameter data loggers are recommended prior and during nanoparticle
injection. Continuous data logger monitoring allows for refinements of the
hydrogeological conditions in the remediation area and help the interpretation of
the geochemical changes following nanoparticle application (Fig. 8.1). Not under-
standing the complexities of local stratigraphy and groundwater flow migration may
result in monitoring of zones not affected by nanoparticle injections, or potentially to
miss delivering NZVI to the areas of interest.

Injection well drilling, installation and development are critically important for
the successful implementation of a nanoparticle remedy. The mobility of the parti-
cles can be obstructed by the presence of clay lenses that could generate a smearing
zone, improper well screen design, incomplete well development and other factors.
A nanoparticle remedy should also take into account the need for injection well
rehabilitation and well replacements.

Fig. 8.1 Example of multi-parameter monitoring conducted in monitoring well P-5 located
approximately 10 m downgradient of injection well BNP-4 (Gheorghiu and Plant 2010). ORP
and DO are the main indicators of NZVI slurry migration showing lower DO and lower ORP.
Turbidity provided in this case is an indication of fracture propagation reaching monitoring well P-5
corroborated by a sudden increase in water level in P-5. Conductivity does not provide sufficient
change to indicate the NZVI slurry presence
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The development of a conceptual site model (CSM) is an essential step in the
successful implementation of nanomaterial-based remedies. All information about
the underground conditions are basis for the development of a CSM that supports the
understanding of those subsurface structures and conditions that influence the
contamination distribution and that favour or hinder the particle dissemination.
Geological systems are complex, and the site investigation has to be performed in
a way that provides all of the necessary data for a successful remediation action
including monitoring all contaminants present and detailed geological, geochemical,
hydraulic and microbiological conditions. In addition to site utilization, infrastruc-
ture and technical site conditions have to be known and used as a basis for designing
an effective and sustainable remediation strategy (Fig. 8.2).

The first step of a successful remediation strategy is to determine whether any
nano-remediation strategy would work at a specific site, including identifying which
particle species could be effective for the contamination degradation. Nanomaterials
have different activity spectrums, and they are often suitable only for particular
contaminants, contaminant groups or site conditions. In detail the study should
geologically characterize the local formations, tectonics, hydraulic conductivities,
groundwater flow direction and velocity and hydrochemical conditions of the
regional groundwater regime and local aquifer(s), and it should describe the con-
taminant spectrum in all relevant underground compartments (groundwater, soil, soil
vapour) as well as pathways of its mobility. An environmental site assessment
should evaluate potential contaminant impacts on protected properties like human
health, drinking water, soil, air, etc. This initial evaluation should lead to a go/no-go
decision regarding the applicability of nano-remediation. If the site appears suitable
for nanomaterials, a treatability study may be warranted (see Sect. 8.3).

Fig. 8.2 Example of a conceptual site model showing geologic and hydrogeologic and contami-
nant information along with conceptual design information of an NZVI injection remedy (Macé
et al. 2006)
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With respect to the process of particle injection in the subsurface, the main
significant underground characteristics are related to the geological, hydrogeological
and contaminant conditions. Geologically the underground can be grouped as
unconsolidated materials (gravel, sand, silt and clay) and consolidated materials
(sedimentary, igneous or metamorphic bedrock). Corresponding to these types of
unconsolidated and consolidated materials, the groundwater flow can be porous
media flow or fracture flow. Favourable subsurface conditions for NZVI injection
include presence of higher permeability materials such as sands and gravels or
highly fractured consolidated materials. Injection in lower permeability materials
requires closely spaced injection points or soil/bedrock fracturing.

If nano-remediation on site is determined to be feasible (e.g. nanoparticles can
degrade the site-specific contaminants, most contaminant mass is present in perme-
able materials, or if induced fractures are cost-effective), a site investigation
programme has to be performed to fill information gaps prior to the injection
conception and design. The investigations should provide information on the spatial
contaminant distribution and physico-chemical parameters (pH, redox potential,
dissolved oxygen, conductivity, temperature, etc.) within the underground forma-
tions and show the spatiotemporal hydraulic and hydrodynamic pattern on site. In
addition the groundwater microbiology in the contaminated source and plume area
has to be known to describe biological activities in the aquifer and evaluate their
potential interactions with the particle application. In addition to the site investiga-
tions, laboratory treatability tests with groundwater samples should be performed to
determine contamination degradation patterns and cross-sensitivity reactions.

All information gathered is used for the remediation planning process and particle
injection design. Degradation takes place only if the nanomaterial comes in contact
with the contaminants in the source or plume area. Technically this is induced by
injecting or infiltrating slurry into the contaminated areas of the aquifer; here ideally
the nanomaterial travels into/through the pore space or fractures where the contam-
inant sits, settles and reacts with the pollution and/or stimulates microbial contam-
inant removal. The travel behaviour is the key to an effective degradation
mechanism: only a large radius of influence ensures a sufficient contact area between
nanoparticle and contaminant. The ability to deliver NZVI over distances more than
a few decimetres (no surface modifiers) or a few metres (surfactants) is currently a
limitation of the method. However, some modifications of NZVI, e.g. Carbo-Iron®
and intraBlue®, can travel distances up to 20 m in natural aquifer systems and in lab
tests. Advances in materials design and injection methods will continue to improve
the ability to deliver NZVI.

Knowledge of hydraulically effective layers in the underground, especially the
differentiation between gravel, sand (fine, medium, coarse), silt and clay in uncon-
solidated materials and the fracture flow characteristics in consolidated materials and
determination of aquifer parameters, is needed to bring the nanomaterial in contact
with the contaminants. This requires that the spatial distribution of heterogeneities be
understood. Further, a contaminant mass balance and a groundwater flow and
contaminant transport model for the remediation area is important for injection
planning, stoichiometric calculations, contaminant transport estimation and moni-
toring design.
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Data needs in unconsolidated sediments include discharge velocity and ground-
water flow velocity, hydraulic conductivity of the target injection zone as well as
overall and hydraulic conductivity distribution in the impacted groundwater zone.
These data are used to estimate particle slurry injection rates and dissemination
around injection wells, considering the particle-specific travel characteristics. These
data can be collected using standard hydrogeologic tests. Short-term to extended
time constant rate injection/withdrawal tests are preferred because they provide
quantification of the skin effect (i.e. skin factor, a dimensionless pressure drop
caused by a flow restriction in the near-wellbore region) of the injection well. A
large skin effect may prevent effective injection of particle slurry. In addition to the
needs and for unconsolidated sediments, there are specific additional data needed for
the implementation of particle injection in fractured bedrock. Data needs include
fracture orientation, fracture aperture, fracture transmissivity/hydraulic conductivity,
fracture reopening pressure and orientation and magnitude of minimum principal
stress. In addition, basic water level data from wells and screened in known fracture
systems or hydrostratigraphic units are needed.

Fracture orientation, aperture and transmissivity are needed to identify and
quantify discrete fracture networks (DFNs) which allow for understanding ground-
water and contaminant migration pathways. Fracture reopening pressures and ori-
entation and magnitude of the minimum principal stress are data needed to design the
injection pressures using existing fractures as the particle slurry dispersion mecha-
nism in the subsurface. Water level data is needed to develop an understanding of the
hydraulic pressure distribution in the subsurface and groundwater flow direction.

Fracture orientation and fracture aperture can be obtained from surface mapping
of outcrops, downhole televiewer logging (optical or acoustic televiewer) or mea-
surements performed on oriented cores. Fracture transmissivity/hydraulic conduc-
tivity can be obtained from drill stem tests/packer tests from downhole heat-pulse
flow metre logging. Fracture reopening pressure and orientation and magnitude of
minimum principal stress can be obtained from in situ stress tests combined with pre-
and postfracturing downhole televiewer logging.

8.3 Laboratory Investigations and Field Verification

The successful field application of nanoparticle remediation materials requires a
prescribed set of laboratory investigations. The test results are used for all aspects of
the remediation process, from environmental impact assessments and risk evalua-
tions over mass calculations and stoichiometric calculations to conceptual site model
development, technical injection design and contamination reduction process eval-
uations during field monitoring.

These analyses cover:

• General groundwater characterization
• Contamination spectrum determination
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• Contaminant degradation tests with different particle concentrations and suspen-
sion stabilizers (carboxymethyl cellulose (CMC), humic substances, organic
polymers, etc.)

• Particle reactivity tests (contaminant degradation vs. time per particle mass)
• Particle selection (optimal size, coatings and additives for reaction control and

slurry stabilization)
• Suspension additive tests for suspension stabilization and particle travel

optimization
• Particle transport behaviour in column or pilot test tank experiments
• SEM/TEM investigations on selected particles and sediments to assess the

impacts of particle injection on geomorphology, especially for monitoring
purposes

• Granulometry and grain size distribution, pore size/pore space distribution and
ecotoxicological tests

An increasingly important part of tests comprises investigations of microbiolog-
ical communities and microbial activities in soil and groundwater to evaluate their
role in natural attenuation processes on site and investigations of microbiological
balance modifications over time as a consequence of nanoparticle application. For
NZVI the influence on microbiology is partly understood (see Chap. 10); for the new
composite material Carbo-Iron®, latest investigations point to increases in microbial
degradation (Mackenzie et al. 2014); and the iron oxide material intraBlue® was
developed specifically to enhance oxidative microbiological degradation processes.

For NZVI, its coupling and interaction with microbiological activities are known,
and long-term experience exists within the scope of large-scale remediation. Theo-
retical recognition of the synergy between NZVI and the microbiome was recog-
nized in early Records of Decision (ROD) approved by the US EPA and
Underground Injection Control Application and permits in which a transition from
an NZVI remedy to a bio-remedy was envisioned. These synergies are described in
detail in Chap. 10.

During the largest pilot-scale NZVI injection performed to date (~4500 kg NZVI
injected), a thorough microbiological assessment was performed illustrating the
transition of abiotic VCHC degradation to enhanced anaerobic bioremediation of
VCHCs (Hains 2008). Microbial counts, polymerase chain reaction (PCR) and
denatured gradient gel electrophoresis (DGGE) analyses were conducted before
and after NZVI injections. Before treatment, bacterial analysis indicated predomi-
nance of aerobic bacteria and a low bacterial population density. Traces of
Dehalococcoides and Dehalobacter were detected. PCR and DGGE analysis con-
firmed that, immediately following NZVI injections, population density became
much less diverse. With time, population density increased significantly but
presented a different set of dominant bacterial species than prior to NZVI injection.
This behaviour is consistent with laboratory-based mesocosms evaluating the effect
of NZVI on microbial community structure in sediments collected from three differ-
ent contaminated sites (Kirschling et al. 2010). Microbial counts confirmed that
aerobic heterotrophic bacterial population remained relatively stable, but iron-
reducing bacteria, sulphate-reducing bacteria and nitrifying bacteria increased
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significantly in the treatment zone. In general, bacterial population increased by five
orders of magnitude compared to the upgradient bacterial population.
Dehalococcoides was detected in the treatment zone, but its distribution was
non-homogeneous over the treatment zone.

This transition in microbial communities is driven by the redox condition of the
aquifer (Fig. 8.3) due to NZVI reactivity (ORP values changed from +200 mV to
�500 mV upon injection), coupled with the addition of a complex source of soluble
and sparingly soluble carbon (soy protein) which acts as an electron donor. This
transition and degradation of VCHCs continued for over 1 year and achieved a
groundwater concentration target of five parts per billion (ppb) for trichloroethene
(TCE) without build-up of intermediate degradation products (Hains 2008). This
suggests that a combined remedy of NZVI injection and long-term enhanced biore-
mediation may be a strong candidate technology for a number of VCHC-impacted
sites (Figs. 8.3 and 8.4).

The abiotic treatment of VCHCs using NZVI is driven by the direct contact of
NZVI particles with the VCHC and consequent electron transfer. With particle
mobility being low in many cases, and the high reactivity of NZVI particles with
water potentially placing an upper limit of the functional treatment time of this
technology, direct-contact abiotic NZVI treatment may not be a sustainable remedial
option, without periodic successive injections. This alternative can become costly. In
addition, aquifer clogging and limited electron transfer efficiency can begin to render
multiple injections unsuccessful. In contrast to abiotic NZVI treatment, the presence
and reactivity of NZVI in the subsurface cause broad changes in the geochemistry
which is not direct-contact driven. Changes in ORP to more reducing conditions,
reduction of dissolved oxygen (DO) and removal of other terminal electron acceptors
(TEAs) can occur over a significantly larger area than direct-contact abiotic treatment.

Typically under these scenarios, the capacity of the system for intrinsic bioreme-
diation is high; however, the systems are typically carbon limited. The addition of an
electron donor (e.g. soy protein) can stimulate the indigenous microorganisms and
result in successful enhanced bioremediation over a significantly larger treatment
area than the initial NZVI impact (Fig. 8.4). A phased approach may be applicable
and sustainable as NZVI can be injected in source areas to treat high dissolved

Fig. 8.3 Graphical representation of the geochemical changes that occur after the injection of
NZVI into a groundwater system (Borda et al. 2009)
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concentration of VCHCs abiotically and to condition the aquifer for enhance biore-
mediation. Further treatments of electron donor may continue for significantly
longer time frames than NZVI alone allowing for less frequent NZVI injections to
condition the aquifer.

8.4 Permitting and Health and Safety

All nanoparticle field applications have to be permitted by federal, state or local
authorities. The permitting procedure for nano-remediation in general requires a
formal remediation plan according to the local, state or national requirements.
Typically required documents include:

• Detailed descriptions of the site:

– Utilization
– Contamination
– Environmental impact and risk assessment

• Remediation measures:

– Schedule
– Particle characterization:

Fig. 8.4 Pilot-scale study showing prolonged treatment (over 18 months) of TCE showing short-
term treatment with abiotic NZVI reactions, then long-term treatment with abiotic and enhanced
bioremediation (Hains 2008)
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∘ Design
∘ Production
∘ Effect on pollution including by-product generation
∘ Toxicology data
∘ Travel behaviour within the aquifer
∘ Effective reactive lifetime

• Injection mass calculations
• Site injection schema
• Ecotoxicological impact evaluations
• Remediation success estimates
• Monitoring plan descriptions:

– Maps
– Schedule
– Parameters

To avoid holding time of the NZVI, the remediation planning should allow time
for the permitting procedure. Toxicology, particle travel behaviour within the aqui-
fer, by-products of contaminant degradation and reactive lifetime considerations of
the particles used are important factors for the regulator’s internal decision-making
process and permit stipulations. Early involvement of the regulatory authority in the
remediation planning could benefit (speed up) the process.

Fig. 8.5 Graph drawn from data obtained in the injection wells and monitoring wells used during
pilot-scale tests undertaken by Golder Associates at locations around the world. Target test response
area illustrates the optimum treatment conditions that can be achieved using NZVI technology with
60% to 100% treatment efficiency and long-term (<1 yr) treatment times. Rapid rebound of
contaminants after treatment (illustrated by the black curve) suggests that the CSM be refined.
(Modified from Macé et al. (2006))
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Rough estimates for the in situ reactive lifetime of zero-valent iron in Carbo-
Iron® particles resulted in a time span of >100 days so far. The nanosized, colloidal
iron oxides for bioremediation, intraBlue®, have shown a reactive lifetime of more
than 1 year. The effective reactive lifetime for NZVI particles is illustrated by the
graph on Fig. 8.5 (Macé et al. 2006).

In terms of ecotoxicology, Carbo-Iron® and intraBlue® have been tested thor-
oughly. Investigations of ecotoxicological impacts (acute and chronic toxicity) of
Carbo-Iron® particles on fish embryos, daphnia and other organisms have shown no
toxic influence, although the organisms partly incorporated the particles or were
tainted with it. Tests with adsorptive enriched PCE on aged Carbo-Iron® lead to an
increased lethal concentration of PCE (Bleyl 2014), i.e. lower toxicity. Ecotoxico-
logical tests of intraBlue® particles on plant roots, bacteria and nematodes (Höss
et al. 2015) have been used to estimate critical exposure levels. So far, no relevant
toxicity has been observed for these materials.

Based on the ecotoxicological tests, permitting for the particles has been
non-problematic in recent field applications.

Finally it should be pointed out that the permitting process has also to consider
basic interests of the party obliged to undertake remediation: although this is public
information, sometimes companies affected are not happy to have their sites featured
in publications. Thus, much of the practical experience with NZVI is unfortunately
not well-documented in the scientific literature.

8.5 Particle Transport

As described above, the injection and movement of NZVI is important for its success
as a remediation strategy. Particle travel in natural aquifer systems primarily is
induced by flow and gravity forces within pores or fractures. The mobility is hindered
by magnetic properties (and resulting aggregation) and relatively low surface charge
of the particle; these characteristics lead to an interaction between the particle and
encircling mineralogical materials with its own geophysical features, so that particles
adhere to the surrounding area. In addition the nanoparticle shape affects the travel
properties: spherical particles travel farther than other forms. Particle density and
agglomeration is another travel obstacle: porous particles like the composite material
Carbo-Iron® have a lower density and a more negative surface charge compared to
other particles like NZVI and subsequently have lower rates of agglomeration. Lab
tests and field findings confirm higher travel distances of Carbo-Iron® compared to
NZVI. Recent research suggests that agglomeration may be a significant cause to the
limited mobility observed in NZVI applications. This suggests that methods to
prevent agglomeration could further improve NZVI delivery.

Within the aquifer particle travel happens primarily with the injected water along
areas of high hydraulic permeability. In unconsolidated sediments, gravel and sand
are preferred pathways compared to silt and clay. Coarse sand layers are preferred
compared to fine grain areas. In unconsolidated material, grain size distribution and
pore volume influence the travel behaviour; in consolidated material the fracture

346 J. Bruns et al.



networks and its aperture affect the travel. In some respect the particle travel routes
follow the preferred contamination migration pathways. Thus it happens, e.g. in
complex structured aquifers, that particles circulate around thick silt and clay lenses
and are detected below this layers. To evaluate main particle injection areas and
migration pathways, it is important to consider the subsurface in all three dimen-
sions. Besides the geological structures, site hydraulics affects the particle spreading.
Especially spatial and temporal changes of groundwater flow directions and artesian
conditions have to be understood for the detailed injection planning. By first
approximation, the overall particle transport direction can be derived from the
main groundwater flow direction.

To reach an optimal remediation result, particle features like surface charge and
magnetic properties have to be tailored for best performance under the conditions of
the natural system, particularly to optimize the particle spreading. The travel behav-
iour of the three commercially used particle groups NZVI, Carbo-Iron® and
intraBlue® in natural subsurface systems is different, according to their different
shape, size and surface charge.

For NZVI the authors draw from their experience with travel behaviour for the
last 20 years. During the processing of crushed NZVI materials, it has been observed
that the primary particle size range of NZVI produced is approximately 50–100 nm.
Particles then begin to agglomerate, based on surface charge and on magnetic
properties of ZVI, forming secondary particle sizes that may approach the micron-
scale (Fig. 8.6).

Fig. 8.6 Agglomerated nanoscale NZVI particles (average diameter of population 1, 115 nm;
average diameter of population 2, 120 nm) forming a secondary spherical micron-scale structure
(Bruns 2013)

8 Experiences from Pilot- and Large-Scale Demonstration Sites from. . . 347



Much of the focus of field implementation has been on using food-grade additives
to limit the degree of NZVI agglomeration to promote their distribution in the
subsurface. Along with using surface modifiers, a critical factor that has been
observed in enhancing the mobility of some products is the use of freshly produced
NZVI particles. Because the processes that cause NZVI to become immobile
(e.g. agglomeration) are kinetically controlled, using material that is less than
1 week old has been observed to significantly impact the quality of the product.
Recent advancements in identification and use of surface modifiers as well as
successful field demonstration using mechanical dispersion of the NZVI slurry as
part of the pressurized injection processes have reduced concerns related to NZVI
agglomeration, low subsurface dispersion and particle settling. Using appropriate –
in Europe currently not licensable – surfactants, the current technology allows for
gravity-fed and pressurized injection in unconsolidated sediments with maximum
radii of influence (ROI) on the order of 3–6 m. Without surface modifiers, travel
distances of only a few decimetres are reached on average. In fractured bedrock,
hydraulic fracturing and injection have shown particle travel distances of about 15 m
upgradient and 35 m downgradient from the injection point.

For the composite material Carbo-Iron®, travel behaviour has been determined in
a diverse set of testing conditions and scale in situ in unconsolidated sediments. The
particle size can be adapted to the requirements given by the natural aquifer system
by milling the activated charcoal (ACC) carrier to the optimal grain size. In addition
the iron structures are placed within the carbon grain, so that the properties of the
external ACC surface are maintained and the carbon framework inhibits
aggregation.

To stabilize the Carbo-Iron® slurry, carboxy methyl cellulose (CMC) is added.
CMC is a macromolecule that sorbs with a maximum load of 7% by mass to the
Carbo-Iron® particle surface, coats the particle and keeps it in suspension and thus
mobile in the aquifer. Decreasing CMC concentration leads to increasing particle
sedimentation, and for cCMC < 5% by mass, significant sedimentation is observed. In
natural systems, the loss of CMC after injection either by desorption or biodegrada-
tion results in destabilization and retardation of particle spreading. By appropriate
design of the CMC particle wrapping to control hydrophobicity and steric stabiliza-
tion, the travel behaviour can be controlled and accustomed to the remediation needs
for contaminated source or plume areas. Based on lab investigations, the CMC loss
and thus particle fixing happens within about 10 days. Furthermore travel distances
of Carbo-Iron® depend on the content of carbonate in groundwater: travel distances
are lower in hard water.

Generally depending on the local permeability and hydrodynamics of the aquifer,
horizontal particle travel distances on the order of 10 m and vertical spreading of
25 m for mixed-grained sands with embedded fine sand and silt layers (average
permeability coefficient 10�4 m/s) had been determined by field measurements. The
travel behaviour additionally can be improved by (repeated) rinsing the slurry
injection points with CMC-containing water. In summary, Carbo-Iron® is signifi-
cantly more mobile compared to conventional NZVI particles.
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The travel behaviour of the newly applied iron oxide particle intraBlue® is also
known from a diverse set of testing in unconsolidated sediments. Based on cascading
column tests, particle travel distances on the order of 5 m horizontal and 20m vertical
spreading depending on the aquifer conditions can be expected. However, the first
field findings indicated 3 m spreading in mixed sands. After injection intraBlue®
stayed within the injection zone. Hydraulic remobilization of deposited particles is
quite unlikely under natural conditions. However, sampling of groundwater from
multilevel system wells (CMT) showed that particles located near the sampling port
could be mobilized due to the higher flow velocity at the sampling port.

8.6 Particle Injection: Theoretical NZVI Mass
Requirements and Injection Techniques

Particle mass calculation is a basic requirement to reach a given remediation target.
Along with developing a concise conceptual site model and consideration of the
important geological and hydrogeological conditions at the site, a critical step in
evaluating the technological feasibility of using nanoparticles as a remedial technol-
ogy is the determination of the required particle dosage. This determination relies on
knowledge and evaluation of the site geochemistry and has broad implications for
the effectiveness of the remedy and the overall remediation cost.

The mass of NZVI necessary for treatment can be estimated by calculating the
stoichiometric natural reductant demand (NRD), i.e. the concentration of electrons
(e�) necessary (donated from NZVI) to overcome the electron demand from natu-
rally occurring redox species in the system. These naturally occurring species
include, but are not limited to, iron (Fe), manganese (Mn), nitrate (NO3�) and
dissolved oxygen (DO).

These types of calculations require standard water quality data, knowledge of the
approximate treatment zone volume, hydraulic parameters including conductivity
(k), hydraulic gradient (i) and total porosity (nt) and contaminant data. The stoichio-
metric electron demand provided by NZVI is assumed to be two electron equivalents
per mole (e-equiv/mol), although a treatment efficiency factor is typically used to
address the fact that the transfer of electrons from NZVI is inefficient.

It is critical to determine the total NRD compared to the electron demand from
contaminants to evaluate the cost impact of side reactions. However, there may be
occasions where the express purpose of the remedial action is to radically change the
system’s geochemistry and this can be achieved using NZVI.

An example of an injection condition where NZVI can be effectively placed in the
subsurface is a condition where the aquifer is predominantly sand and gravel with
limited silt and no clay. Under these conditions, large quantities of particle material
can be injected and potentially overcome NRD concerns. With modifications con-
sidering the individual physico-chemical properties and travel behaviour of other
materials, the method is applicable for any particle to be injected.

8 Experiences from Pilot- and Large-Scale Demonstration Sites from. . . 349



8.6.1 Suspension Preparation

The particle slurry as an important part of the remediation chain has to be prepared
and handled carefully, especially stabilization against agglomeration is critical.

For practical reasons the preparation should be done on site directly before
injection using a mobile injection platform to perform the injection fast and reach
the particular injection point of the array smoothly. Based on the calculated particle
mass and slurry particle concentration, the total volume of slurry water for injection
is calculated. Additional water requirements may be needed if the injection is
followed with chase water. Normally the slurry is prepared by dispersion of particles
into deoxygenized, drinking water containing the stabilizer using a high-speed
industry disperser forming a 10–20 g particles/L suspension. The stabilizer concen-
tration (CMC, humins, poly(acrylic acid) (PAA), others) is determined experimen-
tally in laboratory columns and has to be carefully controlled. Particularly for Carbo-
Iron®, slight differences in the stabilizer/particle ratio may result in significant
differences of the particle migration. Depending on the physico-chemical properties
of the particle used (size, density, surface charge), mechanical mixers within the
tanks may be needed to prevent agglomeration and settling of the slurry during the
pre-injection phase.

As a final step directly before injection, the slurry should be homogenized again
(Fig. 8.7). To prevent consumption of the zero-valent iron in the particles, it is crucial
to keep the injection equipment during the entire preparation and injection process
under deoxygenized conditions. Normally nitrogen is used which can easily applied
by aerators within the slurry tanks and disperser unit.

To check the slurry quality, physico-chemical parameters (particle specific:
oxygen content, pH, temperature, redox potential, conductivity) should be measured.
Oxygen consumes zero-valent iron; consequently it should be as low as possible in
the slurry. Under field conditions, an oxygen content of 0.1 mg/L is acceptable. To
control the technical injection process, flow velocity and injection pressure should be
regulated considering the local geohydraulic conditions as described next. To
prevent sediment wash out, hydraulic shear failure occurrence and tunnel erosion
in soil and loose rock aquifers and a hydraulic displacement of the contamination,
the injection pressure should not strongly exceed the local hydrostatic pressure, and
the flow velocity should be adjusted to the capacity given by the natural permeabil-
ity. Also the frame conditions of the injection method (e.g. direct-push injection,
infiltration via groundwater wells with or without packer sealing, drainage infiltra-
tion) have to be considered to achieve an even particle distribution over the contam-
inated area.

8.6.2 Injection Methods

The injection methods of slurry vary depending on the geological and
hydrogeological site conditions and the contamination distribution. The methods
described below have been developed for NZVI slurry injection. However, with
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slight modifications which consider the specifications of other particle types, the
methods are generally applicable. Aquifers in different types of subsurface as
unconsolidated sediments and consolidated fractured bedrock require different
injection methods.

Figure 8.8 shows a flow chart of a typical injection equipment as recently used for
on-site preparation of Carbo-Iron® particle slurry and injection.

Depending on the technical specifications on site, contamination distribution,
hydraulics and hydrodynamics, the goal of the remediation (e.g. source or plume
remediation) and any other requirement of CSM or remediation concept, there are
diverse methods used to bring the particles into the subsurface. A few of them are:

• Infiltration without pressure via full-screened wells
• Injection with variable pressure in wells with/without packer use

Fig. 8.7 Example of slurry field mixing and injection equipment (Doose and Bruns 2014). The
NZVI slurry is a mixture of water with NZVI particles typically up to 10–20 g/L of NZVI powder
mixed with surface modifiers to maintain NZVI particles in suspension and prevent NZVI agglom-
eration, and additional catalysts (e.g. palladium acetate) to accelerate contaminant reduction or to
reduce recalcitrant constituents

Fig. 8.8 Flow chart of an injection equipment recently used to slurry Carbo-Iron® under anoxic
conditions and inject it into an aquifer modified according to (Doose and Bruns 2014)
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• Partly screened wells
• Surface infiltration via drainage pipes
• Direct push and fracking systems
• Injection starting upgradient/downgradient
• Array injection in source areas
• Time interval injection with ring injection to fence source and prevent contam-

ination spreading during central source injections

An inappropriate injection technique may result in hydraulic pollution displace-
ment and may cause shear failure and tunnel/soil piping erosion within unconsoli-
dated sediments. In any case, methods and techniques have to be customized to the
site requirements. If necessary, test injections should be performed to fine-tune
injection techniques and equipment operation.

Dissemination of NZVI in the subsurface can be achieved by multiple methods
including mixing NZVI or coarser ZVI powders in an excavation backfill as a
polishing step following hotspot source excavation. However, the following
includes references to NZVI slurry gravity feed, pressurized injections and pumping
and reinjection of closed loops using wells or possibly recharge galleries
(i.e. trenches). Other slurry injection techniques include hydraulic soil fracturing
and injection of NZVI/ZVI sand mixtures. Experiments have also been conducted
using electrokinetic approaches to disseminate NZVI particles in low permeable
materials (i.e. silt and clays).

Injection Methods for Unconsolidated Sediments This section presents the typ-
ical slurry injection methods for various geologic materials including gravels and
coarse sands and finer grain sediments. In addition, slurry injections in loess are also
discussed.

Injections in Gravels and Coarse Sands The slurry can be readily injected in well-
sorted gravels and coarse sands using injection wells. The injection technique is
typically gravity flow. Pressurized injections are not needed because the injection
flow rates are sufficiently high to maintain a reduced time needed to deliver in the
subsurface the designed particle quantities in a cost-effective manner.

Injections in Fine Grain Sediments (i.e. Medium to Fine Sands, Silts
and Clays) Injections in finer grain sediments become progressively more difficult
with the decrease in particle size. Moreover, the hydraulic conductivity following
NZVI injections in medium to fine sands is generally lower by approximately one
order of magnitude. As a result, pressurized injections using direct-push drilling and
slurry delivery techniques are recommended in this instance. Pressurized injection
should account for depth of the screened interval of the well and should not exceed
pressures calculated as depth to the top of the well screen measured in feet multiplied
by 1 pound per square inch (PSI). One PSI per foot is the approximate lithostatic
pressure or vertical stress of a soil column of 1 foot. To better focus the particle
emplacement, membrane interface probe (MIP) investigation prior to injections is
recommended to focus the treatment to intervals with high concentrations of con-
taminants or slight increase in hydraulic conductivity. In this way the main
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contaminant mass or the slightly higher transmissivity of contaminant migration
pathways is addressed.

Injections in Loess A particular case of unconsolidated sediments is the loess
which is a clastic, predominantly silt-sized sediment that is formed by the accumu-
lation of wind-blown dust. It is loosely cemented by calcium carbonate. Important
for groundwater and contaminant migration pathways are properties typical to loess
materials including:

• The loess is highly porous and is traversed by vertical capillaries that permit the
sediment to fracture and readily transmit water/contaminants vertically
downward.

• The loess includes palaeosol layers, typically impermeable allowing the devel-
opment of perched water saturation.

• Within loess there are layers of calcium carbonate concretions (i.e. loess
kindchen) with typical higher horizontal hydraulic conductivity allowing lateral
water/contaminant movement.

The presence of these discontinuities typically results in a stair-step-like distri-
bution of contaminants that migrate downward from a release, and then the lateral
migration is enhanced by the presence of calcium carbonate concretions (loess
kindchen), while the vertical downward migration is interrupted by the palaeosols
that may not be continuous and the cycle of vertical lateral migration is repeated.

MIP investigations of loess layers provide a good three-dimensional distribution
of contaminants and vertical heterogeneities. MIP investigation is a recommended
first step prior to NZVI or any other in situ injection treatment of groundwater
present within loess materials. Slurry injections targeted for the permeable concre-
tion layers may be conducted using gravity flow or low level pressure injections
using dedicated injection wells. For the remainder of the loess mass, dedicated
injection well may also be used if sufficient vertical fractures are intercepted by
the injection well; however, targeted closer spaced direct-push pressurized injections
are more feasible in this instance.

Injection Methods for Fractured Bedrock Slurry injection methods in fractured
bedrock include gravity or pressurized injections. Open bedrock wells are preferred
to allow well rehabilitation especially in context with NZVI injection over time
because they can be aggressively redeveloped or hydraulically fractured. Gravity
flow via injection wells is possible in solution-enhanced fractures or karst conduits.
Dissemination of slurries in fracture bedrock requires in most cases pressurized
injections.

Enhancing Delivery with Hydraulic Fracturing Hydraulic fracturing can be used
to initiate new fractures in a bedrock aquifer to increase the transmissivity and
enhance the ability to inject reagents into the subsurface. A typical hydraulic
fracturing programme consists of sealing off a short segment (1–10 ft) of a borehole
at a desired depth (using inflatable packers), injecting fluid (typically water) into the
isolated zone at a sufficient rate to raise the hydraulic pressure rapidly and bring
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about hydraulic fracturing of the borehole wall. Hydraulic fracturing occurs when
the fluid pressure in the isolated portion of the borehole reaches a critical level, called
the breakdown pressure (Pc). At this breakdown pressure, the rock fractures causing
hydraulic fluid loss and a drop in pressure (Fig. 8.9).

8.7 Monitoring

The monitoring of geohydraulic, physico-chemical, chemical and microbiological
data before, during and after particle injection provides information on subsurface
conditions and its changes induced by particle effects. The variations in groundwa-
ter, soil vapour and soil and changes of microorganism communities have to be
traced and recorded. In the course of evaluating spatial and temporal effects of the
particle injection, seasonal changes of the natural system (e.g. groundwater hydrau-
lics and chemistry) have to be considered.

The number of monitoring points, distribution network and construction as well
as sampling procedures has an important influence on obtaining quality monitoring
data. The most important compartment for monitoring measures is the groundwater;
thus all groundwater wells have to be located in locations and layers that are affected
by the contamination of NZVI injection and installed and equipped considering
geological and hydrogeological conditions and requirements of the conceptual site
model. Also soil vapour and soil has to be part of the monitoring chain. Coupled
groundwater/soil vapour wells could provide balanced state evaluations for these
two compartments. A complete data set of hydraulic and chemical conditions which
show a detailed picture of the initial state and changes during the whole remediation
procedure is an essential basis for a comprehensive evaluation of contamination
degradation. In addition it serves as input data for calibration and validation of the
groundwater flow and contaminant transport model created during the site investi-
gation phase. The modelling results enable a detailed forecast of the environmental
development on site.

Fig. 8.9 Field implementation and monitoring of hydraulic fracturing of bedrock prior to NZVI
injection (Gheorghiu et al. 2010)
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The monitoring key dates should be scheduled flexible, and subsequent monitor-
ing measures should be adjusted accordingly: observation periods and sampling
events have to cover the needs given by injection deadlines and corresponding lead
time periods. Furthermore acquisition of data fluctuation ranges (background) has to
be ensured before particle injection. Considering the extent of the remediation area,
groundwater and soil vapour sampling campaigns with increasing time intervals
after baseline and time zero sampling may range from a few days up to some month,
based on aquifer conditions and hydrodynamics on site.

The spatial acquisition of chemical and hydraulic data needs groundwater wells
with sampling ports covering all relevant layers down to the aquifer basis. Standard
multilevel wells and CMT wells allow these measurements. To provide complete
documentation, physico-chemical data like pH, conductivity, oxygen concentration,
redox potential, temperature and water table level should be recorded using multi-
parameter probes with adjustable scanning frequency, so that the data density can be
increased when needed, e.g. in hydraulically interesting phases or during the injec-
tion process. In complex aquifers, in situ measurements of groundwater flow direc-
tions over depth could help with measurement planning or interpretation of findings.
These must be taken at the correct times as significant variations in groundwater flow
within an aquifer are often based on geologic structures, as well as local precipitation
influences, river management, groundwater extraction, etc., in the experience of the
authors.

In general monitoring must cover all relevant aspects to evaluate the state and
results of the remediation, but considering cost aspects, the extent should not exceed
the actual needs. Specifics of the analyses spectrum have to be derived and fixed
based on the results of the detailed site investigation as described earlier.

8.8 Technology Improvements

From the point of view of field practitioners, some technology improvements are
needed to improve the technical performance of NZVI and nanoparticle-based
remediation technologies. Although the newly developed particles like the compos-
ite material Carbo-Iron® and iron oxide particles like intraBlue® are easier to
manage than NZVI, i.e. they show reasonable travel behaviour and contain no
questionable additives, the reactivity and injection technologies have to be custom-
ized to specific field site requirements. For Carbo-Iron® knowledge about the effect
on and support of on-site bioactivity have to be deepened.

For NZVI several improvements are needed. There is a need for more effective
particle and slurry additives, especially ones that can further exploit the synergies
between particles and biological treatments. Development of procedures to mechan-
ically enhance NZVI mobility, potential use of electrokinetics and measures that will
lower overall remedy cost is needed.

The current use of additives to enhance the mobility of NZVI particles in the
subsurface represents a facet of the technology where significant advancements may
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still exist. Although, poly(acrylic acid) (PAA) and soy-based products have been
approved and used in the United States and in Canada, progress should be made to
develop better surface modifiers with even less impact to the natural system. Future
development of “green” polymers may advance this ability to improve the mobility
of NZVI and achieve better contaminant targeting in the subsurface with more
sustainable technology. This also would support regulator acceptance and
licensability in Europe and other parts of the world. These advancements will also
be strongly tied to the further development of coupling NZVI with enhanced
bioremediation as the additives used to enhance mobility also represent soluble
forms of carbon that can enhance bioremediation.

Along with the use of additives, mechanically enhancing mobility shows a great
deal of promise for the further development of this technology. Golder has used
hydraulic fracturing to enhance mobility in bedrock; however, the use of fracturing
technologies in unconsolidated sediments may represent a potential opportunity to
enhance the dispersion of NZVI in a number of systems.

As mentioned previously, further research on larger-sized ZVI may change the
paradigm that smaller particles are necessary for environmental applications. Similar
mobility and reactivity may be achieved with larger particle size materials (~500 nm
to 1 μm) with the continued use of surface modifiers and catalysts resulting in
significantly lowered costs and potentially eliminating perceived risk.

Although NZVI has shown significant progress on sites with unconsolidated
sediments, it has performed well in formations that trend towards larger particle
size (i.e. gravel and sand). Typically, in situ treatments have suffered from limited
applicability in complex geology and also where nonaqueous phase liquid (NAPL) is
present. A potential remediation option that has shown promise is the use of
electrokinetics to deliver NZVI into DNAPL and dissolved phase contaminant
zones with low transmissivity. The electrokinetic movement of particles can over-
come the limitations of conventional injections and physical flow to achieve rapid
and uniform contact of NZVI with targeted compounds.

Finally, it is important to note that during the early development of the nano-
remediation technology, a number of myths became widely prevalent and continue
to influence the opinion of regulatory agencies and policy-makers. These include the
concept that nanoscale materials travel indefinitely in groundwater and can treat
elevated concentrations of contaminants over highly dispersed areas. This provoked
many people to demand more information on the fate and transport of particles and
created a great deal of interest in the human health and environmental risk of using
this technology. Research and field observations have demonstrated the relatively
low mobility of these particles in the subsurface, and therefore the relatively low
potential for unwanted migration off site.

Over all the years of applying NZVI, one of the most critical design issues of this
technology is particle mobility. In fact, as stated above, a number of additives have
been used to enhance the mobility of particles to achieve even modest dispersion in
the subsurface. The future of this technology is strongly tied to the ability of
researchers and professionals applying this technology, to continue to better under-
stand and report information observed during NZVI work. It is also important that
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this technology finds its place as a remediation tool which under the appropriate site
conditions can be highly successful as a treatment technology.

However, this is not the remediation panacea that it was first thought to be and is
not applicable at all VCHC-impacted sites. For all nanoparticle-based approaches, a
thorough conceptual site model must be developed, and all geologic, hydrogeologic,
geochemical and microbiological information must be considered to properly eval-
uate the feasibility of this technology. Finally, rigorous field-scale pilot testing must
be performed to determine the applicability of the technology on a small scale under
actual site conditions. Only then can a successful full-scale application be designed
and implemented.
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Chapter 9
Sulfide-Modified NZVI (S-NZVI):
Synthesis, Characterization, and Reactivity

Yiming Su, Gregory V. Lowry, David Jassby, and Yalei Zhang

Abstract Sulfide-modified nanoscale zerovalent iron (S-NZVI) is attracting more
and more attention due to its ease of production, improved reactivity with various
pollutants (e.g., trichloroethene, diclofenac, cadmium, chromate), and most impor-
tantly, the selectivity to pollutants over water. Although there are some microstruc-
tural differences between nanoparticles derived from one-pot and two-step
synthesis methods, with optimal S/Fe molar ratio (during preparation), both types
of S-NZVI can achieve much higher pollutant removal efficacy than unmodified
NZVI. For dechlorination, sulfidation not only inhibits the reaction between Fe
(0) and H2O but creates a nucleophilic zone on the particle surface which is favorable
for β-elimination. The latter change endows S-NZVI with capacity to degrade
particular pollutants which previously cannot be removed by NZVI. For metal ion
removal, besides the increased metal removal capacity, the chemical stability of
metal-NZVI is also enhanced through sulfidation. Further, sulfidation is beneficial to
heterogeneous Fenton-like reactions. With the presence of dissolved oxygen,
S-NZVI generates much more hydroxyl radicals for pollutant degradation through
a one-electron transfer pathway than NZVI. Although results from lab-scale studies
are very encouraging, there is still lack of pilot-scale field test demonstrating the
efficacy of S-NZVI in the field. Fate and transport of S-NZVI in subsurface and how
S-NZVI (with pollutants) affects microbial community are still largely missing.
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9.1 Introduction

9.1.1 History of FeS as a Reductant

Iron sulfides comprise a varied group of minerals, e.g., iron monosulfide
(mackinawite, Fe(0.91–1.15)S), greigite (Fe3S4), pyrite (FeS2), smythite (rhombohedral
Fe9S11), marcasite (orthorhombic dimorph of pyrite), and cubic FeSc (Rickard and
Luther 2007). This group of iron sulfides are ubiquitous in the environment, espe-
cially under sulfate-reducing conditions. Among this group, mackinawite (amor-
phous FeS) and greigite are generally considered as the main components of acid
volatile sulfide minerals in sediments and as the precursors to pyrite formation
(Morse and Arakaki 1993). They have been shown to be important in metal
immobilization (e.g., mercury, chromium, arsenic, uranium, and neptunium)
(Bostick and Fendorf 2003; Jeong et al. 2007b; Moyes et al. 2002; Özverdi and
Erdem 2006; Shao et al. 2016) and organic contaminant degradation (e.g., chlori-
nated organic compounds, nitroaromatic compounds, polychlorinated biphenyls)
(Butler and Hayes 1998, 1999; Jeong et al. 2007a, b; Kriegman-King and Reinhard
1994; Lee and Batchelor 2002). In addition, they control the bioavailability of these
metals in many environments (Chapman et al. 1998; Morse 1994; Suzuki 2001).

The coexistence of heavy metals (other than iron) in FeS minerals directed
Morese and Arakaki to study the reactivity of FeS with other metals. They assessed
the ability of mackinawite to remove divalent metals from water in 1993 (Morse and
Arakaki 1993). Since then, the interaction between arsenite, mercury, and other
metals with iron sulfides, particularly mackinawite and pyrite, has been widely
investigated (Bostick and Fendorf 2003; Jeong et al. 2007a, b; Özverdi and Erdem
2006), and the broad spectrum reactivity of FeS minerals shows great promise for
iron sulfides in remediating heavy metal pollution.

The other important application of iron sulfides in pollutant removal is the
dechlorination of chlorinated organic contaminants. Both mackinawite and amor-
phous FeS are highly reactive with chlorinated organic compounds.
Tetrachloroethene (PCE) is mainly reduced by mackinawite to acetylene via
β-elimination (dominating reaction), to trichloroethene (TCE) via hydrogenolysis,
and to 1,1-dichloroethene (DCE) via α-elimination; TCE transforms to acetylene
also via β-elimination (dominating reaction) and to DCE via hydrogenolysis (Jeong
et al. 2007a, b). However, while acetylene still could undergo further transformation,
transformation of DCE was not observed (Jeong et al. 2007a, b). Similarly,
1,1-dichloroethane and 1,2-dichloroethane (1,1-DCA and 1,2-DCA) and 1,1,2-
trichloroethane (1,1,2-TCA) showed no appreciable transformation by FeS, while
pentachloroethane (PCA), tetrachloroethane (TeCA), 1,1,1-TCA, and carbon tetra-
chloride were readily transformed by FeS (Butler and Hayes 2000). The dechlori-
nation rate of these reactions was demonstrated to be strongly pH dependent (Butler
and Hayes 1998, 2001); over the pH range of 7.1–9.5, the dechlorination rate
increased with increasing pH (Butler and Hayes 1998). This enhancement has
been attributed to the acceleration of the deprotonation process at high pH
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(Prince and Dutton 1976). Above pH 8, it is very likely that FeS has to release one
additional proton upon oxidation (Eq. 9.1); below pH 8, oxidation is associated with
an electron release (Eq. 9.2) (Prince and Dutton 1976).

FeS Hð Þreduced ! FeSoxidized þ e� þ Hþ pH > 8 ð9:1Þ
FeS Hð Þreduced ! FeS Hþð Þoxidized þ e� pH < 8 ð9:2Þ

While the dechlorination pathways during reaction with FeS are relatively well
delineated, the underlying mechanism of the reaction is still under debate. It is
widely accepted that the reducing capability is related to the separation of iron
d orbitals and sulfur orbitals. However, how the electron transfers from FeS (Fe
(II) or S(-II)) to the adsorbed contaminant is not clear. Both surface-bound Fe
(II) (Lee and Batchelor 2002) and S(-II) (Kriegman-King and Reinhard 1992)
were found to be able to catalyze the dechlorination reaction. Further, there is a
weak electron transfer from the metal to the sulfur atom (Oudar 1980). This electron
transfer is related to the atomic density of the plane, which means comparing
dechlorination performance after adding S(-II) or Fe(II) into the system cannot
truly reflect the source of electrons (Oudar 1980).

Compared to the reducing capacity of nanoscale zerovalent iron (NZVI) and Fe
(II) hydroxide, FeS suffers from a lack of available electrons at the same metal
dosage. However, while NZVI is highly reactive, it lacks the selectivity for pollut-
ants, with the majority of NZVI consumed by reactions with water and oxygen,
which greatly decreases the reaction efficiency (Eq. 9.3) (Liu et al. 2013) of NZVI.
Despite the relatively lower dechlorination rates afforded by FeS compared to NZVI,
the low reactivity of FeS with numerous nontarget ionic and organic species in
groundwater (Butler and Hayes 1998) suggests that FeS can have a higher E value
than NZVI. FeS-mediated reductive dechlorination could also be an important
attenuation process in natural systems. Thus, combining the advantages of FeS
and NZVI into a single particle could produce a better material for environmental
remediation.

E ¼ N

M
� 100% ð9:3Þ

N: the number of the electrons used for pollutants reduction
M: the number of entire electrons consumed

9.1.2 Development of Sulfide-Modified NZVI

The ability of sulfide treatment to enhance the reactivity of zerovalent iron toward
chlorinated compounds was first described by Butler and Hayes (2001). The dechlo-
rination rate of TCE by micron-sized Fe(0) was enhanced by pre-treatment of the
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iron with a 1 mM NaHS solution. The reactivity of Fe(0) reported by Peerless and
Fischer was increased by about a factor of two after treatment with sulfide
(Table 9.1). In 2011, Kim et al. reported the synthesis of FeS/Fe nanoparticles
through a facile one-pot method, with the TCE reduction rate significantly improved
after sulfidation compared to the NZVI alone (Kim et al. 2011). However, the
authors did not provide a detailed explanation for the observed enhancement. The
underlying mechanism for the increased dechlorination rate was reported by Fan
et al. (2016); through sulfidation, the reaction between S-NZVI and H2O was
inhibited relative to NZVI, while the reactivity of S-NZVI with TCE remained
high. Thus, sulfidation appears to have increased the selectivity of the reaction
toward TCE over water, relative to NZVI, which leads to the observed increase in E.

9.1.3 Summary of Recent Findings on Reactivity of S-NZVI

Since the first report of S-NZVI in 2001, there have been additional studies,
including nine studies on 2016 and four studies in 2017 (as of April), suggesting a
significant interest in this material, largely due to the promise of enhanced selectivity
toward contaminants relative to NZVI (Fig. 9.1). Besides chlorinated carbon com-
pounds (typically TCE), the reactivity of S-NZVI toward different types of contam-
inants has been assessed, e.g., pertechnetate (Fan et al. 2013), chromate (Du et al.
2016), cadmium (Su et al. 2015), p-nitrophenol (PNP) (Tang et al. 2016),
tetrabromobisphenol A (TBBPA) (Li et al. 2016), azo dye (Xu et al. 2016), rhoda-
mine B (Zhang et al. 2016), and diclofenac (DCF) (Song et al. 2017). In general, the
reactivity of S-NZVI with organic pollutants increased with increasing sulfidation.
However, a maximum is most often observed, with increased sulfidation leading to a
decline in reactivity as the particles become more FeS and less NZVI. The optimal
Fe/S ratio depends to some degree on the identity of the target contaminant.
Furthermore, compared to NZVI, the reactivity of S-NZVI is more robust against
effects from common ions/anions in groundwater. However, doping different trace
metals can result in different reactivity of S-NZVI, e.g., Mn2+ and Cu2+ decrease
TCE reduction rates, while Pd2+, Co2+, and Ni2+ increase them, suggesting both
hydrogen activation and electron transfer play important roles in TCE reduction
(Kim et al. 2014).

Table 9.1 Rate constants for
transformation of TCE by
100 g/L iron metal (Butler and
Hayes 2001)

Condition Kobs (h
�1)

Fisher iron 3.49 (�0.50) � 10�3

Fisher iron (1 mM NaHS) 6.50 (�0.59) � 10�3

Peerless iron 1.77 (�0.51) � 10�3

Peerless iron (1 mM NaHS) 3.78 (�0.89) � 10�3
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9.2 Synthesis Methods

As previously described, introducing iron sulfide (typically FeS) into NZVI has
proven to have many advantages, especially increased reaction selectivity over water
and reactivity enhancement compared to that of NZVI. Two primary synthesis
methods have emerged for sulfidation of NZVI: a one-pot method and a two-step
method. However, these two methods result in slightly different S-NZVI. Ideally, a
core-shell structure, comprising of Fe(0) core covered by a FeS shell, is preferred.
This type of structure protects the NZVI core from reaction with water, with the FeS
shell being reactive toward contaminants. Unfortunately, neither of these methods
appear to afford this ideal structure, and so far, deduced from the results of different
studies (Han and Yan 2016; Su et al. 2015; Tang et al. 2016), a mixture shell
composed of iron oxide and iron sulfide is often observed. The one-pot method
results in the S-NZVI containing other types of iron sulfides such as Fe3S4 or iron
polysulfide (Su et al. 2015), while the two-step method may form FeS out of the iron
oxide shell (originally emerging from the surface oxidation of NZVI) and not
directly out of the Fe(0) core (Fan et al. 2013). Although there are structural (and
even compositional) differences between the S-NZVI made from these two methods,
the reactivity is similar (Han and Yan 2016). Each of the methods is described in
more detail below.

9.2.1 One-Pot Method

In this synthesis method, dissolved iron is reduced in the presence of a reduced sulfur
species. Generally, a mixture of sodium borohydride and sodium dithionite
(or thiosulfate) is used to reduce ferric iron or ferrous iron through titration (Kim

Fig. 9.1 Number of
published papers on S-NZVI
since 2011
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et al. 2011). By varying the amount of sodium dithionite/thiosulfate to dissolved iron
(S/Fe ratio), different degrees of sulfidation of NZVI can be obtained. The S/Fe
molar ratio correlates with the degree of sulfidation. However, the actual S/Fe ratio in
the synthesized nanoparticles is different because of side reactions (e.g., SO3

2� and
SO4

2� formation) (Su et al. 2015). However, when S/Fe ratio is above ~0.2–0.3
(Gong et al. 2017; Su et al. 2015), this process becomes unreliable, and the
synthesized nanomaterials are nonmagnetic. This change might be related to the
molar ratio of sodium dithionite to sodium borohydride in the synthesis. Sodium
borohydride directly reduces ferric/ferrous iron to Fe(0) (Su et al. 2016), while
dithionite cannot (Ma et al. 2016). With the increasing addition of sodium dithionite,
the iron reduction pathway is modified, and iron hydroxide, rather than Fe(0), forms
first in the synthesis process (Su et al. 2016). Using a pure sodium dithionite solution
(no borohydride) results in a mixture of iron oxide and iron sulfides (Ma et al. 2016).
To obtain magnetic S-NZVI at high S/Fe ratio (above ~0.2–0.3), nano-seeding (i.e.,
dosing a very small amount of nano-SiO2, nano-TiO2, or nano-Al2O3) into the
reductant solution has been demonstrated to be an effective strategy (Su et al.
2016). In addition, while not common, it is possible to synthesize S-NZVI by ball
milling iron in the presence of added sulfide (Li et al. 2009).

9.2.2 Two-Step Method

The two-step method involves two separate processes: NZVI synthesis and subse-
quent sulfidation. Generally, NZVI is produced via borohydride reduction, followed
by sulfidation through mixing the NZVI suspension with a Na2S solution under
sonication (Fan et al. 2013). S-NZVI with different S/Fe molar ratios can be
synthesized by altering the NZVI to S ratio. In addition, there are two slightly
different sulfidation methods that are used; one uses sodium dithionite or sodium
thiosulfate instead of Na2S (Han and Yan 2016); the other is adding both ferrous salt
and Na2S into a NZVI suspension (Du et al. 2016). Although this two-step method
transforms some NZVI to FeS, it is difficult to generate a homogeneous shell of FeS
around the NZVI core, especially at low S/Fe ratios. Instead of forming an FeS shell,
it is likely that FeS islands grow on the surface. Unlike the one-pot method, the
two-step method should (in theory) produce highly sulfidated NZVI. However,
when only Na2S was added as the sulfidation species, and the S/Fe ratio increased
from 0.112 to 1.12, the FeS content in S-NZVI, as shown by Mössbauer spectros-
copy analysis, remained relatively stable (8%, FeS; 92% Fe(0)) (Fan et al. 2013).
This might be due to the lack of surface Fe(II) species, and the formation of FeS
prevents the further reaction between S2� and iron.
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9.3 Physical and Chemical Properties of S-NZVI

9.3.1 Morphology of S-NZVI

Typically, NZVI has an Fe(0) core covered by a shell of iron oxide, and its structure
has been studied at the atomic scale (Ling and Zhang 2014a, b; Liu and Zhang 2014)
(Fig. 9.2). However, for S-NZVI, to the best of our knowledge, there is no study
focusing on the microstructure at the atomic scale. Detailed information, especially
the 3-D distribution of S and O on nanoparticles, still remains unknown, although it
is very important for explaining the different reaction mechanisms. Studies indicate
that the two different synthesis methods could result in different microstructures.
During the one-pot synthesis process, there are some side reactions (Su et al. 2015),
which not only affect the formation of the Fe(0) core but also affect shell develop-
ment (e.g., inhibiting FeOOH formation) and formation of flake-like structures

Fig. 9.2 NZVI images obtained by scanning transmission electron microscopy at high-angle
annular dark-field model (a) and elemental mappings of Fe Kα (b) and O Kα (c) and their overlay
(d) with energy-dispersive X-ray spectroscopy. (Reprinted with permission from Liu and Zhang
(2014). Copyright (2014) Royal Society of Chemistry)
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(Fig. 9.3) (Song et al. 2017). Even though the same method was employed for
S-NZVI synthesis, different S/Fe and NaBH4/dithionite ratios can lead to different
microstructures, e.g., change of shell structure (Fig. 9.4) (Su et al. 2015). This might
be the reason why different microstructure of S-NZVI was observed in different
studies.

With regard to the two-step method, it was reported that FeS was randomly
located on the surface of NZVI instead of forming a homogeneous shell (Li et al.
2009). Similar to nanomaterials obtained through a one-pot method, different S/Fe
ratios during synthesis also affect the original core-shell structure of S-NZVI: at a
S/Fe ratio of 0.04, the shell was still identified, but at 0.08, it was not (Fig. 9.4).
Notably, the flake-like structure was not observed in S-NZVI obtained from a
two-step method. Another important issue remaining to be addressed is the variation
of S distribution during the aging process. Given that newly adsorbed elements (such
as U(VI) (Ling and Zhang 2015), Cr(VI) (Ling and Zhang 2014a), As(III, VI) (Ling
and Zhang 2014b), Se(VI) (Xia et al. 2017)) on NZVI can diffuse from the surface to
the interface between the core and shell, and even to the inner core, it is likely that S
also undergoes intra-diffusion. Thus, the reaction time between NZVI and S(-II)
during synthesis (two-step method, varying from 10 min (Rajajayavel and Ghoshal
2015) to 1 day (Fan et al. 2013)) needs to be considered for explaining the
morphology and further reactivity difference of S-NZVI from different studies. In
addition, S(-II) has a higher affinity to Fe than O(-II) (Song et al. 2017), which might
affect the location of FeS even though iron oxide formed before sulfidation. It has
been proven that the structural evolution of Pd-NZVI has a great impact on its
reactivity. However, to date, there is still a lack of studies that systematically
investigate the relationship between structural evolution and reactivity of S-NZVI.

Fig. 9.3 S-NZVI obtained from a one-pot method (a) particle and flake-like structure (b) particle
structure. (Reprinted with permission from Su et al. (2015). Copyright (2015) Elsevier)
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9.3.2 Physical Properties

Sulfidation has been found to impact the size of nanoparticles. S-NZVI derived from
both methods have larger sizes than pristine NZVI (Song et al. 2017), although the
reason for this growth might be different. In the one-pot method, dithionite may
inhibit the nucleation of Fe(0), which in turn contributes to the growth of fewer, but
larger, Fe(0) nanoparticles (Su et al. 2016). In the two-step synthesis method, adding
sulfide salt may stimulate further growth of NZVI. Although the size of the particles
is larger than standard NZVI, due to the abundance of flake-like structures, S-NZVI
obtained from the one-pot method have much higher surface area than NZVI
(70.4 vs. 37.4 m2/g (Su et al. 2015); 42.2 vs. 24.9 m2/g (Kim et al. 2011)).

Fig. 9.4 S-NZVI obtained from a two-step method: (a) S/Fe ¼ 0.04; (b) S/Fe ¼ 0.08 (EDS image
on right represents the selected area marked with * on left image). (Reprinted with permission from
Rajajayavel and Ghoshal (2015). Copyright (2015) Elsevier)
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Since sulfidation imparts NZVI with FeS surface groups, the isoelectric point
(IEP) of S-NZVI is different from NZVI. It was often reported that the IEP of
S-NZVI was lower than NZVI (pH, ~8.0) as iron sulfides had low IEP, but the
IEP values obtained from different studies vary, e.g., 4.2 (Kim et al. 2013), ~5
(Su et al. 2015), 5.8 (Tang et al. 2016), and 7.0 (Gong et al. 2017), which may result
from the different extent of sulfidation and/or the different working conditions (such
as different solution composition, different ionic strength) during measurement. In
addition, sulfidation also lowers the saturation magnetization of NZVI (120 emu/g)
to 103.1 emu/g (Kim et al. 2011), which might reduce the particle aggregation (Song
et al. 2017).

9.3.3 Chemical Composition

The reactivity of S-NZVI has been shown to be dependent of the S/Fe ratio
(Rajajayavel and Ghoshal 2015; Song et al. 2017; Su et al. 2015). Therefore,
elemental analysis is needed to determine the S/Fe ratio and demonstrate that FeS
forms on NZVI, especially for the S-NZVI harvested from the one-pot method.
Normally, XRD, XPS, Mössbauer spectroscopy, and XANES are employed to study
the composition of S-NZVI. Due to the poor crystalline structure (and potentially
low content of FeS), XRD does not provide insightful information on FeS formation,
but TEM with X-ray diffraction (at selected areas) are sometimes helpful (Fan et al.
2013). XPS can provide information on surface composition and is a useful method
to identify FeS species on the surface. Based on XPS measurements, S-NZVI
synthesized using the one-pot method had S2

2�, Sn
2�, S0, and even SO3

2�/SO4
2�

surface groups (Su et al. 2015; Tang et al. 2016); for those from the two-step method,
FeS is the only form of iron sulfide identified on surface, but it was reported that FeS2
will form under high degrees of sulfidation (Rajajayavel and Ghoshal 2015). How-
ever, studies showed that FeS was not evenly distributed in the two-step method (Fan
et al. 2013) while the one-pot method resulted in a more uniform distribution of
sulfide groups (Su et al. 2015; Tang et al. 2016). In general, with respect to the
composition of the shell, results from studies (Fan et al. 2014; Kim et al. 2011; Song
et al. 2017; Su et al. 2015) indicate that a heterogeneous shell of iron oxide and iron
sulfide is formed.

To investigate the composition of S-NZVI on a whole, XANES or Mössbauer
spectroscopy have been successfully employed. While Mössbauer analysis showed
that FeS content remained at approximately 8% even though S/Fe ratio increased
from 0.112 to 1.12 in the two-step synthesis process (without adding Fe(II) during
sulfidation) (Fan et al. 2013), the XANES analysis suggested that FeS increased
from 0% to 11.3% when S/Fe ratio increased from 0 to 0.255 in one-pot process
(Song et al. 2017). Under optimal conditions, iron oxide on S-NZVI could be greatly
restricted (Song et al. 2017). In addition, in the one-pot method, a low extent of
sulfidation is able to increase the content of Fe(0) (Song et al. 2017).
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9.4 Reactivity of S-NZVI with Selected Environmental
Contaminants

Although the reactivity of S-NZVI is largely dependent on S/Fe molar ratio, the
optimal extent of sulfidation greatly enhances the reactivity with a range of envi-
ronmental pollutants, such as halogenated carbon compounds (Table 9.2) and other
recalcitrant organic pollutants (Table 9.3) and metals (Table 9.4). More importantly,
sulfidation of NZVI appears to improve the selectivity of NZVI toward contaminants
relative to water (Fan et al. 2016). This improved selectivity will likely make NZVI
even more attractive as an in situ remediation agent if it indeed lengthens its reactive
lifetime (Fan et al. 2016). It may also enhance the chemical stability of the adsorbed
or reduced heavy metal species (as metal sulfides), making it more attractive for in
situ stabilization of heavy metal contamination (Su et al. 2015).

9.4.1 Reactivity with Chlorinated Organic Contaminants

TCE and PCE are often detected in groundwater due to their widespread application
in industrial and commercial processes and their recalcitrance to natural degradation
processes. Compared to biological process (Field and Sierra-Alvarez 2004), in situ
iron-based techniques, especially FeS (Jeong et al. 2007a, b) and NZVI (Liu et al.
2007), provide faster reaction rates. Although both FeS and NZVI can efficiently
reduce chlorinated organic contaminants, the degradation mechanism is different.
Taking TCE as an example, it is reduced to acetylene through β-elimination by FeS,
with detailed transformation pathways available in the study of Jeong et al. (2007a).
When using the unsulfidized NZVI, no acetylene was detected, and the detected
reaction products were ethane, ethene, and C3–C6 hydrocarbons (with mass recov-
ery of approximately 36%) (Han and Yan 2016). It has been suggested that the active
H atom density on surface of FeS is extremely low (Benziger and Madix 1980)
(which restricts the hydrogenolysis process), whereas the active H atom density on
NZVI is high (Wang and Farrell 2003).

In the case of S-NZVI, the results so far suggest that it integrates the advantages
of both FeS and NZVI. This may indicate that the S-NZVI formed is a not strictly Fe
(0)/FeS core-shell product but rather is a heterogeneous mixture of both NZVI/Fe-
oxide and FeS surfaces. For NZVI (Fig. 9.5a), having high Had atom density, more
than 95% of the reducing equivalents are consumed by water-induced corrosion,
although complete TCE reduction was also observed (Fan et al. 2016). This high
reactivity of NZVI with water and its impact on the reactive lifetime of NZVI is a
well-known limitation of the technology (Liu et al. 2005; Su et al. 2014a, b; Zhang
et al. 2013). After sulfidation (with an initial S/Fe molar ratio above 0.3), water-
induced corrosion was significantly inhibited, while TCE reduction was not, which
greatly improves the electron efficiency. However, the dechlorination pathway was
altered (Fig. 9.5b) (Fan et al. 2016). H2 generation from the Fe(0) surface could be

9 Sulfide-Modified NZVI (S-NZVI): Synthesis, Characterization, and Reactivity 369



T
ab

le
9.
2

S
um

m
ar
y
of

st
ud

ie
s
us
in
g
S
-N

Z
V
I
w
ith

ha
lo
ge
na
te
d
or
ga
ni
c
co
nt
am

in
an
ts

M
et
ho

d
S
/F
e
m
ol
ar

ra
tio

C
on

ta
m
in
an
t

R
ea
ct
io
n

co
nd

iti
on

K
ey

re
su
lts

E
xp

la
na
tio

n
fo
r
en
ha
nc
ed

re
ac
tiv

ity
ov

er
N
Z
V
I

R
ef
er
en
ce
s

O
ne
-p
ot

0–
0.
29

T
C
E

A
no

xi
c

S
-N

Z
V
I
ha
s
be
tte
r
T
C
E
de
gr
ad
at
io
n

pe
rf
or
m
an
ce

th
an

N
Z
V
I.
S
-N

Z
V
I
w
ith

a
S
/F
e
m
ol
ar

ra
tio

of
0.
12

ha
s
th
e

hi
gh

es
t
re
ac
tio

n
ra
te

H
ig
h
el
ec
tr
on

co
nd

uc
tiv

ity
of

F
eS
;

hi
gh

af
fi
ni
ty

be
tw
ee
n
T
C
E
an
d
F
eS

K
im

et
al
.

(2
01

1)

O
ne
-p
ot

0.
10

2
T
C
E

A
no

xi
c

pH
6.
3–

9.
0

F
or

S
-N

Z
V
I,
T
C
E
re
m
ov

al
ra
te

in
cr
ea
se
d
w
ith

in
cr
ea
si
ng

pH
;R

ea
c-

tiv
ity

w
as

un
af
fe
ct
ed

by
io
ni
c
st
re
ng

th
;

C
a2

+
an
d
M
g2

+
in
cr
ea
se
d
th
e
de
ch
lo
ri
-

na
tio

n
ra
te
,w

hi
le
hu

m
ic
ac
id

in
hi
bi
te
d

th
e
re
ac
tio

n

H
ig
he
r
el
ec
tr
on

tr
an
sf
er

at
hi
gh

pH
le
ve
ls

K
im

et
al
.

(2
01

3)

T
w
o-
st
ep

0.
02

–
0.
09

1
T
C
E

A
no

xi
c

pH
7.
0–

11
.0

S
/F
e
ra
tio

s
in

th
e
ra
ng

e
of

0.
04
–
0.
08

pr
ov

id
ed

th
e
hi
gh

es
t
T
C
E
de
ch
lo
ri
na
-

tio
n
ra
te
s,
an
d
ra
te
s
de
cr
ea
se
d
at
bo

th
hi
gh

er
an
d
lo
w
er

S
/F
e

G
re
at
er

el
ec
tr
on

tr
an
sf
er

th
ro
ug

h
F
eS

la
ye
r
th
an

F
e-
ox

id
e
la
ye
r.
G
re
at
er

bi
nd

in
g
of

T
C
E
on

th
e
re
ac
tiv

e
si
te
s
of

th
e
ir
on

su
lfi
de

ou
te
r
la
ye
r

R
aj
aj
ay
av
el

an
d

G
ho

sh
al

(2
01

5)

O
ne
-p
ot

/
tw
o-
st
ep

0.
33

;
1

T
C
E

A
no

xi
c

pH
7.
2

S
ul
fi
da
tio

n
im

pa
rt
s
N
Z
V
I
w
ith

T
C
E

se
le
ct
iv
ity

ov
er

w
at
er

S
ul
fi
da
tio

n
at
S
/F
e
m
ol
ar

ra
tio

s
of

�0
.3

ef
fe
ct
iv
el
y
el
im

in
at
es

re
ac
tio

n
w
ith

w
at
er

bu
t
re
ta
in
s
si
gn

ifi
ca
nt

re
ac
tiv

ity
w
ith

T
C
E

F
an

et
al
.

(2
01

6)

O
ne
-p
ot

/
tw
o-
st
ep

0.
00

12
5–

0.
75

T
C
E

A
no

xi
c

U
p
to

60
-f
ol
d
in
cr
ea
se

in
th
e
T
C
E

re
ac
tio

n
ra
te
w
as

ob
se
rv
ed

up
on

su
lfi
da
tio

n.
T
C
E
re
ac
tio

n
ra
te
s
w
er
e

fo
un

d
to

de
pe
nd

st
ro
ng

ly
on

su
lf
ur

to
ir
on

ra
tio

S
ul
fi
da
tio

n
fa
ci
lit
at
es

el
ec
tr
on

tr
an
s-

fe
r.
S
ul
fu
r
in

N
Z
V
I
po

is
on

s
hy

dr
og

en
re
co
m
bi
na
tio

n

H
an

an
d

Y
an

(2
01

6)

O
ne
-p
ot

0.
51

,0
.1
2,

0.
24

T
B
B
P
A

A
no

xi
c

T
he

re
ac
tiv

ity
of

s-
N
Z
V
I
w
as

1.
7
tim

es
hi
gh

er
th
an

N
Z
V
I
fo
r
T
B
B
P
A

G
re
at
er

el
ec
tr
on

tr
an
sf
er

ca
pa
ci
ty

of
S
-N

Z
V
I

L
i
et
al
.

(2
01

6)

370 Y. Su et al.



T
ab

le
9.
3

S
um

m
ar
y
of

st
ud

ie
s
us
in
g
S
-N

Z
V
I
w
ith

so
m
e
re
ca
lc
itr
an
t
or
ga
ni
c
po

llu
ta
nt
s

M
et
ho

d

S
/F
e

m
ol
ar

ra
tio

C
on

ta
m
in
an
t

R
ea
ct
io
n

co
nd

iti
on

K
ey

re
su
lts

E
xp

la
na
tio

n
fo
r
en
ha
nc
ed

re
ac
tiv

ity
ov

er
N
Z
V
I

R
ef
er
en
ce
s

O
ne
-p
ot

0.
14

P
N
P

A
no

xi
c/

ox
ic
;

pH
6.
7–

9.
11

S
-N

Z
V
I
en
ha
nc
ed

P
N
P
de
gr
ad
at
io
n
co
m
-

pa
re
d
to

N
Z
V
I;
in

ae
ro
bi
c
S
-N

Z
V
I,
an
d
in

an
ox

ic
or

ae
ro
bi
c
N
Z
V
I
sy
st
em

s,
re
ac
tiv

ity
de
cr
ea
se
d
as

pH
in
cr
ea
se
d.

O
xy

ge
n

im
pr
ov

ed
th
e
de
gr
ad
at
io
n
of

P
N
P
by

ex
ce
ss
iv
e
am

ou
nt
s
of

hy
dr
ox

yl
ra
di
ca
ls
in

sl
ig
ht
ly

ac
id
ic
co
nd

iti
on

s

E
nh

an
ce
d
el
ec
tr
on

tr
an
sf
er
;
in
cr
ea
se
d
fr
ee

ra
di
ca
l
ge
ne
ra
tio

n
T
an
g
et
al
.

(2
01

6)

O
ne
-p
ot

0–
0.
34

D
C
F

O
xi
c;

pH
3.
5–

8.
5

D
ith

io
ni
te
su
lfi
di
ze
s
N
Z
V
I
an
d
st
im

ul
at
es

th
e
cr
ys
ta
l
gr
ow

th
of

F
e(
0)

an
d
re
st
ra
in
s

F
eO

O
H

fo
rm

at
io
n.

S
-N

Z
V
I
sh
ow

ed
gr
ea
te
r
re
ac
tiv

ity
w
ith

D
C
F
co
m
pa
re
d
to

N
Z
V
I

H
et
er
og

en
eo
us

la
ye
r
of

ir
on

su
lfi
de

an
d

ir
on

ox
id
e
re
st
ri
ct
s
th
e
di
re
ct
re
ac
tio

n
be
tw
ee
n
ox

yg
en

an
d
F
e(
0)

bu
t
fa
ci
lit
at
es

el
ec
tr
on

tr
an
sf
er

fr
om

th
e
F
e(
0)

co
re

to
F
e

(I
II
),
pr
od

uc
in
g
a
co
ns
id
er
ab
le
am

ou
nt

of
su
rf
ac
e-
bo

un
d
F
e(
II
)

S
on

g
et
al
.

(2
01

7)

O
ne
-p
ot

0.
04

B
A

pH
2.
0–

9.
0

C
om

pl
et
e
ox

id
at
io
n
of

be
nz
oi
c
ac
id
,a
nd

its
tr
an
sf
or
m
ed

pr
od

uc
t,
hy

dr
ox

yb
en
zo
ic
ac
id
,

w
as

ob
se
rv
ed

fo
r
S
-N

Z
V
I/
pe
rs
ul
fa
te
.

A
lk
al
in
e
pH

lo
w
er
ed

th
e
re
ac
tiv

ity
of

N
Z
V
I/
pe
rs
ul
fa
te
,b

ut
no

t
s-
N
Z
V
I/

pe
rs
ul
fa
te

B
ot
h
su
lf
at
e
an
d
hy

dr
ox

yl
ra
di
ca
ls
w
er
e

in
vo

lv
ed

in
th
e
N
Z
V
I/
pe
rs
ul
fa
te
sy
st
em

,
bu

t
hy

dr
ox

yl
ra
di
ca
l
w
as

th
e
pr
im

ar
y
ox

i-
da
nt

in
th
e
S
-N

Z
V
I/
pe
rs
ul
fa
te

sy
st
em

R
ay
ar
ot
h

et
al
.

(2
01

7)

9 Sulfide-Modified NZVI (S-NZVI): Synthesis, Characterization, and Reactivity 371



T
ab

le
9.
4

S
um

m
ar
y
of

st
ud

ie
s
us
in
g
S
-N

Z
V
I
w
ith

ra
di
oa
ct
iv
e/
he
av
y
m
et
al
s

M
et
ho
d

S
/F
e

C
on
ta
m
in
an
t

R
ea
ct
io
n

co
nd
iti
on

K
ey

re
su
lts

E
xp
la
na
tio

n
fo
r
en
ha
nc
ed

re
ac
tiv

ity
ov
er

N
Z
V
I

R
ef
er
en
ce
s

T
w
o-
st
ep

0–
1.
12

T
cO

4
�

A
no

xi
c;

pH
7.
9

M
ös
sb
au
er
sp
ec
tr
a
sh
ow

ed
th
at
S
co
nt
en
td
id

no
ti
nc
re
as
e
w
he
n
th
e
S
/F
e
ra
tio

in
cr
ea
se
d

fr
om

0.
11
2
to

1.
12
.T

c
re
m
ov

al
ra
te

in
cr
ea
se
d
up

to
a
S
/F
e
ra
tio

of
0.
22
4
an
d
th
en

de
cr
ea
se
d

H
ig
h
af
fi
ni
ty

of
T
cO

4
�
fo
r
F
eS

th
an

ir
on

ox
id
e;
fo
rm

ed
T
c
su
lfi
de

in
st
ea
d
of

T
c
ox

id
e

on
S
-N

Z
V
I
w
ith

hi
gh

ex
te
nt

of
su
lfi
da
tio

n

F
an

et
al
.

(2
01

3)

T
w
o-
st
ep

0–
1.
12

T
cO

4
�

O
xi
c

T
c(
V
II
)
re
du

ce
d
by

s-
N
Z
V
I
ha
s
a
su
bs
ta
n-

tia
lly

sl
ow

er
re
ox

id
at
io
n
ra
te
th
an

T
c(
V
II
)

re
du
ce
d
by

N
Z
V
I
on

ly

In
iti
al
in
hi
bi
tio

n
of

T
c(
IV

)
di
ss
ol
ut
io
n
at

S
/F
e
¼

0.
11

2
is
du

e
to

th
e
re
do

x
bu

ff
er

ca
pa
ci
ty

of
F
eS
.T

cS
2
is
m
or
e
st
ab
le

F
an

et
al
.

(2
01

4)

O
ne
-p
ot

0–
0.
34

C
d2

+
A
no

xi
c/

ox
ic
;

pH
4.
0–
9.
0

S
-N

Z
V
I
ha
d
gr
ea
te
r
ca
pa
ci
ty

fo
r
C
d
re
m
ov

al
th
an

N
Z
V
I.
O
xy
ge
n
af
fe
ct
ed

th
e
st
ru
ct
ur
e
of

S
-N

Z
V
I
bu

te
nh
an
ce
d
C
d
re
m
ov

al
ca
pa
ci
ty

to
ab
ou
t1

20
m
g/
g.

P
ar
tic
le
ag
in
g
ha
d
no

ne
ga
tiv

e
ef
fe
ct
on

th
e
re
m
ov

al
ca
pa
ci
ty

of
S
-N

Z
V
I,
an
d
C
d-
co
nt
ai
ni
ng

m
ix
tu
re
s

re
m
ai
ne
d
st
ab
le
ov

er
2
m
on

th
s

S
2
�
ha
s
a
hi
gh

af
fi
ni
ty

fo
r
C
d2

+
,a
nd

th
e

ch
em

ic
al
st
ab
ili
ty

of
C
dS

is
hi
gh

S
u
et
al
.

(2
01

5)

T
w
o-
st
ep

0.
06
7–
0.
33

C
r 2
O
7
2
�

A
no

xi
c/

ox
ic
;

pH
3.
0–
11

.0

T
he

re
ac
tiv

ity
of

C
r(
V
I)
w
ith

s-
N
Z
V
I

in
cr
ea
se
d
w
ith

an
in
cr
ea
si
ng

F
eS
-t
o-
Fe

0
ra
tio

fr
om

0/
1
to

1/
9
an
d
th
en

de
cr
ea
se
d
fo
r
th
e

F
eS
-t
o-
F
e0

ra
tio

of
1/
5
or

1/
3.

In
cr
ea
si
ng

pH
an
d
D
O
re
su
lts

in
a
de
cr
ea
se

of
re
m
ov
al
ra
tio

E
le
ct
ro
st
at
ic
ad
so
rp
tio

n
of

ne
ga
tiv

el
y

ch
ar
ge
d
di
ch
ro
m
at
e
to
th
e
po

si
tiv

el
y
ch
ar
ge
d

S
-N

Z
V
I;
en
ha
nc
ed

el
ec
tr
on

tr
an
sf
er

D
u
et
al
.

(2
01

6)

O
ne
-p
ot

0–
0.
20
7

C
r 2
O
7
2
�

pH
3.
5–
9.
0

In
cr
ea
si
ng

th
e
S
/F
e
m
ol
ar

ra
tio

fr
om

0
to

0.
2

de
cr
ea
se
d
C
r(
V
I)
re
m
ov

al
co
m
pa
re
d
to

N
Z
V
I.
L
ow

pH
an
d
in
iti
al
C
r

(V
I)
co
nc
en
tr
at
io
n
fa
vo

re
d
C
r(
V
I)
re
m
ov

al

R
em

ov
al
m
ec
ha
ni
sm

m
ai
nl
y
in
vo

lv
es

ad
so
rp
tio

n,
re
du
ct
io
n
of

C
r(
V
I)
to

C
r(
II
I)
,

an
d
su
bs
eq
ue
nt

im
m
ob
ili
za
tio

n
in

th
e
so
lid

ph
as
e
of

(C
r x
F
e 1

�
x)
(O

H
) 3
an
d
F
eC

r 2
S 4

G
on

g
et
al
.

(2
01

7)

O
ne
-p
ot

(w
ith

na
no

-
se
ed
in
g)

0.
5

C
d2

+
A
no

xi
c

In
cr
ea
se
d
na
no

pa
rt
ic
le
se
ed
in
g
re
su
lts

in
fo
rm

at
io
n
of

m
or
e
F
e0

cr
ys
ta
ls
fo
r
hi
gh

su
lfi
da
tio

n
ex
te
nt
.H

ig
h
ex
te
nt

of
su
lfi
da
tio

n
in
cr
ea
se
s
m
et
al
re
m
ov

al
ca
pa
ci
ty

an
d
m
et
al
-

na
no
pa
rt
ic
le
st
ab
ili
ty

S
ul
fi
de

ha
s
hi
gh

af
fi
ni
ty

to
m
et
al
io
ns

S
u
et
al
.

(2
01

6)

372 Y. Su et al.



described as a recombination of H atoms, modeled by a simple second-order reaction
on the Fe(100) plane (Benziger and Madix 1980). The most important change
induced by the addition of S atoms on the Fe surface is the decrease of H atom
density, since 1 S atom can block 10–20 H atom adsorption sites (Bartholomew and
Bowman 1985). In addition, S atoms are able to decrease H atom mobility through
steric and long-range electronic effects (Benziger and Madix 1980). Seen from these
two aspects, it is more reasonable to use the actual S/Fe molar ratio on the Fe surface
instead of the initial S/Fe molar ratio during synthesis of the materials (there was S
left as unreacted) to explain the degradation performance. Above a certain surface
coverage of S atom, the decreased H atom density and H mobility effectively
restrains H2 generation from water-induced corrosion.

During TCE dechlorination, S atoms on the Fe surface appear to induce the
formation of acetylene through β-elimination. Using FeS alone, electron quantity
is limited, but for S-NZVI, the inner core of Fe(0) serves as an electron reservoir.
Considering the good conductivity of FeS (Kim et al. 2011), the dechlorination rate
through β-elimination is accelerated. Nevertheless, S results in low H atom density,
which is not favorable for further hydrogenolysis of acetylene. It is very likely that
formation of ethene and ethane from acetylene occurs at high H atom density zone.
Thus, it is reasonable to conclude that sulfidation accelerates β-elimination but not
hydrogenolysis (Han and Yan 2016). The formation of acetylene by NZVI has been
previously observed (Liu et al. 2005). This pathway may be a result of S in the matrix
of that NZVI material.

So far studies have only focused on the influence of H atom density on Fe
(0) surface after sulfidation. The presence of S atoms on the Fe surface also likely
affects the dissociation process of carbon compounds. Given that S2� functions as
nucleophile (Kriegman-King and Reinhard 1992), the different degrees of positive
charge of C atom in different chlorinated hydrocarbon will likely lead to different

Fig. 9.5 Schematic of reactions of TCE on NZVI (a) and S-NZVI (b). The ability of the S-NZVI to
promote reaction with TCE and limit reaction with water suggests that the S-NZVI formed is not a
strictly Fe(0)/FeS core-shell product but rather is a heterogeneous mixture of both NZVI/Fe-oxide
and FeS surfaces
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affinity between the hydrocarbon and surface of S-NZVI. Subsequently, outer-
sphere binding will be affected, and different reaction rates with different hydrocar-
bons should be observed. Pollutants that readily bind onto S2� sites and can undergo
reduction without the help of active H atom should have higher degradation rates on
S-NZVI than those that do not. However, this effect has not been thoroughly
investigated.

9.4.2 Organic Compound Degradation Through Fenton-Like
Reaction

S-NZVI also alters the Fenton-like reactivity of NZVI. NZVI-based heterogeneous
Fenton-like systems have been reported since 2004 (Joo et al. 2004) and have been
employed to treat a wide range of organic pollutants, such as 4-chlorophenol,
p-chloronitrobenzene, pentachlorophenol, 4-chloro-3-methyl phenol, molinate,
EDTA, and bisphenol A (Ai et al. 2013; Feitz et al. 2005; Joo et al. 2004; Li and
Zhu 2014; Li et al. 2015; Noradoun et al. 2003; Noradoun and Cheng 2005; Xu and
Wang 2011). Both hydroxyl radical (acidic condition) and ferryl radicals (alkaline
condition) were identified in a NZVI/O2 system (Keenan and Sedlak 2008), but in
general, for degradation of persistent organic contaminants, hydroxyl radicals are
more effective (Pang et al. 2011). In the presence of oxygen, H2O2 is generated
through a two-electron transfer process (Eqs. 9.4 and 9.5), and hydroxyl radicals are
produced from the subsequent reaction between H2O2 and Fe(II) (Eq. 9.6) (Ai et al.
2007, 2013). The most important feature of NZVI/O2 systems is hydroxyl radical
production via surface-bound Fe(II), which accounts for the pollutant degradation at
near-neutral pH. However, in a NZVI/O2 system, a four-electron transfer process
(Eq. 9.7) is usually the dominant reaction (Feitz et al. 2005), and H2 generation
(Eq. 9.8) also cannot be ignored especially at low pH (Liu and Lowry 2006), both of
which result in the nonproductive loss of electrons. Therefore, the NZVI/O2 system
has low yield of free radicals.

Fe0 þ O2 ! O2
2� þ Fe2þ ð9:4Þ

O2
2� þ 2Hþ ! H2O2 ð9:5Þ

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð9:6Þ
2Fe0 þ O2 þ H2O ! 2Fe2þ þ 4OH� ð9:7Þ
Fe0 þ 2H2O ! Fe2þ þ H2 þ 2OH� ð9:8Þ

To enhance free radical generation, modifying electron transfer on the core-shell
surface of NZVI is a good strategy. Ai et al. synthesized core-shell Fe@Fe2O3

nanowires, using the Fe2O3 shell to prevent the direct reaction between Fe(0) and
O2 (Ai et al. 2007, 2013; Wang et al. 2014). In their study, they proposed that O2 was
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catalyzed by surface-bound ferrous atoms through a one-electron transfer pathway
(Eqs. 9.9–9.11).

� Fe� O� Fe2þ þ O2,ad !� Fe� O� Fe3þ þ •O2� ð9:9Þ
� Fe2þ þ •O2� !� Fe3þ þ H2O2 ð9:10Þ

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð9:11Þ

After sulfidation, the PNP and DCF removal efficiency (Table 9.3) was improved
(Song et al. 2017; Tang et al. 2016), which was attributed to the higher yield of
hydroxyl radicals. However, Fe(II) concentration in the supernatant S-NZVI/O2

system was equal to that in NZVI/O2 system, indicating that Fe(II) in solution was
not the reason for the enhanced free radical yield (Song et al. 2017). Thus, the greater
amount of surface-bound Fe(II) on S-NZVI was mainly responsible for the greater
generation of hydroxyl radical compared to NZVI alone. Song et al. (2017) found
that a one-electron transfer pathway via surface-bound Fe(II) was the main process
for hydroxyl radical generation. According to their study, the reaction between Fe
(0) and O2 in the S-NZVI/O2 system was much lower than that in NZVI/O2 system
(even though S-NZVI does not have the fine core-shell structure like Fe@Fe2O3

nanowires), indicating that the four-electron transfer reaction is effectively inhibited.
Moreover, sulfidation is able to depress H2 generation effectively (Eq. 9.8), contrib-
uting to the preservation of Fe(0) content. In addition, FeS has good conductivity,
which means that it can conduct electrons from the Fe(0) core to surface Fe(III),
producing Fe(II) (Eq. 9.12). The preserved Fe(0) from the inhibition of Eqs. (9.7)
and (9.8) could provide abundant electrons for Eq. (9.12), and the produced Fe(II) is
beneficial to Fenton-like reaction. The modified electron transfer pathway is illus-
trated in Fig. 9.6.

Fe0 þ 2 � Fe� S� Fe3þ ! 2 � Fe� S� Fe2þ þ Fe2þ ð9:12Þ

S-NZVI has been used to activate persulfate (PS) for benzoic acid
(BA) degradation (Rayaroth et al. 2017). Complete degradation of BA was observed
in both NZVI/PS and S-NZVI/PS system, and over 75% of TOC removal was
achieved. While both sulfate and hydroxyl radicals were responsible for BA degra-
dation for NZVI/PS, hydroxyl radicals were the main species for S-NZVI/PS. For
NZVI/PS, sulfate radicals could be activated through surface-bound Fe(II) after
S2O8

2� dissociation as shown in Eq. (9.13). However, in the S-NZVI/PS system,
it seems S(-II) atoms block the adsorption sites for S2O8

2� due to steric and long-
range electronic effects. The advantage of the S-NZVI/PS system over the NZVI/PS
system is that under alkaline conditions S-NZVI/PS is still able to degrade BA while
NZVI/PS not. The proposed reaction for hydroxyl radical generation in S-NZVI/PS
system is shown in Eq. (9.14). It is also possible that S-NZVI simply prevents the
formation of Fe-oxyhydroxides, keeping the material more reactive. The mecha-
nisms behind the increased reactivity of S-NZVI are not well described.
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� Fe IIð Þ þ S2O8
2�

aqð Þ !� Fe IIð ÞO3SO2SO3
� !

� Fe IIIð Þ þ SO4
�� þ SO4

2�
aqð Þ ð9:13Þ

Fe0 þ S2O8
2�

aqð Þ þ 2H2O ! Fe2þ þ 2 •OHþ 2SO4
2� þ 2Hþ ð9:14Þ

9.4.3 Radioactive/Heavy Metal (Me) Immobilization

Heavy metal pollution is a severe problem around the world and is a great threat to
public health. Both FeS and NZVI have long been successfully employed to
sequester Me ions or Me-oxygen anions from aqueous media (Bostick and Fendorf
2003; Miller et al. 1998; Morse and Arakaki 1993; Moyes et al. 2002; Özverdi and
Erdem 2006; Su et al. 2014a, b, 2015; Zhang et al. 2014). In general, adsorption,
precipitation, complexation/substitution, and reduction are the main removal mech-
anisms for Me ions/anions. However, the existing form of immobilized Me on NZVI
or S-NZVI is very different. On NZVI, some metals are reduced to zerovalent
metals, but more commonly Me atoms bind with O atoms to form metal oxides or
mixed Fe-Me-oxides (Li and Zhang 2007; Li et al. 2008). In contrast, on S-NZVI,
Me atom may prefer S atoms to O atom, and with the increase of S/Fe ratio, the
majority of the immobilized Me will shift from metal oxide to metal sulfides (Fan
et al. 2013, 2014). The increase of the S/Fe ratio leads to different S-NZVI with
different removal capacity (Su et al. 2015). For S-NZVI obtained from the one-pot
synthesis method, increasing sulfidation leads to first a decline and then an increase
in Cd(II) and Cr(VI) removal (Gong et al. 2017; Su et al. 2015). However, for
S-NZVI obtained from the two-step synthesis method (adding Fe(II) and S(-II) to
form FeS), Cr(VI) removal capacity increases first and then decreases (Du et al.
2016). It seems that different synthesis methods result in different morphologies of
S-NZVI, which subsequently affect its reactivity. Nevertheless, metal removal
capacity could potentially be much higher than NZVI if the S-NZVI is synthesized
with the optimal S/Fe ratio.

Fig. 9.6 Schematic showing electron transfer modification in the Fenton-like reaction through
sulfidation
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The presence of FeS on the NZVI can influence the metal reduction process. The
standard oxidation-reduction potential of Fe/Fe(II) is �0.447 V. Similar to NZVI,
S-NZVI can reduce those metals with a standard oxidation-reduction potential above
iron (e.g., Ni(II), Cu(II) Ag(I)), but not those below it (e.g., Zn(II), Al(III)) (Li and
Zhang 2007). The presence of FeS can influence the reduction process in following
two possible ways:

1. FeS contributes to Me reduction driven by Fe(0). Here, FeS inhibits the reaction
between H2O and Fe(0), which means that more electrons are available for metal
reduction. Additionally, FeS is able to conduct electrons from Fe(0) to Me on the
S-NZVI surface.

2. FeS participates in the reduction. Here, not only can Fe(II) be oxidized to Fe(III)
but S(-II) can be oxidized to many different states under different conditions
(such as different pH). It is reported that Cr(VI), As(III), Se(IV), Tc(VII), and U
(VI) can be efficiently reduced by FeS (Bostick and Fendorf 2003; Du et al. 2016;
Gong et al. 2016; Moyes et al. 2002).

Another important advantage of S-NZVI in metal immobilization over NZVI is
the enhanced chemical stability of sequestered metal. The main concern about the
application of NZVI in metal-contaminated groundwater remediation is the
re-release of metal ions from NZVI upon oxidation. The oxidation of NZVI by
nitrate, dissolved oxygen, and any other oxidants could change the composition of
the particles and oxidize and release adsorbed metals (Su et al. 2014a, 2015; Zhang
et al. 2014). Results so far on metal removal by S-NZVI show that sulfidation
enhanced the chemical stability of the sequestered metals. Fan et al. (2014) reported
that FeS on S-NZVI can inhibit Tc(IV) reoxidation. Their results show persistence of
FeS after 24 h oxidation but complete oxidation after 120 h oxidation. While in their
experiment TcS2 previously formed under anoxic conditions transformed into TcO2

after 120 h of oxidation, Tc dissolution was not recorded. The authors proposed that
speciation transformation (TcS2 to TcO2) retarded the dissolution process of
Tc. Another study by Su et al. (2015) reported that 2 h oxidation did not cause the
re-release of Cd(II) ions from S-NZVI, whereas it did in a NZVI reaction system.
Further, they found that the 2 h oxidation destroyed Fe-S bonds and stimulated
additional formation of CdS, increasing Cd(II) removal efficiency by 50%. Hence,
S-NZVI might be better than NZVI in heavy metal-polluted groundwater
remediation.

However, metal removal mechanism by S-NZVI, especially for reduction (e.g.,
Cr(VI)), has not been clearly elucidated. There was an effort made by Du et al.
(2016) in which they used 1,10-phenanthroline to quench Fe(II) and subsequently
block Cr(VI) reduction through Fe(II). They found that abundant surface-bound Fe
(II) in S-NZVI system contributed significantly to Cr(VI) reduction. However, the
authors did not provide data on the NZVI reaction system for comparison. The role
of FeS on metal adsorption and reduction processes and how FeS affects the inner
diffusion of metals on NZVI remains largely unexplored.
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9.5 Implications for Field Application of S-NZVI

Lab-based studies on pollutant removal indicate that S-NZVI is more effective than
NZVI for groundwater remediation. However, studies on the mobility, reactivity,
and interaction between microorganisms and S-NZVI in the subsurface are crucial
for field applications.

9.5.1 Mobility

Pristine NZVI in field applications suffers from low mobility in porous media. This
is due to a combination of effects including deposition onto aquifer solids, aggre-
gation and settling due to the van der Waals forces, electrical double layer interac-
tions, and magnetic attractive forces. Based on previously published studies (Kim
et al. 2013; Song et al. 2017), sulfidation can improve electrostatic repulsion
(between pH 7 and 9) and lower the saturation magnetization to a certain degree,
both of which help to alleviate the aggregation of nanoparticles. Although sulfidation
does improve the stability of the nanoparticle suspensions in the presence of Cl�,
CO3

2�, SO4
2�, and NO3

�, 5 mM Ca2+ still caused rapid aggregation and
sedimentation. Unfortunately, groundwater often contains appreciable concentra-
tions of Ca2+, which will affect the mobility of S-NZVI. On the basis of previous
studies on NZVI, the most efficient method for enhancing mobility is polymer
modification (Kocur et al. 2013). Compared with the “few inches to a few feet”
traveling distance of NZVI, carboxymethylcellulose (CMC)-modified NZVI trav-
eled at least 1 m to the contaminated source zone at significant Fe0 concentrations
(Kocur et al. 2014; Krol et al. 2013). Although no study has been carried out to
study the mobility of S-NZVI in the subsurface, it can be deduced that for practical
applications, surface modification will be needed.

9.5.2 Reactivity

Unlike Pd-doped NZVI, the reactivity of S-NZVI toward pollutants in situ is largely
unaffected by groundwater constituents, which is one of the main advantages of this
material. In the study of Kim et al. (2014), it was reported (seen Fig. 9.7) that most
groundwater solutes had limited effect on the reduction rate of TCE by S-NZVI
compared with NZVI, and both surface-area-normalized and mass-normalized rate
constants of S-NZVI were approximately 1 order of magnitude higher than those of
NZVI. In 2015, Su et al. (2015) also reported that S-NZVI was able to efficiently
sequester Cd(II) ions from groundwater, river water, and even seawater, without
re-release of Cd(II) after 2 months. As to heterogeneous Fenton-like reaction driven
by S-NZVI, while common ions/anions had a relatively small effect on this process,
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the most influential factor is pH. As long as the pH was below 7, high removal of
DCF could be achieved (Song et al. 2017).

The reactivity of S-NZVI with 1,2-dichloroethane (1,2-DCA) was demonstrated
in the field in Canada (Nunez Garcia et al. 2016). While NZVI was not able to
degrade 1,2-DCA, S-NZVI degraded >90% 1,2-DCA in a year with observed
pseudo-first-order rate constants ranging from 3.8 � 10�3 to 7.8 � 10�3 d�1. Fe
(0) in S-NZVI was still present even after more than 1 year, which may be due to the
inhibition of water-induced corrosion. Both nucleophilic substitution and reductive
dechlorination were responsible for the 1,2-DCA dechlorination.

9.5.3 Interactions Between S-NZVI and Subsurface
Microorganism

NZVI can create conditions for anaerobic microorganisms (Kirschling et al. 2010).
In a recent paper describing the field application of CMC-NZVI, its injection created
conditions favoring the growth of native populations of organohalide-respiring
microorganisms, which resulted in a 1 order of magnitude increase of the abundance
of Dehalococcoides spp. (Kocur et al. 2015). The authors successfully proved that
NZVI injection not only gave rise to the abiotic degradation of volatile chlorinated
compounds but stimulated a considerable amount of biotic degradation.

Although there is no study on the influence of S-NZVI to microorganism in the
subsurface, the toxicity of S-NZVI on algae has been evaluated (Adeleye et al.
2016). It was shown that even a high concentration of 180 ppm of S-NZVI (modified
with nanosilica during synthesis) did not cause an obvious negative impact on the

Fig. 9.7 A logarithmic–
logarithmic plot of surface-
area-normalized rate
constants (kSA, L m�2 h�1)
versus mass-normalized rate
constants (kM, L g�1 h�1)
showing TCE reduction
rates by nFe/FeS (squares).
(Reprinted with permission
from Kim et al. (2014).
Copyright (2014) American
Chemical Society)
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growth of algae. The dissolved organic matter produced by algae not only alleviate
the toxicity of S-NZVI but stabilize the nanoparticles and lower the oxidation of
S-NZVI (which may prove advantageous for pollutant degradation in practical
remediation). It is reasonable to assume that S-NZVI might have a similar effect
on the microorganism as NZVI, but studies on this topic have yet to be conducted.

9.6 Conclusions and Future Research Needs

9.6.1 Main Conclusion

S-NZVI was shown to be highly reactive toward a wide range of pollutants,
including halogenated carbon compounds, some persistent pharmaceuticals, and
metal ions/metal-containing anions. In this chapter, the following conclusions can
be summarized:

1. Both the one-pot synthesis method and the two-step synthesis methods can
produce highly reactive S-NZVI. However, different synthesis procedures result
in different morphologies of S-NZVI. S-NZVI generated from one-pot method
doesn’t have a neat structure of Fe(0) core and iron oxide shell. S is very much
likely homogeneously distributed on the whole particle (inside and outside), and
flake-like structure was often observed. For those obtained from the two-step
method, although the initial core-shell structure could be affected by the S/Fe
ratio, S is believed to be distributed on the outside layer of the particle, and no
flake-like structures were observed.

2. Different degrees of sulfidation result in different surface S atom density, which
subsequently leads to different reactivity of S-NZVI toward contaminants. S
atoms can preferentially adsorb on certain sites, which can ① inhibit adsorption
(which normally occurs on these sites and nearby 10–20 sites) but also ② create
new specific adsorption sites due to its nucleophilic character. Influence① lowers
the related reaction kinetics (not necessarily only means the pollutant reaction but
also the H2 generation from H2O); influence ② could stimulate another immo-
bilization or reaction pathway. Different S/Fe molar ratios mean different density
of surface S atoms, which results in the different extent of influence ① and ②.
With an optimal extent of sulfidation, the reactivity of NZVI can be significantly
enhanced, and unlike NZVI, it is highly resistant to many environmental inter-
ferences, such as common ions/anions.

3. Sulfidation creates a nucleophilic zone on the particle surface with lower density
of H atoms compared to NZVI, which lowers the recombination of H atoms to
form H2 (water-induced corrosion). However, it enhances the β-elimination
pathway for halogenated carbon compounds by facilitating the adsorption
between positively charged carbons (α position) and the nucleophile (S2�).
After β-elimination, hydrogenolysis is then readily achieved on areas of the
surfaces with higher H atom density. This modified pathway not only accelerates
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the dechlorination rate but also provides a chance to degrade pollutants that
previously cannot be degraded by NZVI, such as 1,2-DCA.

4. In heterogeneous Fenton-like reactions, S-NZVI generates much more hydroxyl
radicals for pollutant degradation through a one-electron transfer. Sulfidation
effectively inhibits the direct reaction between oxygen and Fe(0), preserving a
considerable amount of Fe(0) for ferric iron reduction to surface-bound ferrous
iron (Fe(II)), which plays an important role in hydroxyl radical generation. While
common ions/anions have a small effect on pollutant removal performance, pH
above 7 has a clear inhibition effect.

5. S-NZVI has a higher removal capacity for metal ions compared to NZVI, and the
chemical stability of the formed metal sulfides is high. With an increase of
sulfidation, metal oxides will transform into metal sulfides, indicating that S(-II)
is highly involved in the metal removal pathway. The abundant surface-bound Fe
(II) on S-NZVI may play an important role in metal immobilization process, and
the high conductivity of FeS may facilitate electron transfer during reduction.
Common ions/anions have limited effect on metal removal capacity of S-NZVI,
and S-NZVI can sequester metal ions over a wide range of solution pH.

6. S-NZVI might stimulate the growth of certain species of microorganism, which
can further improve pollutant removal. The toxicity of S-NZVI toward algae is
low. Organic matter derived from algae can stabilize S-NZVI and lower the
oxidation rate, which might be beneficial for pollutant reduction.

9.7 Future Research

S-NZVI shows great promise in the application of in situ remediation. Future
research may include:

1. A better assessment of the microstructure of S-NZVI under different degrees of
sulfidation and structure evolution during reaction and aging

2. Elucidating the role of sulfur in the dechlorination process, including its influence
on carbon atom dissociation and H atom dissociation/recombination

3. Understanding the immobilization pathway of metals (especially the metals
which can be reduced) via S-NZVI

4. Assessing the mobility of S-NZVI in subsurface and its reactivity over time
5. Determining the ability of S-NZVI to biostimulate in situ reactions of interest
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Chapter 10
Microbial Perspective of NZVI Applications

Panaya Kotchaplai, Eakalak Khan, and Alisa S. Vangnai

Abstract Nanoscale zero-valent iron (NZVI), due to its small size and high reac-
tivity, is regarded as a promising alternative especially for in situ environmental
remediation. There has already been a number of successful in situ contaminant
removal/remediation using NZVI. In this context, interactions between NZVI and
environmental microorganisms at the contaminated site are inevitable. The high
reactivity of NZVI could potentially cause an adverse effect to microorganisms that
are involved in environmental restoration. The interactions between NZVI and
microorganism may in turn affect NZVI reactivity. Accordingly, it is important to
understand the microbial aspects of NZVI applications. This chapter provides an
overview of the consequent effect of the interactions between NZVI and microor-
ganisms including the effect of NZVI on microorganisms as well as the effect of
microorganisms on NZVI behavior. It specifically focuses on the reported effects of
NZVI on microbial survival and activity, as well as several factors causing the
complication of toxicity assessment. The prospects of NZVI-enhanced bioremedia-
tion is also discussed. Finally, this chapter presents future research needs in further-
ance of successful NZVI applications.
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Keywords Nanoscale zerovalent iron · Microbiology · Bioremediation · Combined
remedies with NZVI

10.1 Role of Microorganisms in Environmental Restoration

Ecological systems consist of plants, animals, and microorganisms (i.e., bacteria,
fungi, archaea, and viruses), of which microorganisms are the most abundant. The
numbers, distribution, and diversity of microorganisms depend on their habitat or
environment. For instance, microorganisms are most abundant in soil or sediment
(107–1010 cell/g dry weight), with fewer in water or groundwater (102–106 cell/g dry
weight) (Vorobyova et al. 1997). Many microorganisms play important roles in a
range of biological processes or ecological functions in ecosystems, such as nutrient
recycling, soil processing, transformation or detoxification of toxic contaminants,
protecting plants from disease and abiotic stress, or supporting plant growth.

Because they are versatile and able to adapt, some microorganisms can survive
and even thrive in a wide range of sometimes extreme environments including
contaminated sites. Several indigenous bacteria, for example, Pseudomonas,
Burkholderia, and Acinetobacter, are known for their metabolic versatility, which
allows them to use soil or groundwater contaminants to support their growth and, at
the same time, reduce the contaminant concentrations. Microorganisms can degrade
or detoxify organic pollutants and can also immobilize contaminants (e.g., heavy
metals) through intracellular accumulation or sorption/precipitation. Accordingly,
biological treatment of pollutants at contaminated sites by microorganisms has been
extensively studied. Environmental pollutants can be attenuated naturally by indig-
enous microorganisms, and/or by addition of nutrients (biostimulation) to support
microbial growth/metabolism, and/or by addition of pollutant-degrading strains
(bio-augmentation) to speed up the remediation of the contaminated sites,
respectively.

Rhizospheric microorganisms reside in the rhizosphere, which is the region next
to the plant roots in the soil. Soil microorganisms are attracted to the rhizosphere by
plant root exudates, which contain a broad range of compounds including sugars,
organic acids, and amino acids that are sources of carbon and nitrogen. Root
exudates may also contain antimicrobials, phenolic compounds, and specialized
signaling compounds that are selectively beneficial for certain groups of microor-
ganisms. So, while root exudates are beneficial for these selected microorganisms,
some rhizospheric microorganisms, known as plant growth-promoting rhizospheric
microorganisms (PGPRs), are also in turn beneficial for plants by providing nutrients
(i.e., phosphate solubilization) and phytohormones, accelerating mineralization pro-
cesses, and reducing plant diseases and infections (Somers et al. 2004; Badri et al.
2009). Bacillus, Burkholderia, Clostridium, Enterobacter, and Pseudomonas are the
most abundant PGPRs reported so far (Somers et al. 2004; Badri et al. 2009). Some
of these rhizospheric microorganisms are capable of degrading pollutants of which
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the process is known as rhizoremediation (Kuiper et al. 2004). Rhizoremediation has
been frequently used to reduce the contamination of pesticides and/or herbicides in
agricultural soil and other organic pollutants in biosolids that have been used as
fertilizer in agricultural areas (Silambarasan and Vangnai 2017).

The abundance and distribution of environmental microorganisms change with
changes in their habitats and surroundings. Climate change, fertilizer, pesticide, and
herbicide applications, and pollutant release are all known to affect bacterial com-
munities directly or indirectly by affecting microbial cells or changing the environ-
mental conditions, respectively. Fluctuations in the environment and the presence of
toxic compounds may alter microbial communities such that their ecological func-
tions are affected. This includes the addition of NZVI for remediation, which can
alter redox conditions, provide an electron source (H2), and can potentially be toxic
to microorganisms. This chapter discusses aspects of the interactions between
microorganisms and NZVI.

10.2 Impact of NZVI on Microorganisms

10.2.1 Toxicity of NZVI

Nanoscale zero-valent iron (NZVI) has been used for in situ environmental pollutant
treatment, and thus large amounts of NZVI have purposely been released into the
environment (Mueller et al. 2012). Consequently, concern about the environmental
impact of these reactive iron particles has also increased. In general, iron is an
essential trace nutrient for microorganisms, generally existing in the environment
as soluble Fe(II) and insoluble Fe(III) depending on the environmental conditions,
such as the oxygen concentration (ORP) or pH (Straub et al. 2001). Even though
large amounts of natural iron already exists in the environment, substantial release of
NZVI particles may cause unintended consequences due to their high reactivity and
propensity to release Fe(II).

Information from the literature regarding NZVI toxicity is summarized in
Table 10.1. Initially, NZVI was reported to be strongly toxic to bacteria (Auffan
et al. 2008; Lee et al. 2008; Diao and Yao 2009) and was proposed as a potential
antibacterial agent (Lee et al. 2008; Kim et al. 2010). While the practical dose of
NZVI for in situ remediation applications ranges from 0.3 to 30 g/L (Kocur et al.
2016), NZVI can be noticeably toxic at concentrations as low as 0.009 g/L in
anaerobic conditions (3.4 log inactivation) or 0.09 g/L in aerobic conditions (2.6
log inactivation) and may lead to a decrease in the number of viable bacteria cells
(Lee et al. 2008). For example, Diao and Yao (2009) reported that, under aerobic
conditions, the cell viability of Pseudomonas fluorescens and Bacillus subtilis
decreased by almost two and one orders of magnitude, respectively, when exposed
to NZVI at a concentration of 0.1 g/L, whereas a fungal strain, Aspergillus
versicolor, was able to tolerate exposure to NZVI at concentrations of up to
10 g/L (Diao and Yao 2009). Shah et al. (2010) reported that iron-based
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nanoparticles at a concentration of 0.1 mM or 5.58 mg/L had little effect on fungal
growth (Trametes versicolor) but had adverse effects on the production of several
lignocellulose-degrading enzymes (Shah et al. 2010). Shah et al. (2010), however,
did not report either the characteristics of the iron nanoparticles (i.e., iron species,
reactivity) (Shah et al. 2010) or the mechanisms behind the processes.

While most of the studies reviewed reported that there were obvious toxic effects
on bacteria from NZVI, Fajardo et al. (2012) and Sacca et al. (2013) observed that it
was only slightly toxic to Klebsiella planticola D5Z and K. oxytoca K5, a Gram-
negative bacteria isolated from NZVI-treated soil, respectively, at 10 g/L (Fajardo
et al. 2012; Sacca et al. 2013). Cell viability of Sphingomonas sp. strain PH-07
decreased by less than one order of magnitude at NZVI concentrations up to 5.0 g/L,
showing tolerance at high concentrations (Kim et al. 2012b). It should be noted that
these studies were conducted under aerobic conditions, in which the toxicity of
NZVI is assumed to be low. Under aerobic conditions, the oxidation of NZVI occurs
rapidly, so that less toxic oxidation products such as iron oxide are produced (Lee
et al. 2008). However, these studies have not reported information about the NZVI
reaction times or reactivity; thus it is difficult to distinguish the intrinsic strain-
dependent tolerance of NZVI from the limited toxicity of oxidized NZVI. However,
it does suggest that risks associated with NZVI are decreased when the material has
become oxidized to the corresponding Fe oxide.

The aforementioned studies indicate that most bacteria are susceptible to NZVI
exposure; however, in situ applications of NZVI do not always have deleterious
effects on the abundance of indigenous microorganisms. Pawlett et al. (2013)
reported that the total biomass of indigenous microorganisms in agricultural soil
was not affected by additions of NZVI, except in soil that was supplemented with
organic matter, in which the microbial biomass decreased by 29% (Pawlett et al.
2013). Examination of a microbial phospholipid profile indicated that there was little
change in either the microbial community or an indicator of the abundance of fungal
and bacterial membrane stress (trans/cis ratio of 16:1ω7) when exposed to NZVI
(Pawlett et al. 2013), but that monounsaturated fatty acids of Gram-negative bacteria
did change slightly upon exposure to NZVI (Pawlett et al. 2013). Nevertheless, there
is still uncertainty as to whether phospholipid profiles can be used effectively to
investigate alterations in microbial communities in stressful conditions because these
profiles can change as bacteria adapt to a range of stresses. For instance, decreases in
the sum, rather than the abundance (caused by higher vulnerability to NZVI), of
monounsaturated fatty acids of Gram-negative bacteria may reflect how bacteria
respond to membrane stress, as proposed in the study (Pawlett et al. 2013). Also, cis
monounsaturated fatty acids may change to trans monounsaturated fatty acids as a
short-term response mechanism to membrane damage in certain bacterial strains, so
the trans/cis ratio of 16:1ω7 reported in this study for a microbial community
4 months after NZVI was added may not be valid.

Kirschling et al. (2010) investigated the effect of NZVI on microbial communities
in groundwater containing aquifer material from three different trichloroethene
(TCE)-contaminated sites (Kirschling et al. 2010). When NZVI (1.5 g/L) was
added, the conditions were more reduced, the pH increased, and the activity of the
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sulfate-reducing population was stimulated by the H2 generated by the NZVI
(Kirschling et al. 2010). Further, polyaspartate, a biodegradable polymer that is
used to modify the NZVI surface, supports the growth of microorganisms
(Kirschling et al. 2010). In contrast to Kirschling et al. (2010), Kumar et al. (2014)
reported that NZVI at a w/w ratio of 1% inhibited sulfate-reducing bacteria in an
aquifer microcosm, whereas the granular and microscale zero-valent iron stimulated
sulfate reduction (Kumar et al. 2014). The dose-dependent inhibition of bacterial
sulfate reduction occurred when NZVI concentrations exceeded 0.5 g/L (Kumar
et al. 2014).

The different routes by which NZVI is introduced to the environment may
determine its potential toxicity on the recipient microorganisms. When NZVI is
intentionally used in combination with bioremediation, microorganisms, especially
those that reside in contaminated sites, are exposed to the reactive form of NZVI. On
the other hand, NZVI in industrial discharges or sludge (which can be later used as
biosolids) may end up in agricultural areas in an oxidized form. While several
studies have shown that nanoparticles can have adverse effects on the abundance
and activity of functional microorganisms in agricultural soils (Ben-Moshe et al.
2013; Chai et al. 2015; Xu et al. 2015; He et al. 2016b), iron oxide nanoparticles
appear to have limited adverse effects. Li et al. (2007) used NZVI to react with
sulfide compounds, thereby reducing the odor of the biosolids (Li et al. 2007). They
also proposed that iron oxides and hydroxides, end products of NZVI, were similar
to iron minerals that occurred naturally in the environment and that small amounts of
NZVI could increase the bioavailable iron in soils (Li et al. 2007). He et al. (2011)
reported increased activity of invertase and urease, enzymes involved in soil nutrient
cycling, because Actinomycetes species were stimulated when iron oxide
nanoparticles were added (He et al. 2011). Ben-Moshe et al. (2013) reported that
soil microbial community alterations induced by iron oxide nanoparticles were
linked to soil properties (Ben-Moshe et al. 2013).

Biofilms are complex communities of single or multiple microorganism species
associated with surfaces that are held together by a matrix of extracellular polymeric
substances (EPS) (Davey and O‘Toole 2000). Microorganisms in groundwater
aquifers, soil, marine environment, industrial effluents discharge, as well as those
applied in bioreactors are mainly in the form of biofilms. The EPS matrix generally
consists of carbohydrates and proteins, and environmental DNA protects microor-
ganisms from many stresses, including nanoparticles (Miao et al. 2009; Dimkpa
et al. 2011; Sudheer Khan et al. 2011; Thuptimdang et al. 2015; Wang et al. 2016a),
by providing binding/sequestration sites (Khan et al. 2011; Ikuma et al. 2015; Wang
et al. 2016a). So far, the interactions between NZVI and biofilms have been mainly
assessed in terms of the retardation of NZVI transport or retention of NZVI in soil
columns. Basnet et al. (2016) reported that Pd-NZVI had a limited effect on bacterial
biofilm but had adverse effects on biofilm formation (Basnet et al. 2016). Since
studies of the interactions between nanoparticles and biofilms are limited (Ikuma
et al. 2015), more investigations are needed, particularly on the stages, components,
and structure of biofilms, since these factors have been reported to affect biofilm
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susceptibility to stresses (Joshi et al. 2012; Thuptimdang et al. 2015; Thuptimdang
et al. 2017).

10.2.2 Mechanisms of NZVI Toxicity and Microbial
Responses

Figure 10.1 shows a simplified overview of NZVI-induced damage in microbial cells
and microbial responses. Under aerobic conditions, bacteria normally encounter
some deleterious effects from endogenous reactive oxygen species (ROS) generated
during respiration. Reactive oxygen species, and in particular hydroxyl radicals
(HO�), are highly reactive and attack bacterial biomolecules such as DNA, proteins,
and lipids (Sevcu et al. 2011). Response mechanisms, including ROS-scavenging
enzymes or damage-repair systems, are triggered to balance or reduce the levels of
ROS generated, thereby alleviating the oxidative stress to cells. As highly redox-
active materials, NZVI particles are expected to generate significant amounts of
ROS. In the presence of oxygen, Fe0 in NZVI particles can directly transfer electrons
to oxygen molecules generating hydrogen peroxide (Auffan et al. 2008). The
oxidation products of Fe0, Fe(II), and Fe(III) have been known to catalyze Fenton
and Haber-Weiss reactions, thereby generating ROS, particularly HO�. The abrupt
increases in ROS following exposure to NZVI may exceed the response capability of
bacteria, and may trigger oxidative stress, and subsequent cell death (Lefevre et al.
2016). So far, numerous studies have highlighted both the NZVI-mediated oxidative
damage and the responses of microorganisms (Auffan et al. 2008; Lee et al. 2008;
Kim et al. 2010; Fajardo et al. 2013; Sacca et al. 2014b; Chaithawiwat et al. 2016). A
study of P. stutzeri showed that the katB expression that encodes for catalase, the
antioxidant enzyme, increased by 570% after exposure to NZVI (Sacca et al. 2014b).
E. coli that lack the genes to encode for superoxide dismutase, the antioxidant
enzyme, are more susceptible to NZVI than the wild type, which suggests that the
systems that defend bacteria from oxidative stress during NZVI exposure are
important (Auffan et al. 2008; Chaithawiwat et al. 2016). The oxidation products
of NZVI (e.g., maghemite, magnetite, and lepidocrocite) are much less toxic to
bacteria (Auffan et al. 2008; Lee et al. 2008; Diao and Yao 2009).

Toxicity mediated by NZVI results in intracellular rather than extracellular
oxidative stress, as scavenging the extracellular ROS (in bulk solution) did not
influence bacterial inactivation (Kim et al. 2010), and may reflect the very short
half-lives of ROS. For instance, the half-lives of HO� and H2O2 are about 10

�9 and
10�3 s, respectively (D‘Autreaux and Toledano 2007). When NZVI interacts with
dissolved O2, the generated ROS may dissipate before attacking microorganisms.
The filtrate of NZVI was not toxic to bacteria (Diao and Yao 2009; Chaithawiwat
et al. 2016), which confirms that NZVI toxicity decreased because of limited
interactions between bacterial and NZVI particles, as reported previously (Li et al.
2010b; Chen et al. 2011). Recently, He et al. (2016a) reported that Fe(II) and H2O2
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Fig. 10.1 (a) A simplified overview of NZVI-induced damage in microbial cells. Once NZVI
particles attach to the cell surface, they may disturb and disrupt microbial membrane causing
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generated under aerobic conditions were associated with the surface of NZVI
particles (He et al. 2016a). Accordingly, the interactions between bacterial mem-
branes and the iron particles contribute significantly to the toxicity of NZVI to
microorganisms (Popova et al. 2008; Li et al. 2010b; Chen et al. 2011; Chaithawiwat
et al. 2016; Lefevre et al. 2016). It appears that, during exposure to NZVI, iron
nanoparticles tend to attach to bacterial membranes, disrupting membrane compo-
sition, interfering with membrane functionality, and promoting iron-induced intra-
cellular oxidative stress (Lefevre et al. 2016). However, as discussed later in the
chapter, there are mechanisms that limit the adhesion of the NZVI to microbial cell
walls, thereby decreasing toxicity (Li et al. 2010b; Chen et al. 2011).

When used in situ, NZVI is mainly applied to subsurface environments where the
conditions are anaerobic (few studies have demonstrated aerobic in situ applica-
tions). While it is known that NZVI is much more toxic in anaerobic conditions than
aerobic conditions (Lee et al. 2008; Kim et al. 2010; Lv et al. 2017), few studies have
examined the influence of oxygen on toxicity of NZVI in detail. Lv et al. (2017)
recently explored different mechanisms of NZVI toxicity under different levels of
dissolved oxygen (Lv et al. 2017). The inactivation mechanisms observed under
anaerobic conditions were mainly attributed to physical disruption with a small
contribution from soluble Fe(II), whereas oxidative stress and physical disruption
both had major roles in inactivation mechanisms under aerobic conditions (Lv et al.
2017). These findings support the toxicity mechanisms of NZVI proposed earlier
(Lee et al. 2008).

Even though it has been reported as highly toxic, the toxicity of NZVI appears to
be transient, such that the activities or abundance of microorganisms can be recov-
ered when NZVI is removed or has completely lost its reactivity (Kotchaplai et al.
2017). Accordingly, microbes must either adapt or respond to NZVI to withstand
any damage that occurs so that they can survive the exposure. While NZVI toxicity

⁄�

Fig. 10.1 (continued) intracellular component leakage. Reactive oxygen species (e.g., O2
�, H2O2,

or OH�) may be generated when electrons are transferred from NZVI to intracellular oxygen and
thus damage cell components including proteins, DNA, and lipids. Several stress response mech-
anisms have been reported toward membrane damage and oxidative stress. (b) NZVI-induced
membrane damage and microbial response. The interactions between NZVI and microbial cells
fluidize the membrane phospholipid bilayer, which may in turn affect the functionality of
membrane-bound proteins. In response to the NZVI-induced damage, certain bacteria may adjust
their membrane rigidity by increasing the proportion of saturated fatty acids or by converting cis- to
trans-unsaturated fatty acids, resulting in a more tightly packed and more rigid membrane (i.e., less
membrane fluidity), as shown in (b). (c) NZVI-induced oxidative stress and microbial response.
ROS species generated during NZVI exposure could attack intracellular biomolecules. Microbial
antioxidant enzymes are generally induced and expressed as a responsive mechanism. In addition,
sporulation has also been reported as microbial response to NZVI exposure. (d) Microbial adapta-
tion to NZVI-induced damage. Since NZVI and the cell surface need to be attached for NZVI
toxicity to be exerted, it has been proposed that microorganisms may induce modifications in cell
surfaces or increase the production of EPS to reduce interactions between NZVI and cells. The
presence of a polymer coating on the NZVI may also inhibit attachment of NZVI to the cell surfaces
through steric or electrosteric repulsions
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is triggered by interactions with microbial surfaces, and cell surfaces are clearly
disturbed when exposed to NZVI, currently there is limited information about how
microbes respond to NZVI-induced membrane damage.

Bacterial cytoplasmic membranes, which are phospholipid bilayers embedded
with protein, serve as protective layers for cells and provide sites for many cellular
processes. Several studies have reported that bacterial cells can quantitatively and
qualitatively modify their membrane composition in response to membrane distur-
bance caused by exposure to nanoparticles (Fang et al. 2007; Hachicho et al. 2014;
Zhu et al. 2014). For example, Kotchaplai et al. (2017) recently reported that
P. putida F1 rapidly increased the trans- to cis- monounsaturated fatty acid ratio
in response to an NZVI-induced fluidized membrane (Kotchaplai et al. 2017). This
energy-independent cis-trans isomerization of the membrane fatty acid means that
bacteria can maintain a membrane state that allows their survival (Heipieper et al.
2003). Microorganisms that lack this mechanism must rely on energy-demanding
biosynthesis of saturated fatty acids and so may not adapt so easily to NZVI as the
strain studied. The same study also reported that P. putida F1 adapted when
repeatedly exposed to NZVI by producing a phenotypic variant that was more
tolerant to NZVI (Kotchaplai et al. 2017). While it is still not clear about the
mechanisms involved, alterations to the surface of the adapted cells probably
means that there is less interaction between NZVI and bacterial cells, thereby
mitigating NZVI toxicity (Kotchaplai et al. 2017). Dhas et al. (2014) reported that,
when repeatedly exposed to increasing concentrations of silver and zinc oxide
nanoparticles, several bacterial strains adapted by producing more EPS and extra-
cellular proteins, thereby reducing direct contact between nanoparticles and cells
(Dhas et al. 2014).

Chemotaxis is a bacterial behavioral response in which flagellated cell can sense
and move toward or repel in response to the presented gradient of both organic and
inorganic compounds (Pandey and Jain 2002). The positive taxis or chemical
attraction allows certain microorganisms to reach nutrients as well as metabolizable
compounds including environmental contaminants, thus increasing bioavailability
and potentially bioremediation efficiency (Vangnai et al. 2013). On the other hand,
the negative taxis or chemical repellent allows bacterial cells to escape the toxic
condition ensuring cell survival (Pandey and Jain 2002). Ortega-Calvo et al. (2016)
reported the negative chemotactic response of P. putida G7 exposed to subinhibitory
concentration (1–10 μg/L) of NZVI, whereas higher NZVI concentration resulted in
the reduction of viable cells (Ortega-Calvo et al. 2016). The same study also reported
that bacterial taxis became undetectable after aerobically aging the NZVI (Ortega-
Calvo et al. 2016). It was proposed that the NZVI-induced negative effect is
associated with the NZVI toxicity rather than the detection by bacterial specific
chemoreceptors (Ortega-Calvo et al. 2016).

400 P. Kotchaplai et al.



10.2.3 Factors Affecting Toxicity Assessments of NZVI

Exposure conditions are critical when determining and interpreting the environmen-
tal impacts of nanoparticles (Holden et al. 2016). Unlike an ex situ process that is
conducted under controlled conditions, the exposure conditions during in situ
applications of NZVI are diverse and site-dependent. Therefore, contaminated sites
need to be accurately characterized so that the fate of NZVI and its interactions with,
and potential impacts on, the surrounding species in the environment can be
predicted. Most previous studies, especially those that demonstrate high NZVI
toxicity, have been conducted in media that are very chemically simple, such as
water (Diao and Yao 2009), a buffer (e.g., 2–5 mM carbonate buffer) (Lee et al.
2008; Chaithawiwat et al. 2016), or NaCl solution (Fajardo et al. 2013; Sacca et al.
2013, 2014a, b). The ions or organic matter present also play an important role in the
characteristics of NZVI and its toxicity. Phosphate species can form an insoluble
complex with Fe(III) that results in passivation of the NZVI surface, thereby
reducing the redox reactivity of NZVI, whereas the presence of oxalate can generate
soluble Fe(II)-oxalate, which reduces passivation of the NZVI surface (Lee et al.
2008). The adsorption of natural organic matter on the surface of NZVI decreases the
interactions between the cell and NZVI particles and so reduces the toxicity (Chen
et al. 2011; Hachicho et al. 2014). The different surface characteristics (e.g.,
adsorbed polymers or other surface treatments) of NZVI lead to different interactions
between cell surfaces and NZVI, thereby altering the effects of NZVI on microor-
ganisms. Ionic strength has also been reported to influence the stability and aggre-
gation of NZVI particles (Keller et al. 2012; Adeleye et al. 2013).

It is still difficult to compare and define the impact of NZVI on environmental
microorganisms because of a lack of consistency in experimental conditions and a
lack of clarity about the characteristics of NZVI. The fact that the characteristics of
contaminated sites vary means that it is difficult to accurately predict the impacts of
NZVI on environmental microorganisms. As such, the environmental impacts of
NZVI appear to be site-dependent. While most studies have focused on the charac-
teristics of NZVI, very few studies have assessed the impact of the microbe prop-
erties on the interactions between NZVI and the organisms (Chaithawiwat et al.
2016). Interactions between microorganisms and abiotic surfaces are influenced by
microbial surface components that are in turn affected by solution chemistry
(Gaboriaud et al. 2008; Shephard et al. 2010; Jacobson et al. 2015). The compounds
present can also affect the metabolic state of microorganisms and may alter their
susceptibility to stress. The toxicity of NZVI also depends on the bacterial growth
phase (Chaithawiwat et al. 2016). According to Chaithawiwat et al. (2016), bacteria
in the exponential phase are much more susceptible to NZVI exposure than cells in
the stationary phase (Chaithawiwat et al. 2016). Some organic contaminants can
serve as growth substrates for microorganisms and may promote an exponential
growth phase of metabolically capable strains. It should also be noted that that the
microbial communities will vary in different areas of a contaminated site, and this
spatial heterogeneity of microorganisms in contaminated sites is very important as
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microbial susceptibility to NZVI also appears to be strain-dependent (Chaithawiwat
et al. 2016). Groundwater, however, is hydrologically connected meaning that, as
attempts to increase the mobility and stability of NZVI in subsurface environments
are made, there is the potential for unintended migration of NZVI to a down-gradient
non-contaminated site where the abundances and structures of bacterial communities
differ from those in the source area. So better understanding of the susceptibility of
different organisms to NZVI is needed to fully assess the potential risks from
exposure to NZVI.

Microorganisms are typically associated with aquifer materials, soils, or sedi-
ments and are present at much lower numbers in groundwater (Hazen et al. 1991;
Holm et al. 1992). The initial concentration of microorganisms also affects the
toxicity of NZVI. The NZVI particles must be in contact with the microbial surface
for further NZVI-induced damage to occur. So, when the ratio between the microbial
concentration and NZVI particles is low, there may be a greater chance of interac-
tions between NZVI particles and cells, while a high ratio may indicate a greater
number of uninjured cells that can continue to grow and function.

10.3 Impact of Microorganisms on NZVI

10.3.1 Impact of Microorganisms on Transformations,
Reactivity, and Characteristics of NZVI

The rapid aging of NZVI is a constraint to NZVI environmental applications. Several
methods to regenerate or reactivate NZVI particles have been proposed (Xie and
Cwiertny 2010; Yang et al. 2017). Dissimilatory iron-reducing bacteria (DIRB) are
capable of shuttling electrons from organic matter to a variety of terminal electron
acceptors including ferric iron and play a significant role in anaerobic or reductive
transformation of the contaminants. Fe(III) reduction can occur via direct interac-
tions between the surface of DIRB and iron oxide or via indirect shuttling of
electrons through the secreted electron shuttle. Yang et al. (2017) reported that
abiotic TCE reduction of NZVI could be restored by adding Shewanella putrefaciens
and that the restorative effect was much more pronounced in a micro NZVI system
(Yang et al. 2017). Reduction of the iron oxide shell of aged NZVI results in sorption
of Fe(II), which can serve as a reductant, while the dissolution of Fe(II) from aged
NZVI may limit the growth of a passivating Fe-oxide layer over the Fe(0) core
(Yang et al. 2017). As mentioned earlier, some DIRB can indirectly reduce Fe(III)
via the secreted electron shuttle (e.g., flavins). Riboflavin has been reported to
compete with organic contaminants for electrons, thereby decreasing the effective-
ness of the NZVI treatment (Bae and Lee 2014). However, during NZVI aging, the
reduced riboflavin can reduce and solubilize Fe(II) and allow access to the reactive
Fe(0) core, which prolongs the reactivity of NZVI (Bae and Lee 2014).

While studies have shown that NZVI particles can effectively adsorb heavy
metals, more recent studies have reported release of adsorbed heavy metals from
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aged NZVI particles (Su et al. 2014; Calderon and Fullana 2015). Ye et al. (2017)
reported that Pantoea sp. strain IMH, a Gram-negative bacteria containing arsC that
aerobically reduces soluble As(V) to As(III), could slow down the aging process of
NZVI (Ye et al. 2017). While so far As mobilization has been negligible, researchers
have suggested that mobilization of As may be case-dependent (Ye et al. 2017).

Some studies modify NZVI with polymer coatings to improve the stability and
mobility of NZVI in a contaminated site (Phenrat et al. 2009a). The abundance of the
microbial population in a TCE-degrading community increased when PAA-coated
NZVI was added (Kirschling et al. 2010). Some of the selected polymers, for
example, PAA and CMC, are known to be biodegradable (Sieger et al. 1995; Tabata
et al. 1999), providing a carbon source for bacterial growth. The loss of coating on
the NZVI may also increase its reactivity since it has been shown that the adsorbed
polymer decreases NZVI reactivity compared to uncoated NZVI (Phenrat et al.
2009b, 2018).

10.3.2 Impact of Microorganisms on NZVI Transport

The effective transport of NZVI to the target site is one of the most important factors
for successful remediation. Therefore, many approaches, such as modification of
NZVI particles and the solution chemistry that affects NZVI mobility, have been
extensively studied so that the performance of NZVI applications can be predicted
and improved (Saleh et al. 2008; Phenrat et al. 2009a; Lin et al. 2010; Jiemvarangkul
et al. 2011; Kim et al. 2012a; Laumann et al. 2014). An association between NZVI
and biofilms is inevitable as biofilms are the most common form of microorganisms
in the environment, especially in soils and aquifers. However, the interactions
between NZVI particles and biofilm have received little attention to date. Lerner
et al. (2012) reported that NZVI transport in a glass bead column that contained
bacterial biofilm depended on the ionic strength (1 and 25 mM NaCl solution)
(Lerner et al. 2012). Similarly, Basnet et al. (2016) reported that biofilm retarded
the transport of Pd-NZVI in both monovalent (3–100 mM NaCl) and divalent
(1–30 mM CaCl2) solutions (Basnet et al. 2016). The particles tested did not
significantly damage the biofilm (Basnet et al. 2016). However, Basnet et al.
(2016) also reported that biofilm formation decreased in the presence of 0.15 g/L
rhamnolipid-modified Pd-NZVI, bare Pd-NZVI, or surface modifiers (i.e.,
rhamnolipid and CMC) but increased considerably when exposed to
CMC-modified Pd-NZVI (Basnet et al. 2016). Even though NZVI transport may
improve when the surface is modified, a decrease in transport during in situ appli-
cations would be expected when biofilms are present (Basnet et al. 2016).

To date, few studies have reported any effects, including retardation, of biofilms
on nanoparticle transport; Mitzel and Tufenkji (2014) reported that the retention time
(i.e., faster travelling) of silver nanoparticles in NaNO3 and Ca(NO3)2 decreased,
presumably due to the repulsive electrosteric force between bacterial EPS and the
polymer coating on the silver nanoparticles (Mitzel and Tufenkji 2014).
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10.4 Synergistic Effects During Potential Nanotechnology-
Bioremediation

One of the most promising aspects of NZVI has been its ability to stimulate
biodegradation of contaminants. Therefore, the combined remedy of NZVI and
concomitant bioremediation is an important but under-explored application.
Researchers have reported that, when NZVI is injected, the oxidation-reduction
potential (ORP) may decrease rapidly, causing the conditions to become more
reduced and favor the reduction of chlorinated contaminants (Wei et al. 2010;
Kocur et al. 2014). The large amount of dissolved H2 that is generated when
NZVI interacts with water, a predominant electron acceptor in groundwater, also
contributes to an immediate decline in ORP. However, despite the sharp decline
when NZVI is introduced, the ORP gradually increases or rebounds afterward
because of migration of NZVI (Wei et al. 2010) or from the complete, or near
complete, oxidation of the NZVI. The NZVI particles, dissolved Fe(II), and the H2

generated can act as inorganic electron donors for several biological processes
including denitrification, reductive dehalogenation, sulfate reduction, and
methanogenesis (Shi et al. 2015; Wang et al. 2016b). Thus, the stimulation of
microbial activity during in situ applications of NZVI, particularly after abiotic
processes, or the reactive period of NZVI, is attractive.

In addition to the stimulation by NZVI, the coatings on NZVI or co-injected
substrate may promote biodegradation. Modifiers, such as CMC, anionic polymers,
surfactants, and oil-based emulsifiers, have been used to modify NZVI surfaces or
have been co-injected to improve the stability, reactivity, and mobility of NZVI.
Some of these substrates, such as CMC, act as electron donors for microbial activity,
and selected organic compounds can be metabolized by fermentative microorgan-
isms, and may provide H2. Some polymers may also reduce the interactions between
NZVI particles and cell surfaces, thereby mitigating NZVI toxicity. Several lab-scale
studies have reported reduced or inhibited microbial activity when NZVI, particu-
larly uncoated NZVI, is added; however, NZVI toxicity may be alleviated and
microbial growth or activity stimulated when biodegradable polymers are added
(Kirschling et al. 2010; Xiu et al. 2010a). Field demonstrations have shown that,
when co-injected, these modifiers can enhance long-term microbial activity (e.g.,
reductive dechlorination) (He et al. 2010; Kocur et al. 2015). Kocur et al. (2015)
investigated how, when co-injected with CMC, NZVI influenced in situ reductive
dechlorination of chlorinated volatile organic compounds (cVOCs) (Kocur et al.
2015) and reported abiotic dechlorination of cVOCs followed by biotic dechlorina-
tion. The increased abundance of organohalide-respiring bacteria (i.e.,
Dehalococcoides spp.) and biological activity along the flowpath of the transported
CMC and NZVI suggested that co-injection of CMC and NZVI could provide
conditions that favor biotic reductive dichlorination, i.e., the CMC and H2 generated
could serve as electron donors (Kocur et al. 2015).

While large amounts of ammonia, an undesirable end product, may be generated
by abiotic reduction of nitrate by NZVI, the process of biological denitrification, in
which nitrates are reduced to N2, could overcome this problem (Shin and Cha 2008;
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An et al. 2009). Several studies have reported that biological denitrification was
more efficient when NZVI was added and that, for example, ammonia generation
was minimized (An et al. 2009) and nitrate removal was increased (Liu et al. 2014;
Jiang et al. 2015). The enhanced nitrate reduction may be attributed to the increase in
electron donors generated by NZVI, including H2, Fe(II) (Shin and Cha 2008; An
et al. 2009; Jiang et al. 2015), or Fe3O4 (Liu et al. 2014).

As well as the reductive and oxidative transformation mechanisms already
discussed, the adsorption of contaminants onto the iron oxide shell of NZVI may
be beneficial for the biodegradation process. In the presence of goethite (α-FeOOH),
dichlorodiphenyltrichloroethane (DDT) may be dechlorinated faster by Shewanella
decolorationis S12 than with biotic (absence of goethite) or abiotic (Fe(II)-goethite)
systems alone (Li et al. 2010a). Dichlorodiphenyldichloroethane, the chlorination
product of DDT, may not be further transformed by bacteria but may decrease
slightly in bacteria-goethite or Fe(II)-goethite systems (Li et al. 2010a). DIRB can
reduce contaminants and iron oxide at the same time, while Fe(III) reduction may
support the growth of DIRB and contaminant transformation (Fig. 10.2).

10.5 Future Needs

While the NZVI-based treatment process has advantages of high reactivity, rapid
degradation, and low cost, challenges associated with NZVI in situ applications still
exist, such as incomplete dehalogenation, non-specific electron transfer (which
reduces electron transfer to the contaminants), and low mobility (Wang et al.
2016b). In field treatment, target contaminants may not be completely removed by
NZVI addition (Mace 2006). Thus, long-term attenuation of the contaminants
by biodegradation may be required (Kocur et al. 2015). However, there is still
limited information about the effects of NZVI on environmental microorganisms
at the field scale, especially those involved in bioremediation processes. This pre-
vents optimization of injection conditions to support bioremediation.

The ecological effects of NZVI appear to be site-specific and may be governed by
several factors, including the physical (soil properties), chemical (e.g., pH, ionic
strength, natural organic matter) and biological (abundance and species of indige-
nous microorganisms) characteristics of contaminated sites. While NZVI has been
reported to be highly toxic, most field studies have demonstrated limited adverse
effects on microorganisms. To ensure the ecological impacts of NZVI can be
predicted accurately, we need a sound understanding of the interactions between
NZVI and indigenous microbial species in contaminated sites or sites where NZVI
may migrate to after injection.

The rapid generation of H2 or soluble Fe(II) when NZVI is injected is expected to
stimulate microbial growth and activity; however, this beneficial process may be
hindered by the toxicity of NZVI. Kumar et al. (2014) reported that additions of
granular (gZVI), microscale ZVI (mZVI), and NZVI could enhance the pH and
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decrease the ORP, thereby favoring microbial growth and activity (Kumar et al.
2014). However, one study reported that sulfate reduction was only stimulated when
either gZVI or mZVI was added along with glycerol, a required organic carbon
source for heterotrophic sulfate reducers, whereas additions of NZVI (both with and
without glycerol) inhibited sulfate reduction because of the toxicity of the
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Fig. 10.2 Conceptual model of synergistic effects between NZVI nanotechnology and bioremedi-
ation. The high reactivity of NZVI could rapidly reduce the complexity and toxicity of the
contaminants, thus increasing the bioavailability for further degradation. The H2 generated when
NZVI interacts with water, and the released Fe(II) could act as an electron donor for many
biological processes. The decreased ORP also favors biotic dechlorination. NZVI toxicity may be
alleviated and microbial growth or activity stimulated when co-injected with, or modified by,
biodegradable polymers
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nanoparticles (Kumar et al. 2014). Thus, co-injection of a carbon source may be a
necessary component of a mixed NZVI/bioremediation strategy.

For effective remediation, NZVI needs to be applied at appropriate concentrations
since, at high concentrations, NZVI may inhibit the viability and activity of bacteria.
For instance, Jiang et al. (2015) reported that, while additions of NZVI stimulated
biodenitrification, biological processes were inhibited as the NZVI concentrations
increased (Jiang et al. 2015). Similarly, Koenig et al. (2016) reported that the
combination of abiotic treatment of chloroethane mixture by NZVI and biotic
treatment by organochlorine respiring bacteria could resolve the issues with each
technique (Koenig et al. 2016). However, microbial activity is inhibited by NZVI at
higher concentrations, and the reactivity of NZVI is affected by nutrients that are
needed during bacterial growth (Koenig et al. 2016). Accordingly, an understanding
of the mobility of NZVI is essential because limited mobility may result in NZVI
hotspots with high Fe0 concentrations that are potentially detrimental to the sur-
rounding microorganisms.

Concern remains about some aspects of biotic reductive chlorination even though
it is a promising alternative for treating contaminants. For example, the amount or
presence of functioning microorganisms and competition between other indigenous
strains for growth may affect the bioremediation efficiency (Wang et al. 2016b).
Directly and indirectly, NZVI additions may exert selective pressure on certain
microbial species, thereby causing shifts in the bacterial communities of contami-
nated sites and competition between microbial strains (Kumar et al. 2014; Wang
et al. 2016b). For instance, methanogens compete with dechlorinating bacteria for
H2, so NZVI additions are more beneficial for methanogenesis (Xiu et al. 2010b).
Because the preferences for electron donors and optimum conditions are strain-
dependent, information is needed about the microbial strains responsible for the
desired biological processes and about the optimal concentrations and types of
electron donor to achieve the desired biostimulation effects. The properties of the
NZVI may also affect the ability to biodegrade TCE. For example, one study
reported that bare NZVI down regulated the expression of the tceA gene responsible
for TCE degradation, while polymer coated NZVI upregualted tceA expression (Xiu
et al. 2010a).

Wang et al. (2016b) has provided an excellent overview of the integrated system
between in situ reductive dehalogenation of halogenated contaminants by NZVI and
bioremediation, in which advantages, disadvantages, challenges, and future perspec-
tives are discussed (Wang et al. 2016b). Once introduced in situ, NZVI rapidly
interacts with contaminants and water, thereby generating further H2, with the result
that biological processes, particularly biotic reductive dichlorination, are much
slower (Wang et al. 2016b). This gap has become an important challenge for the
effective integration of NZVI and biological treatments (Wang et al. 2016b). The
reaction time of NZVI is also important for evaluating the potential long-term
stimulation of biological processes. Surface modifiers, redox-active organic mole-
cules, or ion species, when present, have been reported to impact the reactivity or
reactive time of NZVI (Koenig et al. 2016). Information about the effects of these
factors on the reactivity of NZVI and effectiveness of biostimulation, especially
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during in situ applications of NZVI, is required to ensure remediation attempts are
successful.
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Chapter 11
Electromagnetic Induction of Nanoscale
Zerovalent Iron for Enhanced Thermal
Dissolution/Desorption and Dechlorination
of Chlorinated Volatile Organic
Compounds

Tanapon Phenrat and Gregory V. Lowry

Abstract A major problem plaguing the success of in situ dechlorination using
NZVI is the slow rate of dissolution of chlorinated volatile organic compounds
(CVOCs) from dense nonaqueous phase liquid (DNAPL) or slow desorption of
CVOCs from soil in the aqueous phase. This is because the dechlorination using
NZVI is surface mediated; therefore, contaminants must be dissolved to transport to
the NZVI surface. For this reason, any action to enhance the DNAPL dissolution or
desorption of CVOCs from the soil and DNAPL can speed the reaction rate and
improve the electron utilization efficiency of the remediation. This chapter summa-
rizes the state of knowledge about using a low-frequency (LF) electromagnetic field
(EMF) (150 kHz) with NZVI to enhance the CVOC degradation rate in a DNAPL
system and in a soil and groundwater system via thermal-enhanced CVOC dissolu-
tion or desorption followed by enhanced dechlorination using NZVI. NZVI is a
ferromagnetic particle capable of magnetic induction heating under an applied LF
EMF. The heat generated can speed up the dechlorination reaction and can promote
DNAPL dissolution or desorption of contaminants from soils. The most recent work
on using this novel approach is summarized as a proof of concept. The CVOC
degradation kinetics in groundwater and in soil with groundwater as well as in a
DNAPL system by NZVI both with and without LF EMF were compared to quantify
the benefits of using LF EMF for enhanced thermal dissolution and magnetically
enhanced NZVI corrosion.
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11.1 Limitations of Chlorinated Organic Dechlorination by
NZVI in the Presence of NAPL and Soil

As discussed in Chaps. 3 and 9, nanoscale zerovalent iron (NZVI) particles can
reductively dechlorinate many chlorinated volatile organic compounds (CVOCs)
(He et al. 2007; Johnson et al. 2013; Kocur et al. 2015; O’Carroll et al. 2013; Phenrat
et al. 2009; Phenrat et al. 2015, 2010; Sakulchaicharoen et al. 2010; Tratnyek and
Johnson 2006; Zhang et al. 1998; Zhao et al. 2016). Due to the small size and high
reactivity, NZVI has been proposed for source-zone remediation with the aim of
destroying dense nonaqueous phase liquids (DNAPLs) entrapped in the subsurface
(Bishop et al. 2010; Fagerlund et al. 2012; He et al. 2010; Henn and Waddill 2006;
Phenrat et al. 2011a, b; Quinn et al. 2005; Saleh et al. 2005, 2007; Su et al. 2012;
Taghavy et al. 2010; Zhan et al. 2009). Removal of mass of the contaminant sources
is designed to speed up site closure.

One conceptual model of active and selective DNAPL source-zone removal is the
delivery of polymer-modified NZVI to target DNAPL sources and subsequently
perform reductive dechlorination (see Chap. 5). However, delivering NZVI to the
DNAPL/water interface appears to be insufficient for effective DNAPL source-zone
removal because DNAPL dissolution is the rate-limiting step of dechlorination
(Miller et al. 1990; Powers et al. 1992; Saba and Illangasekare 2000).

Even though conventional wisdom may suggest that the most effective way to
remediate a DNAPL source is to place the NZVI as close as possible to or within the
source, recent research suggests that DNAPLmass depletion will not be significantly
enhanced by NZVI-mediated dechlorination by placing NZVI directly in the
DNAPL source zone (Fagerlund et al. 2012; Taghavy et al. 2010). Fagerlund et al.
(2012) conducted 2D flow-through experiments using a PCE-DNAPL pool (satura-
tion ¼ 70%) with 10 g/L of NZVI emplaced right next to the source zone. Two
different groundwater flow rates were assessed (pore-water velocity ¼ 81 and
9.4 cm/day for Experiments 1 and 2, respectively; Fig. 11.1a).

Over the duration of the experiment, approximately 30% of the initial PCE-
DNAPL mass reacted to form ethene, 50% was eluted as dissolved-phase PCE,
and 20% remained in the column as PCE-DNAPL. Interestingly, they modeled the
experimental results assuming rate-limited DNAPL dissolution and NZVI-mediated
dechlorination of PCE to its three main reaction by-products, allowing for
partitioning these by-products back into the DNAPL. When comparing the results
from these models with the average total mass-transfer rate during the quasi-steady-
state periods, the dechlorination reactions only had a minor effect on the total mass-
transfer rate. In Experiment 1, the dechlorination by NZVI is predicted to increase
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the DNAPL dissolution rate by less than 0.5% in comparison with the mass-transfer
rate without NZVI. For Experiment 2 (the slower groundwater flow rate), in which
more than 25% of the total dissolved PCE reacted to non-chlorinated by-products,
the predicted difference in the DNAPL dissolution rate due to NZVI reactions is still
only 3.5% (4.2 μmol/day with reactions and 4.06 μmol/day without). Comparing
Experiments 1 and 2, it can be concluded that, for slower groundwater flow through
the DNAPL source zone (Experiment 2), there is more time for dechlorination
reactions to occur, and the presence of NZVI can have a larger effect on the
DNAPL mass-depletion rate compared to faster flow (Experiment 1). The cases
considered here are within a scenario in which a high concentration (10 g/L) of
NZVI has been effectively emplaced directly in the DNAPL source zone, every-
where surrounding the DNAPL-water interfaces. However, despite this, regarding
what may be considered an “optimal” emplacement to target the source, very little
enhancement of the source depletion rate was seen.

Furthermore, Fagerlund et al. (2012) investigated how higher reaction rates
(corresponding to more emplaced particles or faster reacting particles) would

Fig. 11.1 (a) Schematic and photograph of the experimental setup taken after packing the cell and
creating the DNAPL-PCE pool (red) and (b) cumulative effluent mass of PCE dechlorination using
NZVI at various reaction rates. (Reprinted with permission from (Fagerlund et al. 2012). Copyright
(2012) Elsevier)
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influence the DNAPL mass removal and PCE-effluent concentrations from the
source zone. To this end, they conducted a sensitivity study for the reaction rate
by using rate constants that are 10, 100, and 1000 times higher than the ones
measured in their batch experiments of the NZVI particles for Experiments 1 and
2 (Fig. 11.1b). Looking at the hypothetical model scenarios for higher reaction rates,
they revealed that an 18% acceleration of the mass removal rate by NZVI is possible
if the reaction rate is increased by a factor of 10 in the slower flowing Experiment
2 (Fig. 11.1b). However, the maximum enhanced acceleration of the mass removal
was approximately 33% when the NZVI reaction rate was increased by 1000 times
the rate measured in batch reactors. In this case, PCE is degraded much faster than it
can dissolve, resulting in almost no PCE in the solution and therefore no possibilities
for additional mass removal. Similarly, in Experiment 1, they reached 24% acceler-
ation of mass removal at the rate of 1000 times that measured in the batch reactor,
which should also be very close to the maximum limit because very little PCE
remains in the effluent water. Noticeably, with 1000 times increase in NZVI
reactivity, the DNAPL source depletion is only around 3.3 times faster. This finding
is logical because the dechlorination reactions occur in the aqueous phase (as they
require water to take place) and the mass transfer of PCE from DNAPL to the
aqueous phase is generally rate limited. Thus, significant acceleration of the DNAPL
mass-depletion rate is unlikely, even with highly reactive particles.

The mass transfer of CVOCs is also rate limiting for dechlorination of CVOCs
sorbed to the soil, e.g., clay lenses. The CVOC sorbed to soil may behave as a long-
term secondary source, gradually leaching dissolved CVOCs to contaminate the
groundwater downgradient. Slow desorption of CVOCs from soil can result in
retardation of reductive detoxification using NZVI. This is because the reaction
with NZVI only occurs on the fraction of TCE that is in the water phase. Using
trichloroethylene (TCE) as an example, TCE has an arithmetic mean of organic
carbon partitioning coefficient (koc) of 86 (unitless) (ranging from 18.5 to 150). The
soil-water partitioning coefficient (kd) is the koc x fraction of organic carbon in soil
( foc). This partitioning coefficient can be used to calculate the retardation factor as
shown in Eq. 11.1. Subsequently, we can estimate the decrease in TCE dechlorina-
tion rate by NZVI in the soil-water system (kTCE-aq-Soil) with R using Eq. 11.2 in
comparison to the TCE dechlorination rate constant using NZVI in water
(no sorption onto soil) (kTCE-aq):

R ¼ 1þ kd
∗ρb
n

ð11:1Þ

kTCE�aq�Soil ¼ kTCE�aq

R
, ð11:2Þ

where ρb and n are the bulk density of soil and porosity, respectively. Under
equilibrium with the partitioning coefficient (kd) of 1.46 L/kg, R is calculated as
7.3 using Eq. 11.1. Thus, the TCE sorption into soil can decrease the TCE dechlo-
rination rate constant in the soil-water system by 7.3 times in comparison to the
system with groundwater alone.
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This is problematic because, instead of using its reducing power to destroy
contaminants, the NZVI reacts with the water to form H2, which increases the
amount of NZVI required for remediation (Berge and Ramsburg 2010; Liu et al.
2007). This is a mass-transfer limitation problem that cannot be solved by modifying
NZVI to have greater reactivity, such as by doping with catalysts. Instead, any action
to enhance the DNAPL dissolution or desorption of CVOCs from soil and DNAPL
can speed the reaction rate and improve the electron utilization efficiency of the
remediation. A possible solution is to use NZVI with thermal-enhanced CVOC
dissolution or desorption. Increasing the temperature can increase the fraction of
TCE in the water phase and increase the rate of reaction with the NZVI.

This chapter summarizes the state of knowledge about using a low-frequency
(LF) electromagnetic field (EMF) (150 kHz) with NZVI to enhance the CVOC
degradation rate in a DNAPL system and in a soil and groundwater system. The
most recent pieces of work on using this novel approach are summarized as proof of
concept. The TCE degradation kinetics in groundwater and in soil with groundwater
as well as in a DNAPL system by NZVI both with and without LF EMF were
compared to quantify the benefits of using LF EMF for enhanced thermal dissolution
and magnetically enhanced NZVI corrosion.

11.2 Conceptual Model for Thermally Enhanced
Dissolution/Desorption and Dechlorination Using
NZVI with LF EMF

In addition to being a reducing agent, NZVI is ferromagnetic (Dalla Vecchia et al.
2009; Phenrat et al. 2007; Rosická and Šembera 2011). This magnetism gives NZVI
the ability to enhance thermal dissolution and desorption of CVOCs when subjected
to LF EMF. This is similar to magnetic nanoparticles used in medicine for thermal
treatments, such as magnetic-assisted hyperthermia (Pablico-Lansigan et al. 2013),
where functionalized magnetic nanoparticles target tumor cells and then are heated
by applied LF EMF to kill the cancer cells (Bañobre-López et al. 2013). Similarly,
NZVI should be able to induce heat under an applied LF EMF. This is caused by
hysteresis loss, which is one of the three losses including eddy current loss and
residual loss. Under applied LF EMF, upon the magnetization and demagnetization
cycle, magnetic particles respond irreversibly, causing hysteresis and loss of energy
as heat. The degree of irreversibility, ΔU, is related to the amount of energy
dissipation upon the reversal of the field, which is material dependent. Under LF
EMF, the reversal happens continuously and yields heat by energy dissipation from
the particles. For a particular frequency ( f ) of LF EMF, the heat (P) generated due to
the hysteresis loss is given by Eq. 11.3 (Li et al. 2010):

P ¼ fΔU: ð11:3Þ
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Phenrat et al. (2016) characterized magnetic properties of NZVI (including NF25
from Nanoiron, Czech Republic, and MRNIP from Toda Corporation, Japan), ZVI
materials (H200 and H150 from Hepure, USA), and magnetite nanoparticles using a
vibrational sample magnetometer (VSM). They reported the hysteresis curves from
the field of 1000 to �1000 G to illustrate the hysteresis loops of each ZVI or NZVI
sample as shown in Fig. 11.2a. They revealed that the order ofΔU for ZVI and NZVI
is as follows: H150 (12�104 emu G/g) > H200 (7�104 emu G/g) > NF25 (6.7�104

emu G/g) > MRNIP2 (5.5�104 emu G/g) > magnetite (4.4�104 emu G/g).
Unsurprisingly, under an applied LF EMF, ZVI and NZVI generated heat and

raised the temperature of the suspension (Fig. 11.2b). In DI water, all ZVI and NZVI
raised the temperature of the suspension above 80 �C in less than 15 min. However,
their heat induction kinetics and rate constants depend on their magnetic properties.
Their different heating kinetics agreed very well with their different ΔU values
(Phenrat et al. 2016).

In addition, LF EMF may accelerate NZVI corrosion, resulting in the increase of
intrinsic NZVI reactivity. The accelerated ZVI corrosion was explained by the
magneto-convection of Fe2+. According to this theory, the magnetic field causes
an additional convective transfer of solutes to the surface of a ferromagnetic elec-
trode (such as ZVI) due to the difference in the magnetic susceptibility of solutes and
the electrode surface (Waskaas and Kharkats 1999) as well as the difference in the
magnetic susceptibility of the solute and solvent molecules (Kitazawa et al. 2002).
Guan’s research group conducted a simulation to illustrate that the field gradient
force can accumulate paramagnetic Fe2+ ions along the higher field gradient at the
ZVI particle surface, which creates localized galvanic couples and electromagnetic
forces that stimulate the migration of ions, the breakdown of passive film, and,
eventually, the enhancement of localized corrosion (Jiang et al. 2015; Liang et al.
2014). This phenomenon results in the higher reduction rate of ZVI than that without
DC MF. Similarly, the same field gradient force can act on paramagnetic metal ions,
such as Cu2+, to expedite Cu2+ adsorption on the ZVI surface (Jiang et al. 2015).

More quantitatively, the total enhancement factor (EFT) (see Eq. 11.4) of CVOC
degradation using NZVI with magnetic induction heating (MIH) by LF EMF can be
attributed to three theoretical enhancement factors, namely, (1) the enhancement
factor according to the Arrhenius equation (EFA), (2) the thermally enhanced
dissolution factor (EFD), and (3) the accelerated corrosion enhancement factor
(EFC; see Eq. 11.3). Phenrat and Kumloet (2016) proposed that the total enhance-
ment factor (ET), as the ratio between the observed kSA with MIH and the observed
kSA without MIH, can be expressed as:

EFT ¼ EFA∗EFC∗EFD: ð11:4Þ

The theoretical EFA can be calculated from Eq. 11.5:

ln
kMIH

kNo MIH
¼ lnEFA ¼ �Ea

R

1
TMIH

� 1
TNo MIH

� �
: ð11:5Þ
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where kMIH and kNo MIH are the dechlorination rate constants with and without MIH,
theoretically governed only by the effect of the Arrhenius equation, Ea is the
activation energy of dechlorination, and R is the ideal gas constant (8.314 J/

Fig. 11.2 (a) Hysteresis curves from the field of 1000 to �1000 G and (b) heat induction kinetics
of various NZVI, ZVI, and magnetite nanoparticles (Phenrat et al. 2016). (Reprinted with permis-
sion from (Phenrat et al. 2016). Copyright (2016) American Chemical Society)
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K*mole). Moreover, TMIH is the average temperature of the reactors as a result of
MIH, and TNo MIH is the room temperature when the experiments without MIH were
conducted.

We can theoretically estimate EFD by comparing the solubility of CVOCs at TMIH

(STMIH) and TNo MIH (ST No MIH), as in Eq. 11.6:

EFD ¼ STMIH

ST No MIH
: ð11:6Þ

The last theoretical EF is EFC. Unlike the EFA and EFD, EFC cannot be
theoretically calculated due to the complexity and the current insufficient fundamen-
tal understanding of the phenomenon. Thus, we have to determine this by solving
Eq. 11.4 using the calculated EFA and EFD and the measured EFT.

Figure 11.3 illustrates the conceptual model of enhanced remediation of CVOC-
sorbed soil using NZVI with LF EMF. The conceptual model of enhanced DNAPL
source depletion is illustrated in Fig. 11.4. For these applications, NZVI must be

Fig. 11.3 Schematics of contaminated groundwater and soil remediation by (a) conventional
NZVI, which relies on (b) two-step reaction including TCE desorption from soil and TCE
dechlorination at NZVI surface and (c) combined remediation using NZVI with LF EMF
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delivered into the subsurface to the source. Then, LF EMF will be applied to
magnetically induce heat from the deposited NZVI and speed up the mass transfer
as well as enhance the NZVI corrosion for higher intrinsic CVOC detoxification. The
next sections will summarize the proof of concept of these novel applications in
aqueous, soil-sorbed, and DNAPL phases.

11.3 Enhanced Dissolved TCE Dechlorination Using NZVI
and LF EMF

Phenrat et al. (2016) conducted batch experiments to investigate the role of LF EMF
on dissolved TCE dechlorination using NZVI. They prepared the reactors using
20 mL serum bottles capped with a Mininert™ closures. Each reactor contained
10 mL of headspace and 10 mL of TCE (50 mg/L) in DI or groundwater from Map
Ta Phut (MTP) Industrial Estate, Thailand. Then, the TCE dechlorination kinetics
were monitored using the headspace method for both ZVI (50 g/L of H150) and
NZVI (10 g/L of NF25). The dechlorination was performed with and without LF
EMF. For TCE dechlorination experiments under applied LF EMF, the experimental
setup was modified by placing the insulated reactors into the center of the induction
coil of the EMF generator that generated LF EMF at the current intensity of 15 A and
the frequency of 150 kHz (see Fig. 11.5). For NF25 (see Table 11.1), five cycles of
electromagnetic induction heating were applied over 10 h. Each cycle was 2 h with
60 min of LF EMF application, followed by 60 min of reaction without LF EMF
(i.e., cooling down). The temperature was measured at the end of the heating cycle.
During the 60 min of reaction without LF EMF for each cycle, the insulated reactors
were rotated on an end-over-end rotator at 30 rpm to allow dechlorination to take
place at a gradually decreasing temperature. A similar approach was used for H150
(ZVI). However, each cycle of reaction for H150 reactors consisted of 65 min with
only 5 min of LF EMF application, followed by 60 min of reaction without LF EMF.

From the experiments discussed above, they revealed that applied LF EMF
greatly enhanced the dechlorination of dissolved TCE in DI and MTP groundwater
by both NZVI (NF25) and ZVI (H150) (see Fig. 11.6a and Table 11.2). Without LF
EMF, the mass-normalized TCE dechlorination rate constants by NF25 in DI and
MTP groundwater were 7.10 � 1.22 � 10�3 and 5.43 � 0.47 � 10�3 L/g/hr.,
respectively. For H150, the mass-normalized pseudo first-order rate constants were
0.84 � 0.09 � 10�3 and 1.02 � 0.09 � 10�3 L/g/hr. for DI and MTP groundwater,
respectively. Without LF EMF, the rate constants of H150 in DI are around 5–10
times smaller than the NF25 because NZVI has a much larger specific surface area
than ZVI, and dechlorination is a surface-mediated reaction.

However, the application of LF EMF-induced heat to 60 �C to 80 �C and
increased the rate of TCE dechlorination compared to the absence of applied LF
EMF. The TCE dechlorination afforded by NF25 with LF EMF yielded the rate
constants of 35.20 � 4.23� 10�3 and 20.20 � 3.10 � 10�3 L/g/hr. for DI and MTP
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Fig. 11.4 Schematic of enhanced DNAPL source-zone depletion using polymer-modified to target
DNAPL (Chap. 5) followed by applying LF EMF for speeding up the CVOC dissolution rate
(Phenrat and Kumloet 2016). (Reprinted with permission from (Phenrat and Kumloet 2016).
Copyright (2016) Elsevier)

Fig. 11.5 EMF generator
and an induction coil (white
coil) to hold vials for
induction heating and LF
EMF-enhanced
dechlorination experiments
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groundwater, respectively. This is 5 and 3.7 times greater than without LF EMF for
DI water and MTP groundwater, respectively (Fig. 11.6b). Similarly, when ZVI
(H150) was placed under applied LF EMF for dissolved TCE dechlorination, it
induced greater heat in every consecutive cycle. LF EMF increased the TCE
degradation rate constants of ZVI (H150) in both in DI and MTP groundwater,
although the increase was not as pronounced as the case of NZVI (NF25). The TCE
dechlorination afforded by H150 with LF EMF yielded the rate constants of 2.01 and

Table 11.1 Physicochemical properties of Nanofer 25 (NF25)

Physicochemical properties of Nanofer 25 (NF25)

Chemical composition of Fe0 Fe(core)
FeO (shell)

Content of solid phase in dispersion by weight 20%

Content Fe0 in solid phase
Other ingredients in solid phase
Content of Fe0 in dispersion by weight

� 85%
Fe3O4,FeO,C
17%

Crystalline structure of Fe0 Alpha Fe

Particles morphology Spherical

Average particle size d50 < 50 nm

Particle-specific surface area >25m2/g

Dispersion color Black

Dispersion density
Fe0 particles density
Fe3O4 density

1210 kg/m3
7870 kg/m3
5700 kg/m3

Fig. 11.6 (a) TCE dechlorination kinetics using NF25 in DI water (triangles) and MTP ground-
water (squares) with AC EMF (red symbols) and without AC EMF (white symbols) as well as NF25
in DI water heated by water bath (WB; blue triangles). The dashed lines represent the pseudo first-
order models. (b) Summary of enhanced dissolved TCE dechlorination by NZVI and ZVI with AC
EMF and WB depicted as the ratio of the TCE dechlorination rate constant with AC EMF or WB
(kTCE-aq-AC EMF or WB) over the TCE dechlorination rate constant without AC EMF or WB (kTCE-aq-
No AC EMF or No WB) for each case. (Reprinted with permission from Phenrat et al. 2016. Copyright
(2016) American Chemical Society)
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1.34 times greater than without EMF for DI water and MTP groundwater, respec-
tively (Fig. 11.6b).

Intuitively, for the same NZVI, the enhanced reaction is a function of electro-
magnetic induction time (the longer the induction time, the faster the dechlorination)
and the particle concentration under the induction (the greater the particle concen-
tration, the faster the dechlorination). Figure 11.7a illustrates the linear correlation
(with the slope of 0.9) between the enhanced dissolved TCE dechlorination rate
constant due to EMF (kTCE-aq-EMF/kTCE-aq-No EMF) and the ratio of EMF application
time (ƩtEMF) over the total dechlorination time (tDechlorination) multiplied by particle
concentration (CZVI or NZVI) for all the four cases in this study. This correlation
confirms that longer EMF application time and higher concentrations of ZVI or
NZVI will yield greater dechlorination rates, as theoretically expected.

The enhanced dissolved TCE dechlorination rate is presumably due to the higher
temperature (Arrhenius theory) and enhanced ZVI corrosion. To separate the two
effects, they conducted another set of TCE dechlorination experiments using NF25
in a heated water bath to simulate the temperature profile for dechlorination obtained
from the MIH study of NF25 with LF EMF. As shown in Table 11.2, the TCE
dechlorination afforded by NF25 in DI with the heated water bath yielded the rate
constant of 10.80 � 1.74 � 10�3 L/g/hr. This is around 1.52 times greater than the
TCE dechlorination rate constant of NF25 in DI without heating but still 3.26 times
smaller than the TCE dechlorination rate constant of NF25 in DI with LF EMF. They
proposed that, besides the temperature increase, the enhanced ZVI corrosion may
also be enhancing the reaction with TCE. Figure 11.7b supports this hypothesis by
illustrating the decrease of ORP for both NZVI reactors as a function of time under
LF EMF. The ORP represents the reduction capability of the system. Increasingly
negative ORP indicates a greater reduction capacity of the system (i.e., NZVI is more
active in donating electrons, or other species in the water are making the system
more reducing). Presumably, the applied LF EMF induces the field gradient force on

Table 11.2 Mass-normalized pseudo first-order rate constants of TCE dechlorination for various
experimental conditions in this study

NZVI or ZVI Type of media Heating condition
Mass-normalized dechlorination rate
constant (10�3 L/g/hr)

N25 DI None 7.10 � 1.22

Water bath 10.80 � 1.74

EMF 35.20 � 4.23

N25 MTP None 5.43 � 0.47

EMF 20.20 � 3.10

N25 Soil + MTP None 2.20 � 0.68

EMF 11.80 � 1.13

H150 DI None 0.84 � 0.09

EMF 1.69 � 0.25

H150 MTP None 1.02 � 0.09

EMF 1.37 � 0.25
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the NZVI surface, which subsequently induces paramagnetic Fe2+ ions, the
by-product of NZVI oxidation, to deplete from the NZVI surface where the field
gradient is low and to accumulate on the NZVI surface where the field gradient is
high. This Fe2+ accumulation creates localized galvanic couples, which promote the
breakdown of the passive iron-oxide layer, which is known to decrease NZVI

Fig. 11.7 (a) Linear correlation (with the slope of 0.9) between the enhanced dissolved TCE
dechlorination rate constant due to AC EMF (kTCE-aq-AC EMF/kTCE-aq-No AC EMF) and the ratio of AC
EMF application time (ƩtAC EMF) over the total dechlorination time (tDechlorination) multiplied by
particle concentration (CZVI or NZVI) for all four cases in this study (both NF25 and H150 in DI and
MTP groundwater) and (b) the increasingly negative ORP magnitude (ΔORP) of NZVI as a
function of AC EMF time (tAC EMF)
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reactivity (Martin et al. 2008). This local galvanic couple activity eventually
enhances localized ZVI corrosion (Jiang et al. 2015; Liang et al. 2014), resulting
in increasingly negative ORP magnitude and the increase of the reduction power of
the system.

11.4 Enhanced Dechlorination of TCE-Sorbed Soil Using
NZVI and LF EMF

Phenrat et al. (2016) also investigated the influence of LF EMF on the dechlorination
of TCE sorbed onto soil (i.e., in a TCE pre-sorbed soil-water system). To perform
this experiment, they used the same batch experimental setup as for dissolved TCE
dechlorination discussed previously, but instead of using TCE (50 mg/L) in DI or
MTP groundwater, these experiments used TCE in a soil-water system. To prepare
the TCE-contaminated soil, 20 mL reactors were filled with 8 mL of soil slurry (4:6
of MTP soil-to-groundwater ratio by volume) and 100 mg/L of TCE. Figure 11.8
illustrates TCE sorption kinetics and partitioning behavior in MTP soil and ground-
water. The other steps of the experiments were the same as discussed previously.

They found that using LF EMF with NZVI resulted in a more rapid and complete
TCE degradation in the soil-groundwater system. As shown in Fig. 11.9, the
dissolved TCE dechlorination first-order rate constant without LF EMF was
2.20 � 0.68 � 10�3 L/g/hr., around 2.5 times smaller than the rate constant in
MTP groundwater without soil. The decreased TCE dechlorination rate constant in
the presence of soil agrees very well with the theoretically retarded dechlorination
rate constant in Eq. 11.2. Noticeably, without applied LF EMF, the dissolved TCE
concentration did not reach zero even after 300 h of reaction. Instead, the dechlori-
nation seemed to progress to the system where TCE in the water remained constant
at around 30% of the initial dissolved TCE in the system. No further decrease of
dissolved TCE in the system occurred from 150 h to 300 h. After the end of the

Fig. 11.8 (a) TCE sorption kinetics on MTP soil and (b) Kd of TCE on MTP soil as determined
from the slope of the graph
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experiment, they recovered 35% by mass of the initial TCE from the reactor using
hexane extraction. Additionally, 75% of the recovered TCE was sorbed into the soil,
while 25% was dissolved into the MTP groundwater. This result illustrates the effect
of the mass-transfer limitation due to TCE sorption and slow desorption on TCE
dechlorination using NZVI (Phenrat et al. 2010; Zhang et al. 2011).

This problem was eliminated using LF EMF. As shown in Fig. 11.9, the TCE
dechlorination on rate constant is 5.4 times higher with LF EMF, and unlike the
absence of LF EMF, the dissolved TCE concentration goes to zero. The dissolved
TCE was completely degraded after 31 h of reaction, and no dissolved TCE was
observed over another 200 h, suggesting that the TCE degradation was complete,
even for the adsorbed TCE. After the study, they performed hexane extraction to
recover TCE sorbed onto soil. They reported only around 3% by mass of the initial
TCE. This finding agrees with the conceptual model in that heat induced by
electromagnetic induction of NF25 raised the temperature of the soil-water system,
which enhanced TCE desorption from the soil (Fig. 11.3). Desorbed TCE was
available for dechlorination and rapidly degraded by NF25. This thermally enhanced
desorption hypothesis was demonstrated using the nonreactive (aged) NZVI,
MRNIP. Over four MIH cycles, MRNIP generated heat and raised the temperature
to around 65 �C. As a result, the dissolved TCE concentration increased to around
1.5 times the initial concentration (red squares in Fig. 11.10), indicating that TCE
was desorbed from soil. However, since MRNIP was aged and not reactive anymore,
allowing the system to cool to the original temperature slowly returned the TCE

Fig. 11.9 Dissolved TCE dechlorination kinetics in a soil-water system with pre-adsorbed TCE.
Unfilled circles represent TCE dechlorination by NF25 without LF EMF, red circles represent TCE
dechlorination by NF25 with LF EMF, and red squares represent TCE desorption from soil by
(unreactive) MRNIP with LF EMF. The dashed lines represent the pseudo first-order model fits.
(Reprinted with permission from (Phenrat et al. 2016). Copyright (2016) American Chemical
Society)
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concentration back to its original value. The sorption rate constant was approxi-
mately 5.8�10�3 hr.�1. For the case of NF25 with LF EMF, Phenrat et al. (2016) did
not observe desorption and resorption of TCE because the desorbed TCE was
rapidly dechlorinated at the elevated temperature.

Fig. 11.10 Kinetics of by-product formation due to (a) TCE-DNAPL (gray symbols) and (b)
PCE-DNAPL (gray symbols) dechlorination using the PSS-modified NZVI without LF EMF.
Cumulative by-production formation due to (a) TCE-DNAPL (red symbols) and (b)
PCE-DNAPL (red symbols) dechlorination using the PSS-modified NZVI with LF EMF during
the cumulative MIH time only. (Reprinted with permission from (Phenrat and Kumloet 2016).
Copyright (2016) Elsevier)
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11.5 Enhanced Dechlorination of TCE and PCE DNAPL
Using NZVI and LF EMF

The LF EMF has the potential to be a successful DNAPL source-zone removal
method if used with NAPL targeting by polymer-modified NZVI. Phenrat and
Kumloet (2016) demonstrated this novel application using batch experiments similar
to the experiments for dissolved and soil-sorbed TCE discussed previously except
that they put the initial TCE and PCE DNAPL of 0.47 and 0.43 mL (corresponding
to 0.1 g) into the reactor instead of dissolved or soil-sorbed TCE. In addition, instead
of measuring TCE and PCE concentration, they tracked TCE- and PCE-DNAPL
degradation by measuring the formation kinetics of dechlorination by-products
including acetylene, ethene, and ethane. They applied the DNAPL targeting strategy
(Fig. 11.4) for these DNAPL dechlorination experiments by preparing polystyrene
sulfonate (PSS)-modified NZVI, which targeted TCE and PCE DNAPL via the
Pickering emulsion protocol (see Chap. 5).

Without LF EMF, the PSS-modified NZVI (10 g/L) that attached to TCE DNAPL
and PCE DNAPL transformed TCE and PCE to ethene and ethane (gray symbols in
Fig. 11.10a, b). Neither acetylene nor other chlorinated organic intermediates were
observed. The reaction followed pseudo zero-order reaction kinetics with the
by-product formation rate constant (equal to the TCE- and PCE-DNAPL degrada-
tion rates) of 33.5�10�3 and 2.8�10�3 μmole/hr., for TCE DNAPL and PCE
DNAPL, respectively. Conversely, PSS-modified NZVI with LF EMF greatly
improved the degradation of TCE and PCE DNAPL relative to the absence of LF
EMF. With four cycles of LF EMF applied, PSS-modified NZVI-induced heating
elevated the temperature up to 87 �C and increased the pseudo zero-order by-product
formation rate constants (equal to the TCE- and PCE-DNAPL degradation rates) to
490�10�3 and 160�10�3 μmole/hr. for TCE DNAPL and PCE DNAPL (red
symbols in Fig. 11.10a, b), respectively. This means that the rate constants of TCE
DNAPL and PCE DNAPL are up to 15-fold and 60-fold, respectively, versus the
dechlorination rate without LF EMF (Phenrat and Kumloet 2016).

They performed an analysis of the contribution from the enhanced thermal
dissolution from DNAPL (EFD), of the effect of the increasing temperature on the
rate constant (the Arrhenius equation) (EFA), and of the accelerated NZVI corrosion
caused by the applied LF EMF (EFC) on enhanced TCE- and PCE-DNAPL dechlo-
rination. They concluded that EFA theoretically contributed to the enhanced
TCE-DNAPL and PCE-DNAPL dechlorination by 4.2 and 16.8 times, respectively,
while the EFD theoretically contributed to the enhanced TCE-DNAPL and
PCE-DNAPL dechlorination by 1.5 and 2.2 times, respectively. Based on solving
Eq. 11.4, the EFC theoretically contributed to the enhanced TCE-DNAPL and
PCE-DNAPL dechlorination by 2.4 and 1.5 times, respectively.
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Chapter 12
Improving the Reactivity of ZVI and NZVI
Toward Various Metals and Metal(loid)s
with Weak Magnetic Field

Jinxiang Li, Yuankui Sun, Liping Liang, and Xiaohong Guan

Abstract This chapter provides an overview of employing weak magnetic field
(WMF) and premagnetization to improve the reactivity of ZVI toward various metal
(loid)s. The rate constants of metal(loid)s sequestration by ZVI were increased by
1.1–383.7- and 1.2–12.2-fold due to the application of WMF and premagnetization,
respectively. The mechanisms of WMF-induced improvement in contaminant
sequestration by ZVI are also summarized. Finally, this chapter identifies the current
knowledge gaps and future research needs of WMF/ZVI system for environmental
application.

Keywords Nanoscale Zerovalent Iron · Zerovalent Iron · Weak Magnetic Field ·
Metals · Metalloids · Sequestration

12.1 Limitations of ZVI Application

There is an increasing interest on employing zero-valent iron (ZVI) and nanoscale
zero-valent iron (NZVI) for the removal of contaminants from groundwater and
wastewater (Chaps. 3 and 4), as reflected by the exponentially increasing number of
publications in the last two decades (see Chap. 1). Nevertheless, considering the
intrinsic properties of ZVI and the reactions that occur in the process of contaminants
sequestration by ZVI, employing granular iron, iron filings, microscale, or
millimetric zero-valent iron (known collectively as ZVI) for contaminant removal
has several intrinsic limitations, as schematically illustrated in Fig. 12.1.

ZVI has low reactivity since it is covered with an intrinsic passive layer generated
in its manufacturing process and has a relatively low specific surface area (Ritter
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et al. 2002). The reactivity of ZVI drops over time, due to the surface passivation
caused by the corrosion products (e.g., the precipitation of metal hydroxides, such as
Fe(OH)2, Fe(OH)3, and metal carbonates, such as FeCO3 on the surface of ZVI).
Moreover, some contaminants can passivate ZVI, leading to a drop in the reactivity
of ZVI (Liang et al. 2014b):

(i) Due to the direct involvement of H+ in the corrosion reactions and the mass
transport limitations imposed by the precipitation of a passive film on the metal
surface, the reactivity of ZVI drops sharply with increasing pH.

(ii) ZVI has low reactivity toward some refractory contaminants, e.g., Se(VI), and it
has low adsorption capacity and selectivity for targeted contaminants, especially
for the organic contaminants.

Some toxic intermediates may accumulate in the process of contaminant removal
(especially the lightly chlorinated hydrocarbons) by ZVI due to the low reactivity of
ZVI (Wang and Zhang 1997).

Although various countermeasures, including fabricating NZVI (Wang and
Zhang 1997), to overcome or mitigate these limitations of ZVI technologies have
been gradually developed in the past two decades, further research and development
in this area are still necessary since each countermeasure has drawbacks (Guan et al.
2015b). In the past several years, our group explored the feasibility of employing
weak magnetic field (WMF) to overcome some limitations of ZVI. The performance

Fig. 12.1 Summary of the limitations of ZVI technology (Guan et al. 2015b)
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and mechanism of employing WMF to improve ZVI technology will be discussed in
this chapter. In addition, the potential application of WMF to enhance the reactivity
of NZVI will also be presented.

12.2 The Feasibility of Employing WMF to Overcome
the Limitations of ZVI Technologies

It has been recognized that the adsorptive capability and reductive activity of ZVI
toward various contaminants rely on the effectiveness of iron to serve as electron
donor (Agrawal and Tratnyek 1996; Gillham and Ohannesin 1994; Matheson and
Tratnyek 1994; Miehr et al. 2004). However, the granular ZVI, or iron filings,
extensively examined in laboratory studies and field demonstrations, has low intrin-
sic reactivity toward contaminants due to its inherent passive film (Obiri-Nyarko
et al. 2014; Prasad et al. 2011). Additionally, the formation of oxide and hydroxide
layers results in passive layer on ZVI surface during contaminant removal reduces its
reactivity (Ansaf et al. 2016; Guan et al. 2015b). For these reasons, since the
publication of two full papers on the degradation of halogenated aliphatics by ZVI
in 1994 (Gillham and Ohannesin 1994; Matheson and Tratnyek 1994), various
countermeasures have been developed in the past two decades to overcome the
limitations of ZVI-based technology. According to the commonalities and charac-
teristics of these countermeasures, they can be divided into seven categories:
pretreatment of pristine ZVI, NZVI, ZVI-based bimetals, physically enhanced ZVI
technology, coupling ZVI with other materials, chemically enhanced ZVI technol-
ogy, and methods to recover the reactivity of aged ZVI (Guan et al. 2015b). Even
though the reactivity of ZVI can be unequivocally enhanced by those
abovementioned alternatives, it should be notified that the complex procedures,
extra costs, and potential ecotoxicity have limited their practical applications in
improving the performance of ZVI (Guan et al. 2015b; Guo et al. 2016).

Contaminant removal, especially metals and metalloids, by ZVI is a complex
interplay of adsorption onto ZVI corrosion products, coprecipitation or sequestration
in the matrix of ZVI corrosion products, and reduction by Fe0, FeII, or H2/H
(Noubactep 2008, 2009a). Thus, it is acknowledged that the corrosion rate of ZVI
governs the rate of contaminant removal by ZVI (Triszcz et al. 2009). In our lab, it
was accidently found that replacing the mechanical stirrer with a magnetic stirrer
could considerably accelerate the corrosion of ZVI, leading to a more rapid release of
Fe2+ and a more dramatic drop in ORP compared to the case with the mechanical
stirrer (Liang et al. 2014a). Careful examination of the literatures implied that this
phenomenon should be ascribed to the weak magnetic field (WMF) (<70 mT)
supplied by the magnetic stirrer and the magnetic rotor. Although the study of
magnetic field effects on electrochemical systems dates back more than 100 years
with the research efforts of Faraday, very few studies have employed magnetic field
to enhance contaminant removal by ZVI (Guan et al. 2015b). WMF can be generated
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by only two pieces of permanent magnets, which is thus promising and environ-
mentally friendly. Therefore, the WMF-improved performance of ZVI for water
decontamination has been extensively investigated in the past several years. It was
found that the application of WMF could increase the reactivity of pristine ZVI,
broaden the applicable pH range of ZVI, enhance the resistance of ZVI toward some
passivating contaminants and solutes, improve the reactivity of ZVI toward refrac-
tory contaminants, and recover the reactivity of aged ZVI samples.

12.2.1 Increase the Reactivity of Pristine ZVI

As for the reactivity of pristine of ZVI toward contaminant, Guan’s group pioneered
that the application of WMF could significantly enhance the sequestration of Se(IV)/
Se(VI) by ZVI (7.4-mic#) (Liang et al. 2014a, 2015), and the WMF induced greater
enhancement in Se(IV) removal at lower initial Se(IV) concentrations. Applying a
WMF could also substantially enhance the removal rates and efficiencies of As(V)/
As(III) removal by the pristine ZVI (Jinshan#) (Sun et al. 2014). The WMF-induced
improvement in As(V)/As(III) removal by ZVI is primarily associated with the
accelerated ZVI corrosion, evidenced by the pH variation, Fe2+ release, and the
formation of corrosion products characterized with X-ray absorption spectroscopy.
Interactions of the pristine Jinshan# ZVI with real arsenic-bearing groundwater
revealed that WMF could greatly improve the reactivity of the pristine ZVI toward
arsenic even in the presence of various cations and anions. WMF was also applied to
enhance the sequestrations of Cu(II)/EDTA-Cu(II) and Cr(VI) by pristine Guoyao#

ZVI (Guan et al. 2015a; Jiang et al. 2015) and 33.1-mic# ZVI (Feng et al. 2015),
respectively. In order to better elucidate the promoting effects of WMF, a ratio
(RWMF) of rate constants for contaminant removal measured with (w/) and without
(w/o) the WMF by the pristine ZVI was calculated, according to Eq. 12.1.

RWMF ¼ kw=WMF obs

kw=o WMF obs
ð12:1Þ

where kw/WMF obs and kw/o WMF obs are the corresponding observed rate constants
with and without WMF, respectively. Note that the resulting ratios are unitless.
Figure 12.2 depicted that the rate constants of paramagnetic Cu(II) removal by ZVI
with WMF were 10.8- to 383.7-fold greater than those without WMF. X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses revealed
that applying a WMF enhanced both the Cu(II) adsorption to the ZVI surface and the
transformation of Cu(II) to Cu(0) by ZVI (Jiang et al. 2015). The removal rate of Cr
(VI) by ZVI was elevated by 1.1–5.9 times due to the application of a WMF, and
there was a positive correlation between the WMF-induced promotion factor of Cr
(VI) removal rate and that of Fe2+ release rate in the absence of Cr(VI) at pH 4.0–5.5
(Feng et al. 2015). In addition, the application of a WMF increased the rate constants
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of Sb(V) sequestration by 5.6–7.7 times at [Sb(V)]ini of 5.0–40.0 mg/L and enhanced
the removal capacity of Sb(V) from 18.1 to 39.2 mg Sb(V)/g Fe (Li et al. 2015a). The
effect of WMF on Sb(III) removal by ZVI was also determined in open, well-mixed
batch reactors as a function of experimental factors, including addition of Fe(II), Sb
dose, mixing rate, pH, initial concentrations of Sb(III), etc. (Xu et al. 2016a). It was
found that the largest effect observed was the roughly 6.0–8.0-fold increase in Sb
(III) removal rate due to the application of a WMF during the experiments.

Generally, WMF improved the sequestrations of contaminants by the pristine iron
materials to different extents. Figure 12.2 shows that RWMF generally falls in the
range of 1.2–88.0, with only a few values outside that range (e.g., WMF induced a
330.4-fold improvement in Se(IV) removal by 7.4-mic# (Liang et al. 2014a), and
WMF induced a 383.7-fold improvement in Cu(II) removal by Guoyao# (Jiang et al.
2015)). Overall, there are no trends in RWMF with respect to metalloid type or iron
material (symbol shape and color). Since it is known, or expected, that there will be
significant variability in the solution chemistry for removal of these various metal
(loid)s by ZVI from different origins, the performance of WMF for enhancing the
sequestration of various metal(loid)s by ZVI was specified and discussed in the
following parts. As for the mechanisms and rate-controlling processes for removal of
these contaminants by ZVI, it will be further discussed in sections. 12.3 and 12.4,
respectively.
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Fig. 12.2 Summary of the performances of WMF for enhancing various metal(loid)s sequestration
by the pristine ZVI from different origins
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12.2.2 Broaden the Applicable pH Range of ZVI

One limitation of ZVI technology is its narrow working pH, e.g., it is generally only
effective under acidic conditions. Therefore, Liang et al. (2014a) and Jiang et al.
(2015) investigated the influence of WMF on Se(IV) and Cu(II) removal by ZVI as a
function of pH, respectively. Sodium acetate of 0.10 M, 2-(N-morpholino)
ethanesulfonic acid (MES) of 0.10 M, and tris(hydroxymethyl)aminomethane
(TRIS) of 0.20 M were employed as buffers for the experiments conducted at
pH 4.0–5.0, pH 6.0, and pH 7.0–7.2, respectively, to maintain pH stable (�0.1)
(Jiang et al. 2015; Liang et al. 2014a). As expected, the kinetics of Se(IV) removal
was strongly dependent on pH, regardless of the presence of WMF, as shown in
Fig. 12.3. In the absence of WMF, the removal of Se(IV) by ZVI exhibited self-
accelerating characteristics and involved a lag period (defined as the time necessary
for 10% Se(IV) removal in this study) before the initiation of a rapid removal period.
The duration of lag period lasted 5 min, 10 min, and 10 min, respectively, at pH 4.0,
5.0, and 6.0. Beyond the lag period, Se(IV) was rapidly removed by ZVI at
pH 4.0–6.0. However, Se(IV) removal by ZVI was completely inhibited at pH 7.0
in the absence of WMF at the time scale of our experiments. The application of
WMF shortened the lag period and markedly accelerated Se(IV) removal by ZVI at
pH 4.0–6.0. The lag period only lasted for 0 min, 3 min, and 5 min, respectively, at
pH 4.0, 5.0, and 6.0, and it extended to 20 min and 240 min, respectively, at pH 7.0
and 7.2. Although negligible Se(IV) was removed by ZVI at pH 7.0 in 24 h or at 7.2
in 10 days without WMF, 97.5% of Se(IV) could be removed in 3 h at pH 7.0 and
70.5% of Se(IV) could be removed in 47 h at pH 7.2 in the presence of WMF.
Therefore, the application of WMF could extend the working pH range of ZVI for Se
(IV) removal from 4.0–6.0 to 4.0–7.2 (Liang et al. 2014a). Similar phenomenon was
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Fig. 12.3 Influence of WMF on Se(IV) removal by ZVI at different pH levels (Se
(IV) ¼ 40.0 mg L�1, Fe0 ¼ 1.0 g L�1). (Reprinted with permission from Liang et al. (2014a, b).
Copyright (2014) Elsevier)
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observed in the process of Cu(II) removal by ZVI. When pH was increased from 3.0
to 6.0, the removal efficiency of Cu(II) in 2 h dropped sharply from 97.5% to 4.5%
without WMF (Jiang et al. 2015). However, over 99% of Cu(II) could be sequestered
by ZVI in 30 min over the pH range of 3.0–6.0 upon the application of a WMF,
implying that the application of a WMF could compensate the strong pH dependence
of Cu(II) removal by ZVI (Jiang et al. 2015).

12.2.3 Enhance the Resistance of ZVI Toward Some
Passivating Contaminants and Solutes

ZVI has been widely used as a reducing agent for the treatment of Cr(VI)-
contaminated water. However, it is also well documented that the reduction of Cr
(VI) by ZVI is a self-inhibiting process due to the formation of (CrxFe1 � x)(OH)3 or
CrxFe1 � xOOH layer on the ZVI surface. This passivating layer can increase the
resistance for the electron transfer from ZVI to oxidants like Cr(VI) or oxygen and
thus hinders further reduction of Cr(VI) by ZVI (Gheju 2011). Indeed, according to
our previous study (Feng et al. 2015), the rate constants of Cr(VI) removal by ZVI
could drop from 24.01 � 10�3 to 5.02 � 10�3 mg/(L � min) in the absence of WMF
as the initial Cr(VI) concentration increased from 1.56 to 10.40 mg/L (see
Fig. 12.4a). While, as demonstrated in Fig. 12.4a, imposing a WMF can remarkably
improve Cr(VI) removal by ZVI at various Cr(VI) concentrations, the rate constants
varied from 52.10 � 10�3 to 27.01 � 10�3 mg/(L � min), which were 1.2–4.1 times
higher than without WMF. Thus, the inhibitory effect of passivation layers at a
higher initial Cr(VI) concentration could be greatly alleviated by imposing a WMF.
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Fig. 12.4 WMF effects on contaminant removal rate by ZVI (a) at various initial Cr
(VI) concentrations with a ZVI dosage of 0.1 g/L (pH ¼ 4.0) and (b) at various initial Sb
(V) concentrations with a ZVI dosage of 1.0 g/L (pH ¼ 5.0)
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Similarly, the removal rates of Sb(V) by ZVI without the presence of WMF
dropped with increasing the Sb(V) concentrations from 5.0 to 40.0 mg/L
(Fig. 12.4b), implying that Sb(V) could decrease the ZVI reactivity, especially at
higher Sb(V) concentration. However, upon the application of a WMF, the rate
constants of Sb(V) sequestration increased by 5.56–7.71 times compared to their
counterparts without WMF, and the removal capacity of Sb(V) was enhanced from
18.1 to 39.2 mg Sb(V)/g Fe (Li et al. 2015a). The Fe K-edge X-ray absorption fine
structure (XAFS) spectroscopy, XRD, and SEM results further confirmed that
elevated Sb(V) concentrations could inhibit the corrosion of ZVI without WMF,
while the application of WMF could alleviate the passivation of ZVI by Sb(V) and
thus promote the removal of Sb(V) by corroded ZVI.

Silicate, commonly present in natural water, is a known corrosion inhibitor that
could depress the ZVI performance through the formation of surface complexes at
the particle-water interface. As shown in Fig. 12.5, for As(III) sequestration, the
presence of 0.5 mM SiO3

2� decreased the As(III) removal efficiencies from 74.9%
to 21.3% without WMF at 5 h, or from 63.2% to 30.1% with WMF at 3 h, which
indicated that ZVI corrosion was markedly depressed by silicate regardless of the
application of WMF. However, a closer comparison of the Fe0 consumption between
the two scenarios with silicate (see the insert of Fig. 12.5) revealed that more Fe0
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(48.2% at 3 h vs. 3.6% at 5 h) was reacted when WMF was introduced. This
suggested that, from another perspective, the presence of WMF could significantly
alleviate the adverse influences of silicate on ZVI corrosion.

In summary, employing WMF can also enhance the resistance of ZVI toward the
passivating effects of some contaminants or solutes, which may count much for
maintaining or improving the performance of ZVI-based technology when passiv-
ating contaminants like Cr(VI) and Sb(V) or coexisting solutes like silicate were
present in water.

12.2.4 Improve the Reactivity of ZVI Toward Refractory
Contaminants

Some contaminants such as Se(VI) are very refractory to be removed by ZVI. Several
studies had been carried out to examine the performance of ZVI toward Se
(VI) removal. However, the iron filings or microscale iron powder had low reactivity
toward Se(VI) removal. To improve the removal rate of Se(VI) by ZVI, NZVI and
Ni-Fe bimetal were used (Mondal et al. 2004). Moreover, it was proposed to apply Co
2+, Mn2+, or Fe2+ to improve Se(VI) removal by ZVI (Tang et al. 2014). However,
both methods bear some demerits. Although iron is inexpensive in bulk form, NZVI
and nano-sized Ni-Fe bimetal were much more expensive because the costly precur-
sor reagents and complicated processes are needed to synthesize them. Furthermore,
the toxicity of nanomaterial has arisen much concern. The application of Co2+, Mn2+,
or Fe2+ would generate extra sludge, and the residual Co2+ and Mn2+ would cause
secondary pollution. Therefore, it is critical to explore an environmentally friendly
method that can significantly improve the reactivity of ZVI to remove Se(VI).

Liang et al. examined the influence WMF on Se(VI) removal by ZVI at pH 6.0
buffered with 0.1 M MES (Liang et al. 2015). Figure 12.6a shows that negligible Se
(VI) (<4%) was removed by ZVI without the application of WMF within 72 h. The
presence of WMF dramatically enhanced Se(VI) sequestration by ZVI and complete
removal of 10.0 mg L�1 Se(VI) by ZVI was achieved in 90 min. The removal
efficiencies were 96.3%, 67.6%, and 36.9% after 12 h of reaction, respectively, when
the initial Se(VI) concentrations were 20.0, 40.0, and 100.0 mg L�1. Moreover, Se
(VI) removal by ZVI with WMFwas almost completed within 5 h when the initial Se
(VI) concentration was in the range of 20.0–100.0 mg L�1 and negligible removal of
Se(VI) was observed with prolonged reaction time. The main portion of each data set
in Fig. 12.6b could be well described by the zero-order kinetics. The fitting results
are presented with dashed lines in Fig. 12.6b. It was found that the zero-order rate
constants (kobs) were in the range of 0.094–0.141 mg L�1 min�1, no obvious
dependence on the initial concentration of Se(VI). Furthermore, the zero-order rate
constants of Se(VI) removal increased progressively as the ZVI dosage increased.
Compared to other methods reported in the literature, Se(VI) removal by ZVI
coupling with WMF open to the air was a promising method.
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12.2.5 Recover the Reactivity of Aged ZVI Samples

The sequestration of metals in ZVI-based systems is generally favored by the growth
and accumulation of iron oxides—and other iron-containing solid phases—that are
formed by the Fe2+ released during corrosion of ZVI (Noubactep 2009a). However,
the specific effects of these authigenic phases are multiple and variable, so the relative
importance of specific effects is not always clear, despite many studies that have
addressed aspects of this issue. For example, although thicker passive films (and the
formation of secondary authigenic phases) increase the surface area for contaminant
removal by non-reductive processes, breakdown of the passive film on ZVI generally
favors contaminant reduction by exposing more strongly reducing surface area
(Turcio-Ortega et al. 2012; Xie and Cwiertny 2010). When ZVI is deployed for
water treatment under oxic conditions, the role of authigenic iron oxides is even more
critical because the phase transformations are more dynamic and oxidative pathways
for contaminant treatment become more significant (Mylon et al. 2010).

The process of generating corrosion products is referred to as “aging.” Aging
effects are relevant to laboratory- and field-scale applications of ZVI for water
treatment, so the increased attention to them in recent studies is an important
development in the maturation of this field. Given the key role that oxide/passive
films play in the short- and long-term performance of ZVI in remediation applica-
tions, it is inevitable that many strategies for maintaining or enhancing ZVI treat-
ments involve manipulating the properties of the oxides. The earliest example of this
was acid washing, which removes oxides and therefore increases the rates of
contaminant reduction in laboratory tests (Agrawal and Tratnyek 1996; Lai and Lo
2008; Lin and Lo 2005; Matheson and Tratnyek 1994). Another example is
ultrasonication, which favors contaminant degradation by physically disrupting the
oxide coating on ZVI and may also dislodge oxide precipitates that obstruct pore
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channels in reactive barriers (Geiger et al. 2002; Hung and Hoffmann 1998; Liu et al.
2007). A third approach involves application of an electrical potential from an
external source to reduce the oxides that comprise the passive film, thereby increas-
ing reaction rates and possibility adding to the longevity of ZVI treatments (Chen
et al. 2012; Lu et al. 2012).

We prepared aged ZVI (AZVI) for time periods from 0 to 96 hr, characterized the
structure and composition of the resulting materials, and determined the feasibility of
recovering the reactivity of AZVI toward Se(IV) with WMF (Liang et al. 2014b).
Characterization of the ZVI used in this study by XRD confirmed that the major
component of the pristine material was α-Fe0 (JCPDS 99-0064). XRD peaks
corresponding to magnetite (Fe3O4, JCPDS 88-0315) started to appear in AZVI-12
(ZVI aged for 12 h) and then increased in intensity progressively with further aging.
Peak intensity for Fe0 decreased with aging, disappearing completely in AZVI-96
(ZVI aged for 96 h) with concomitant appearance of two new peaks identified to be
lepidocrocite (γ-FeOOH, JCPDS 74-1877).

As shown in Fig. 12.7, the sequestration of Se(IV) by zero-valent iron (ZVI) was
strongly influenced by the coupled effects of aging ZVI and presence of a weak
magnetic field (WMF). It is evident that WMF consistently gives faster selenium
removal kinetics and that this enhancement is greatest for intermediate aging time.
The defining features of Fig. 12.7 are threefold: (i) unaged ZVI (AZVI-0) gives the
fastest Se(IV) removal rates, with little increase due to WMF; (ii) aging 80 or more
hours gives the slowest Se(IV) rates, with little enhancement by WMF; and (iii)
aging between 6 and 60 h gives nearly constant rates of Se(IV) removal but with rate
constants that are 10- to 100-fold greater with WMF than without.

It has been elucidated that the constituents and structure of corrosion products
were strongly dependent on the water chemistry and hydraulic conditions (Furukawa

Fig. 12.7 Effect of aging and WMF on the kinetics of Se(IV) sequestration by ZVI
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et al. 2002). One depassivation method effective for ZVI covered by one category of
passive layer may be not efficient for ZVI sample with another category of iron oxide
film. In other words, the performance of a depassivation method may be strongly
associated with the amount, constituents, and in-depth distribution of passive layer
coated on AZVI samples. However, none of the previous studies has systematically
characterized the passive layer of AZVI prepared under various aging conditions and
explored the feasibility of employing one depassivation approach to recover the
reactivity of these AZVI samples. Therefore, we further fabricated AZVI samples
under different conditions so as to get AZVI samples with passive layers of different
depths and constituents, systematically characterized the structure and composition
of passive films of these samples, and explored the feasibility of using uniform
magnetic field (UMF) to depassivate these AZVI samples with passive layers of
different constituents and depths (Xu et al. 2016b).

The AZVI samples prepared under different conditions exhibited the passive
layers of different morphologies, amounts, and constituents, as demonstrated in
Fig. 12.8. Owing to the accumulation of iron oxides on their surface, all the prepared
AZVI samples were much less reactive than the pristine ZVI for Se(IV) removal.
However, the reactivity of all AZVI samples toward Se(IV) sequestration could be
significantly enhanced by applying a uniform magnetic field (UMF). Moreover, the
flux intensity of UMF necessary to depassivate an AZVI sample was strongly
dependent on the properties of its passive layer. The UMF of 1 mT was strong
enough to restore the reactivity of the AZVI samples with Fe3O4 as the major
constituent of the passive film or with a thin layer of α-Fe2O3 and γ-FeOOH in the
external passive film. The flux intensity of UMF necessary to depassivate the AZVI
samples would increase to 2 mT and even 5 mT if the AZVI samples were covered
with passive films being thicker and denser and contained more γ-FeOOH and

Fig. 12.8 SEM images of the AZVI samples synthesized in SGW under various conditions.
(Reprinted with permission from Xu et al. (2016a, b). Copyright (2016) American Chemical
Society)
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α-Fe2O3. Furthermore, increasing the flux intensity of UMF facilitated the reduction
of Se(IV) to Se(0) by AZVI samples.

The results of this work suggest that magnetization after deployment might
provide a noninvasive way to maintain or restore the reactivity of ZVI even after
there has been substantial accumulation of passivating oxides. This method might be
most applicable to permeable reactive barriers (PRBs) emplaced in aerobic aquifers
and in aboveground canisters or filter beds, where passivation by accumulation of
iron oxides is most severe (Mackenzie et al. 1999).

12.3 Influence of WMF on the Mechanisms of Contaminant
Removal by ZVI

All the above results showed that the application WMF greatly accelerated the
removal of various contaminants by ZVI under various conditions. However, it
kept unknown whether the application of WMF changed the removal mechanisms
of contaminants. Therefore, in our lab, we examined the influence of WMF on the
reductive removal, oxidative removal, and adsorptive removal of contaminants by
ZVI taking Se(IV), As(III), and Sb(V) as the probe contaminants, respectively.

12.3.1 Influence of WMF on the Reductive Removal
of Contaminants

To explore the influence of WMF on the mechanisms of Se(IV) removal by ZVI, the
oxidation states of Se in the precipitates collected at different reaction time, pH, and
initial Se(IV) concentration were analyzed with XAFS. The Se K-edge XANES data
for two Se model compounds including Se(0) and Se(IV) were analyzed to establish
the reference X-ray absorption K-edge energies (E0). XANES spectra of Se(IV)-
treated ZVI particles reacted with 40.0 mg L�1 Se(IV) at pH 6.0 open to air for
30 min and 24 h in the absence of WMF showed that selenium was present as Se(0).
The application of WMF had no influence on the removal mechanisms of Se
(IV) under this condition. The XANES spectra of Se(IV)-treated ZVI in the presence
of WMF collected at different time at pH 7.0 demonstrated that the fraction of Se
(0) increased with elapsed time and Se(IV) was completely transformed to Se(0) at
the end of 24 h. Thus, Se(IV) dosed at 40.0 mg L�1 was removed by ZVI via
adsorption followed by reduction at pH 7.0 in the presence of WMF but via
reduction to Se(0) at pH 6.0 regardless of the presence of WMF.

Figure 12.9 illustrates the XANES spectra of ZVI particles reacted with Se(IV) of
different concentrations open to air in the absence or presence of WMF at pH 6.0. In
the presence of WMF, all the removed Se(IV) was present as Se(0) at the end of 1 h
reaction, independent of the initial Se(IV) concentration. However, the initial Se
(IV) concentration had great impact on the removal mechanisms of Se(IV) at pH 6.0
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in the absence of WMF. When the initial Se(IV) concentration was in the range of
5.0–20.0 mg L�1, only a small fraction of removed Se(IV) was reduced to Se(0) even
after 24 h. All the removed Se(IV) was reduced to Se(0) at pH 6.0 in the absence of
WMF when Se(IV) was dosed at 40.0 mg L�1. Combining the results of XANES
analysis, the influence of WMF on Fe2+ release, and ORP variation, it could be
concluded that the application of WMF did not change the mechanisms of Se
(IV) removal by ZVI but accelerated the reduction of Se(IV) by ZVI.

12.3.2 Influence of WMF on the Oxidative Removal
of Contaminants

The corrosion of ZVI by oxygen also produces strong oxidants capable of oxidizing
various organic and inorganic compounds. Under acidic conditions, Fe0 surfaces
transfer two electrons to oxygen (Eq. 12.2) to produce hydrogen peroxide (H2O2).
The interaction of H2O2 with Fe2+ will generate hydroxyl radical (•OH) following
Eq. 12.3 at low pH or Fe(IV) at pH above 5.0 via Eq. 12.4 (Bataineh et al. 2012; Hug
and Leupin 2003; Lee and Sedlak 2008).

Fe0 þ O2 þ 2Hþ ! Fe2þ þ H2O2 ð12:2Þ
Fe2þ þ H2O2 ! Fe3þ þ ∙OHþ OH� ð12:3Þ

Fe2þ þ H2O2 ! FeðIVÞ þ H2O ð12:4Þ

Several spectroscopic investigations of arsenic speciation after reaction with ZVI
have evidenced the partial oxidation of As(III) to As(V) (Manning et al. 2002;
Neumann et al. 2013; Su and Puls 2001). Therefore, As(III) was selected as a
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probe pollutant to test whether the oxidative capacity of a ZVI system could be
affected by WMF.

Figure 12.10 shows the influence of WMF on the depletion of total As and As(III)
as well as the evolution of As(V) in the process of As(III) removal by ZVI at different
pHini levels. Without WMF, the removal efficiencies of total As in 3 h were 88.4%,
14.4%, 50.4%, and 58.1%, respectively, at pHini of 3.0, 5.0, 7.0, and 9.0. The removal
of aqueous As(III) by ZVI at pHini 3.0 in the absence of WMF obviously consisted of
two periods. During the first period (the first 40 min of reaction), the decrease in As
(III) concentration was accompanied with an elevation of As(V), whereas the con-
centration of total As kept almost constant, indicating the quick transformation of As
(III) to As(V) but negligible sequestration of As(V) involved during this period.
During the second stage, the concentration of total As decreased progressively,
mainly associated with the generation of iron (oxyhydr)oxides and the resultant As
(V) removal. However, over the pHini range of 5.0–9.0, little As(V) was detected in
solutions withoutWMF since the Fenton reaction rates were relatively low at high pH
values. Therefore, As(III) was primarily removed by the oxide film coated on the
pristine ZVI and/or the newly formed iron oxides without oxidizing to As(V) in the
absence of WMF at pHini 5.0–9.0 (Noubactep 2009b; Pang et al. 2009).

The application of WMF remarkably accelerated the removal of both As(III) and
total As at all tested pH values, as illustrated in Fig. 12.10. The removal efficiencies
of total As with WMF were as high as 90.5–98.4%. Upon the introduction of WMF
at pHini 3.0, it was observed that the lag period of total As removal disappeared, the
depletion rate of As(III) increased, and the accumulation of As(V) was alleviated.
Since As(III) has low affinity for iron (oxyhydr)oxides due to its electric neutrality,
while As(V) is much more easily to be adsorbed or entrapped under acidic condi-
tions (Dixit and Hering 2003; Guan et al. 2012), the acceleration of As(III)
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disappearance rate indicated the As(III) conversion to As(V) in solution was
improved by WMF at pHini 3.0. The oxidizing •OH produced by Fenton reaction
is generally believed to be responsible for the As(III) oxidation at low pH; thus
WMF may favor the Fenton reaction (via Eq. 12.3) involved in the ZVI system
(Katsoyiannis et al. 2008; Pang et al. 2011). Although As(III) was oxidized at a
greater rate in the presence of WMF, a drop in As(V) accumulation compared to its
counterpart in the absence of WMF was observed, which should be explained by the
quick generation of iron (oxyhydr)oxides. These results provided strong evidence
that As(III) was first oxidized to As(V) before As depletion at pHini 3.0 and the
oxidation mainly occurred in solution (Katsoyiannis et al. 2008, 2009a, b).

As(III) oxidation could also occur at pHini � 5.0, since previous studies have
suggested that Fenton reaction (via Eq. 12.4) could take place at neutral pH with Fe
(IV) rather than •OH as the predominant products (Bataineh et al. 2012; Katsoyiannis
et al. 2008). Indeed, the generation of As(V) was observed in the process of As(III)
removal at pHini 5.0–9.0 regardless of the application ofWMF (Fig. 12.10). Although
the concentration of soluble As(V) after 3 h at pHini 5.0–9.0 with WMF was smaller
than its counterpart without WMF, the appearance of As(V) in the first 10–20 min in
the presence ofWMFwas more pronounced and increased with increasing pHini. The
observed phenomena implied that the introduction of WMF facilitated the oxidation
of As(III) to As(V) in aqueous phase at pHini 5.0–9.0. The rate of As(III) oxidation by
Fe0/O2 in the presence of WMF exceeded that of As(V) adsorption by the corrosion
products, resulting in the As(V) accumulation in the solution, as illustrated in
Fig. 12.10. Thus, the WMF-induced enhancement in As(III) removal by ZVI at
pHini 5.0–9.0 should be ascribed to the accelerated ZVI corrosion and the subsequent
elevated As(III) oxidation rate.

In the past two decades, most studies on ZVI mainly focused on using its reducing
capacity, while few studies on contaminant removal by the oxidants generated in the
process of ZVI corrosion were carried out, possibly due to the low generation of
Fenton reagents and the pH limitation (it only works well at acidic pH range) (Lee
et al. 2007; Sedlak and Andren 1991). Given that the application of WMF acceler-
ated the Fenton reaction favoring As(III) oxidation under both acidic and neutral pH,
it can be expected that the oxidative removal of many organic contaminants by ZVI
under oxic conditions may also be improved with the aid of WMF.

12.3.3 Influence of WMF on the Adsorptive Removal
of Contaminants

The absorption edges of Sb in the precipitates collected in the presence or absence of
WMF were similar to that of K2H2Sb2O7 � 4H2O, as illustrated in Fig. 12.11a,
indicating that the oxidation state of Sb in the samples was predominantly Sb(V).
Although the reduction of Sb(V) to more toxic Sb(III) was observed in the process of
Sb(V) removal by NZVI (Dai et al. 2014; Dorjee et al. 2014), Sb(V) was not reduced
to Sb(III) bymicron-sized ZVI in our study (Li et al. 2015a), which was advantageous
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for Sb(V) removal since the transformation of removed Sb(III) to Sb(V) may lead to
the release of Sb from the adsorbent (Leuz et al. 2006; Xi et al. 2011). The k2-
weighted Sb K-edge EXAFS spectra of Sb(V)-treated ZVI samples shown in
Fig. 12.11b were essentially identical and independent of [Sb(V)]ini and WMF. A
shoulder peak was observed at k� 7Å�1 in all spectra (indicated by the dashed line in
Fig. 12.11b), which was not found in spectrum of K2H2Sb2O7 � 4H2O and could be
due to the incorporation of Sb(V) into the iron (hydr)oxide structure (Mitsunobu et al.
2010).

The k2-weighted Sb K-edge EXAFS spectra of Sb(V)-treated ZVI samples
obtained at the [Sb(V)]ini of 5.0 mg/L without and with WMF and their FTs are
shown in Fig. 12.12a, b, respectively. The FT of the EXAFS spectra isolates the
contributions of different coordination shells, in which the peak positions correspond
to the interatomic distances. However, the peak positions in Fig. 12.12b have not
been corrected for the phase shift effects, and thus they deviate from the real distance
by 0.3–0.5 Å. First-neighbor contributions were fitted with 6 oxygen atoms at
1.98 � 0.02 Å, which corresponded to an Sb(OH)6

� octahedron, confirming that
the geometry of Sb(V) was not changed by incorporating into the corroded ZVI.
Only the fit with two Sb-Fe shells resulted in a good fit of the spectra and in
physically meaningful values of distance and coordination number. The two Sb-Fe
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Fig. 12.11 Sb K-edge XANES spectra (a) and k2-weighted EXAFS spectra (b) of corrosion
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distances were in the ranges of 3.07–3.11 and 3.52–3.57 Å for the sample obtained
either with or without WMF. The first value corresponds to the Sb-Fe distance along
the edge-sharing linkage, and the second corresponds to the Sb-Fe distance along the
corner-sharing link (Mitsunobu et al. 2010; Scheinost et al. 2006). The coordination
numbers (CNs) of both bonds were 1.0–2.4 and 2.8–4.2, respectively, for the sample
obtained without WMF, and 1.7–2.3 and 2.6–3.6, respectively, for the sample
collected with WMF. The Sb-Fe distances determined in this study were very
close to those reported in the literature, while the CNs were larger than those in
the literature (Guo et al. 2014; Mitsunobu et al. 2010; Scheinost et al. 2006), further
confirming that Sb(V) was incorporated into the structure of iron oxide. Moreover,
the similarities in the Sb-Fe distances and CNs for the samples obtained with and
without WMF suggested that the application of WMF only accelerated Sb
(V) sequestration by ZVI but did not affect the removal mechanisms of Sb(V).

12.4 The Mechanisms of WMF-Induced Improvement
on Contaminant Removal by ZVI

Although increasing research suggests that WMF can promote the reactivity of ZVI
toward a variety of metal(loid)s, the mechanisms keep unclear. With regard to the
WMF-induced improvement on contaminant removal by ZVI, it should be firstly
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addressed that the superimposed WMF had negligible influence on the removal
mechanisms of contaminants but facilitated the processes of contaminant removal by
ZVI based on the XAFS analysis (Liang et al. 2014a, b; Sun et al. 2014). Addition-
ally, the superimposed WMF had negligible influence on the apparent activation
energy of Cr(VI) removal by ZVI, indicating that WMF accelerated Cr(VI) removal
by ZVI but did not change the removal mechanisms (Feng et al. 2015). Jiang et al.
(2015) further showed that the mechanism of Cu(II) removal by ZVI was adsorption
followed by reduction to metallic Cu0 regardless of the presence or absence of
WMF. The superimposed WMF seems to only enhance the mass transfer of the
reactants including oxygen and H+ to the ZVI surface. To further verify the afore-
mentioned conclusions and explicit the contributors in the WMF-induced improve-
ment, this section systematically summarized the findings identified by the
electrochemical test, the induced MF around a ZVI grain in a WMF, and the
WMF influences as functions of MF intensity and ZVI particle size.

12.4.1 Electrochemical Test

To further evaluate the role of MF in ZVI corrosion, potentiostatic polarization
experiments were performed at different anode polarization potentials. A schematic
diagram for lab-scaled configuration is shown in Fig. 12.13. Potentiostatic anodic

Fig. 12.13 Schematic diagram of lab-scaled setup for electrochemical measurements. (Reprinted
with permission from Jiang et al. (2015). Copyright (2015) Elsevier)
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polarization and potentiodynamic polarization measurements were performed using
a CHI 618E electrochemical workstation to assess the effect of MF on ZVI corro-
sion. A three-electrode system, an iron sheet (1.0 cm2 exposed to electrolyte) as the
working electrode, a platinum sheet as the counter electrode, and a saturated calomel
electrode (0.2412 V vs. SHE) as reference electrode, was used in this study. The
magnetic field was provided by placing a magnet beside the electrolytic cell and the
detailed information for configuration was illustrated in Fig. 12.13. Prior to each test,
the iron sheet electrode was polished for a mirror face by abrasive paper of various
sizes. After the open circuit potential (OCP) had stabilized, potentiodynamic polar-
ization of the iron electrode was carried out from �0.5 V to +0.5 V with a scan rate
of 0.1mV/s.Moreover, the iron electrodewas polarized at�280, +200, and + 240mV
(ca. +60, +540, and + 580 mV vs. OCP), respectively, and the current versus time
was recorded. All potentials were reported with respect to the standard hydrogen
electrode (SHE).

The potentiostatic polarization j-t curves recorded for iron electrode in 0.01 M
HCl (pH ¼ 2.0) are shown in Fig. 12.14. The applied polarization potential in
Fig. 12.14a was set at +240 mV (ca. +580 mV vs. OCP), under which the current
density transient was diffusion-controlled. This potential is located in the transition
region of the potentiodynamic polarization curve, as shown in Fig. 12.15, in which
the Tafel region was followed by a transition region entering into a diffusion-
controlled region with almost constant current density (Sueptitz et al. 2009). After
applying a MF (B on) at 605 s, the current density (absolute value) sharply increased
from 1.82 mA cm�2 to 1.91 mA cm�2 within 30 s, then kept constant at
ca. 1.90 mA cm�2, indicating that the applied MF enhanced the mass transfer and
thus accelerated anodic dissolution of iron. Once the MF was withdrawn (B off) at
808 s, the current density rapidly declined to ca. 1.80 mA cm�2, followed by a slight
increase. Similar phenomena could be reproduced by applying and withdrawing the
MF during 1000~1150 s. Figure 12.14b shows the results of potentiostatic

Fig. 12.14 Potentiostatically recorded current density transient (absolute value) of Fe in 0.01 M
HCl (a) at +240 mV (versus SHE) and impact of applying and withdrawing a magnetic field, (b) at
+200 mV (versus SHE) with or without an external magnetic field. (Reprinted with permission from
Jiang et al. (2015). Copyright (2015) Elsevier)
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polarization at +200 mV (ca. +540 mV vs. OCP). The current density obtained in the
presence of MF was always greater than that obtained in the absence of MF from the
outset, further confirming that the application of a MF could accelerate the iron
electrode corrosion.

However, negligible effects of applying or withdrawing the MF were observed
when the polarization potential was set at �280 mV (ca. +60 mV vs. OCP, insert in
Fig. 12.15), which is located in the Tafel region, and the current density transient was
governed by electron transfer. Therefore, the acceleration of iron corrosion in the
presence of MF arose from the MF-induced enhancement of mass transfer (Fe2+, H+).

12.4.2 The Induced MF Around a ZVI Grain in a WMF

Being ferromagnetic, ZVI is magnetized in a uniform WMF and an inhomogeneous
MF is induced around its surface. To evaluate the flux density distribution near the
ZVI sphere surface, the Mechanical APDL (ANSYS) 14.0 software was employed to
numerical simulations, assuming a 10 μm diameter spherical particle of pure ZVI in

Fig. 12.15 Potentiodynamic polarization curve of iron in 0.01 MHCl (pH¼ 2.0). The insert shows
the potentiostatically recorded current density transient (absolute value) of Fe in 0.01 M HCl at
�280 mV (versus SHE, ~ +60 mV vs. OCP) and the negligible impact of applying and withdrawing
a magnetic field. (Reprinted with permission from Jiang et al. (2015). Copyright (2015) Elsevier)
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an externally applied magnetic field with homogenous flux density (Bappl) of 2.0 mT,
as depicted in Fig. 12.16.

It was found that the magnetic field around the ZVI particle surface was stronger
than the external imposed one and the magnetic field gradient at 1.0 μm away from
the ZVI surface was as large as 7154 T m�1. There are two forces including the
magnetic gradient force (FΔB) expressed with Eq. 12.5 and the Lorentz force (FL)
expressed with Eq. 12.6 that have been proposed to contribute to the WMF-induced
improvement in the reactivity of ZVI (Liang et al. 2014b). The involvement of FΔB,
which acts on the paramagnetic ions to drive their movement toward the site with
higher induced MF density (Ragsdale et al. 1998) in the process of contaminant
removal by ZVI with WMF, had been qualitatively verified by the uneven distribu-
tion of the paramagnetic Cu2+ and iron corrosion products along the iron wire with
the presence of WMF in our previous studies (Jiang et al. 2015; Liang et al. 2014b).
It was reported that Lorentz force acting on the charged species cutting across the
magnetic lines of force could narrow the diffusion layer and thus enhance mass
transportation (Lioubashevski et al. 2004). However, we have not made effort to get
direct evidence for the contribution of FL. Consequently, the relative contribution of
FΔB and FL in the process of contaminant removal by ZVI with WMF is clarified in
Sect. 12.4.3.

FΔB ¼ χ � c

μ0

� �
B xð Þ dB xð Þ

dx
ð12:5Þ

Fig. 12.16 Distribution of the MF induced density of the plane parallel to the applied MF and
through the center of a ZVI sphere in a homogeneous MF with an applied flux intensity (Bappl.) of
2.0 mT. The color bar on its right side represents magnetic field strength changes. From top to
bottom, the gradient colors indicate increased magnetic field strength. (Reprinted with permission
from Li et al. (2017). Copyright (2017) Elsevier)
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FL ¼ J � B ð12:6Þ

where χ is the molar magnetic susceptibility (m3 mol�1), μ0 is the magnetic perme-
ability of vacuum (equal to 4π � 10�7 T m A�1), B(x) is the MF intensity at position
x, J is the flux of charged species (coulombs cm�2 s�1), and B is the flux intensity of
external magnetic field (T).

12.4.3 The WMF Influences as Functions of MF Intensity
and ZVI Particle Size

12.4.3.1 Influence of MF Flux Intensity on the Reactivity of ZVI
Roward Cr(VI)

A very weak MF may be not enough to induce great improvement in contaminant
removal by ZVI, but a strong MF may cause the aggregation of ZVI particles and
thus deteriorate the performance of ZVI. Consequently, to address these issues, the
kinetics of Cr(VI) removal by ZVI as a function of MF intensity was investigated, as
shown in Fig. 12.17. Obviously, the application of a WMF with intensity ranging
from 0.2 to 20 mT remarkably improved the reactivity of ZVI toward Cr(VI).
Approximately 69.4% of Cr(VI) was removed by ZVI in 120 min in the absence
of WMF, whereas more than 80.9% of Cr(VI) could be sequestrated by ZVI within
60 min with the presence of MF of 0.2 mT. The most rapid Cr(VI) removal was
achieved in the MF of 2.0 mT, and a further increase in the MF intensity resulted in a
drop in the Cr(VI) removal rate. To quantitatively describe the influence of MF
intensity on the reactivity of ZVI toward Cr(VI), the pseudo-zero-order rate law via
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Fig. 12.17 (a) Influence of MF intensity on the kinetics of Cr(VI) removal by ZVI. Inset of (a): the
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(Reprinted with permission from Li et al. (2017). Copyright (2017) Elsevier)
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Eq. 12.7 was used to simulate the kinetics of Cr(VI) elimination (Gheju 2011), as
illustrated by the dashed lines in Fig. 12.17a.

d Cr VIð Þ½ 	
dt

¼ �kobs ð12:7Þ

where kobs is the pseudo-zero-order rate constant (mg L�1 min�1) of Cr(VI) removal
by ZVI. As depicted in the inset of Fig. 12.17a, the Cr(VI) sequestration rate constant
was enhanced progressively from 0.0059 to 0.0603 mg L�1 min�1 with increasing
the MF intensity from 0 to 2.0 mT and the application of a WMF of 2.0 mT induced a
10.2-fold enhancement in the rate of Cr(VI) removal. Although the rates of Cr
(VI) removal by ZVI progressively decreased to 0.0470, 0.0256, and 0.0190 mg L
�1 min�1, respectively, by increasing the MF intensity of MF to 5.0, 10.0, and 20.0
mT, they were much larger than that by ZVI without WMF. The gradual drop in the
Cr(VI) removal rate by increasing the intensity from 2.0 mT to 20.0 mT should be
mainly ascribed to the aggregation of iron particles at higher MF intensity, which
could decrease the surface sites necessary for the reaction to occur.

To further illustrate the WMF influence on the reactivity of ZVI but to exclude its
influence on the aggregation of ZVI, electrochemical analysis was carried out. The
Tafel polarization technique for a PIPE being similar to the shape of the LSVs of
packed iron powder electrodes reported previously (Fig. 12.17b) (Nurmi et al. 2004;
Nurmi and Tratnyek 2008; Turcio-Ortega et al. 2012) was applied to unravel the
influence of MF flux intensity on the corrosion reactivity of ZVI. The resulting
current density (i) vs. potential data (E) was used to determine the polarization
resistance as defined by Eq. 12.8 (Stern and Geary 1957).

Rp ¼ babc
2:303Icorrðba þ bcÞ ð12:8Þ

where Rp is the is the polarization resistance (Ω), Icorr is the corrosion current density
(A cm�2), and ba and bc are the anodic and cathodic Tafel constants (V),
respectively.

As illustrated in the inset of Fig. 12.17b, Rp progressively dropped with increas-
ing the MF flux intensity from 0 to 20.0 mT, which was accompanied with a gradual
elevation in the I. Thus, the corrosion rate enhanced gradually with increasing the
MF flux intensity. It should be additionally notified that the corrosion potential
(Ecorr) kept almost constant at various MF intensities, confirming that MF enhanced
the mass-transfer controlled corrosion rather than the electron-transfer controlled
iron corrosion (Sueptitz et al. 2009). The electrochemical results verified that the
drop in the removal rate of Cr(VI) by ZVI as the MF flux intensity increased from 2.0
to 20.0 mT (shown in Fig. 12.17a) arose from the more obvious aggregation of iron
particles at higher MF flux intensity.

As shown in Fig. 12.18, for a specific ZVI particle, the maximum flux intensity of
induced MF and the MF gradient around the ZVI particle surface increased propor-
tionally with the flux intensity of applied WMF. Thus, the contribution of FΔB and
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FL to the WMF-induced improvement in Cr(VI) removal by ZVI could not be
differentiated just based on the results of the influence of MF flux intensity on Cr
(VI) removal by ZVI. Different from ZVI, zero-valent zinc (ZVZ) is not ferromag-
netic and is not magnetized in a MF. The numerical simulation by the Mechanical
APDL (ANSYS) 14.0 software shown in Fig. 12.18a validated that the MF across
the ZVZ particle is uniform in a homogenous MF and the MF induced density across
the ZVZ particle was identical to that of the superimposed MF. Accordingly, the
charged ions that moved toward and away from ZVZ particles (along the X or Y
coordinate) were only subject to FL. Therefore, the influence of MF flux intensity on
the kinetics of Cr(VI) of ZVZ was determined, as demonstrated in Fig. 12.18b.
Obviously, the effect of MF with flux intensity of 2.0 or 10 mT on Cr(VI) removal by
ZVZ was negligible, indicating that FL in this case is too small to narrow the
diffusion boundary layer and to accelerate mass transportation. Although the liter-
atures declared that FL could narrow the diffusion boundary layer and thus acceler-
ated mass transport (Lioubashevski et al. 2004; Peipmann et al. 2010), the flux
intensity of MF employed in their studies was much greater than that superimposed
in our study. Therefore, the observed improving effect of WMF on Cr(VI) removal
by ZVI should be mainly ascribed to the magnetic gradient force, FΔB, which will be
further verified in the following parts.

12.4.3.2 Effects of WMF on the Kinetics of Cr(VI) Sequestration by ZVI
with Different Particle Sizes

In a constant flux intensity of MF, the induced MF gradient along a ZVI particle is
expected to drop with increasing the ZVI particle size, while the flux intensity of the

Fig. 12.18 (a) The MF strength distribution of the plane parallel to the applied MF with an applied
flux density (Bappl.) of 2.0 mT through the center of a ZVZ sphere, inset: particle size distribution of
the pristine ZVZ sample employed in this study. (b) Influence of MF flux intensity on the kinetics of
Cr(VI) removal by ZVZ, inset: the magnetic field intensity distribution and the magnetic field
gradient multiplied by magnetic field intensity along the coordinate X or Y of ZVZ particle.
Reaction conditions: [Cr(VI)]0 ¼ 4.0 mg L�1, [Zn0] ¼ 0.50 g L�1. (Reprinted with permission
from Li et al. (2017). Copyright (2017) Elsevier)
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induced MF is fixed being irrespective of the ZVI particle size (Fujiwara et al. 2006;
Tanimoto et al. 1997). Thus, FL is irrespective with the particle size of ZVI, while
FΔB drops with the increase in ZVI particle size. Consequently, the influence of a
uniform MF of 2.0 mT on the reactivity of ZVI with different particle sizes was
studied, as demonstrated in Fig. 12.19, to identify the contribution of FΔB and FL. It
should be specified that the ZVI samples used in this part were produced in the same
batch and they were divided to five parts with sieves of different pore sizes.
Therefore, the properties, especially the passive layer covering on the surface of
ZVI samples, of these ZVI samples are identical except their particle size.

Apparently, the WMF-induced improvement on Cr(VI) removal was more sig-
nificant for ZVI with smaller particle size. In the absence of WMF, as illustrated by
Fig. 12.19a–e, the durations necessary to achieve 60% of Cr(VI) removal (t60 %Cr

(VI) removal) were 120.0, 120.0, 120.0, 82.5, and 55.3 min for ZVI-421.2 μm,
ZVI-167.4 μm, ZVI-73.3 μm, ZVI-29.3 μm, and ZVI-18.1 μm, respectively. Alter-
natively, the time to achieve 60% of Cr(VI) removal by these ZVI samples was
dropped to 98.4, 76.5, 26.4, 11.9, and 4.4 min, respectively, with the presence of
WMF. Therefore, the volume of the reactor with WMF could be reduced to ~8.0% of
its counterpart without WMF to achieve 60% of Cr(VI) removal if the ZVI-18.1
sample was employed. The morphologies of the reacted iron samples collected at the
time point, where 60% of Cr(VI) removal was achieved with or without WMF, were
determined. To quantitatively compare the WMF influence on the disappearance
kinetics of Cr(VI) by ZVI with different particle sizes, the kinetics of Cr(VI) removal
was simulated with the pseudo-zero-order rate law and the obtained zero-order rate
constants. As iron particle size decreased from 421.2 to 18.1 μm, the rate constants of
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Fig. 12.19 Effects of WMF on the kinetics of Cr(IV) removal by ZVI-421.2 μm (a), ZVI-167.4 μm
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Cr(VI) removal by ZVI without WMF increased slightly from 0.0051 to
0.0107 mg L�1 min�1, which should be largely ascribed to the increase in specific
surface area and in the concentration of reactive sites with decreasing ZVI size
(Johnson et al. 1996; Noubactep et al. 2005). Upon the application of WMF, the
pseudo-zero-order rate constants for Cr(VI) removal by ZVI increased sharply from
0.0063 to 0.1204 min�1 with decreasing the iron particle size from 421.2 to 18.1 μm.
To provide a generalized basis for the comparison among the ZVI samples of
different sizes, we calculated the ratio (RWMF) of kinetic constants measured with
(w/) and without (w/o) the WMF, according to Eq. 12.1. Appreciably, RWMF were
1.2, 1.5, 4.3, 6.7, and 11.3 by the ZVI samples with the particle size of 421.2, 167.4,
73.3, 29.3, and 18.1 μm, respectively (as shown in Fig. 12.19f), suggesting that the
WMF effect was more significant for ZVI with smaller particle size. Figure 12.19
also demonstrates that WMF is a measure that can improve the reactivity of ZVI
much more considerably than decreasing the size of ZVI particle, especially for the
ZVI with particle size 
73.3 μm.

The reactivity of ZVI of different particle sizes toward Cr(VI) removal was
enhanced to different extents, which should be mainly ascribed to the different
contribution of FΔB and FL to the WMF-induced improvement in the reactivity of
ZVI. The distributions of the flux intensity and the gradients of the induced MF of
the plane parallel to the applied MF and through the center of a ZVI sphere with size
varying from 18.1 to 421.2 μmwere simulated with ANSYS 14.0. Since FL and FΔB
were proportional to the flux intensity and gradient of MF, respectively, the corre-
lation between the MF flux intensity (or the MF gradient) and the value of RWMF for
ZVI samples with different particles sizes was built, as demonstrated in Fig. 12.20. It
should be specified that the maximum flux density of MF (B(x) or B( y)) and the
maximum MF gradient (B(x)dB(x)/dx or B( y)dB( y)/dy) along the x or y coordinate
were used to build the correlation. RWMF of ZVI samples with different sizes was
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irrelevant to B(x) or B( y) of these ZVI samples (Fig. 12.20a), but there was a strong
positive correlation between RWMF of ZVI samples with different sizes and (B(x)dB
(x)/dx or B( y)dB(y)/dy) of these ZVI samples (Fig. 12.20b). These results suggested
that FΔB rather than FL was the major driving force for the observed WMF effect on
Cr(VI) by ZVI.

12.4.3.3 Direct Evidence for FΔB-Derived Movement of Fe(II) Along
the Surface of a ZVI Sphere

The dual-energy contrast images of the ZVI samples corroded in acetate buffer for
30 min under stationary state with and without WMF were collected with the
synchrotron-based STXM (Liang et al. 2013), as illustrated in Fig. 12.21. It should
be specified that the mic-7.4 ZVI sample employed in our previous study (Li et al.
2015b) was used in this part because of its regular and smooth sphere, which was
beneficial for distinguishing the WMF-induced discrepancies in topography. The
dual-energy contrast images explicitly showed that the corrosion products generated
in the absence of WMF were almost evenly distributed around the ZVI sphere
(Fig. 12.21a). Combining Figs. 12.16 and 12.21b, the corrosion products were
concentrated at both ends of the ZVI sphere where the maximum flux intensity of
the induced MF appeared with the presence of WMF. Being pulled by FΔB, the
paramagnetic Fe2+ tended to move along magnetic lines to the place with higher MF
flux intensity (as directed by the arrows in the Fig. 12.21b) (Sueptitz et al. 2011),
thereby resulting in the uneven distribution of Fe2+ and eventually localized

Fig. 12.21 Influence of WMF on the dual-energy contrast images of the reacted ZVI samples at
30 min with the iron element by STXM imaging analysis ((a) w/o WMF and (b) w/ WMF). The
color bar on the right side stands for the relative content changes. From bottom to top, the gradient
colors indicate an increased iron content. Reaction conditions for preparing the reacted ZVI
samples: [Fe0] ¼ 0.50 g L�1, [flux intensity of MF] ¼ 2.0 mT. (Reprinted with permission from
Li et al. (2017). Copyright (2017) Elsevier)
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distribution of corrosion products in the vicinity of the ZVI sphere. This phenom-
enon was consistent with the uneven distribution of corrosion products and Cu along
the iron wire in the uneven MF observed in previous studies (Jiang et al. 2015; Liang
et al. 2014b). Furthermore, in the presence of a MF, where a concentration gradient
of paramagnetic ions (Fe2+ in this study) exists, an additional driving force acting on
the reaction mixture will arise. This force, which has the same direction as the
gradient of the paramagnetic ions, will cause a redistribution of velocities in the
diffusion layer. As a result, an additional convective transport of all the components
of solution will be generated, which is referred to as a magnetoconvection phenom-
enon (Waskaas and Kharkats 1999, 2001).

In addition, the kinetics of Cr(VI) removal by NZVI purchased from CNC
Material company with d50 of 500 nm could be improved because of the accelerated
NZVI corrosion in the presence of WMF. As shown in Fig. 12.22, the rate constant
of Cr(VI) removal by the NZVI/WMF system was 3.4-fold greater than that without
WMF effect. It should be noted that the WMF-induced improvement on the reac-
tivity of this commercial NZVI sample is even smaller than that on the reactivity of
ZVI with particle sizes of 29.3 or 18.1 μm. This is because the WMF effects are
strongly dependent on the properties of the ZVI particles’ passive layer besides the
size of ZVI particles. Anyway, the application of WMF can improve the reactivity of
both micro-sized ZVI and NZVI. The possibility of employing WMF to overcome
the limitations of NZVI technologies will be explored in the near future.

12.5 Employing Premagnetization to Enhance
the Reactivity of ZVI and the Involved Mechanisms

Although employing WMF to enhance various metal(loid)s removal by ZVI from
different origins is a promising and environmentally friendly method since it does
not need extra energy and costly reagents, it may be a great challenge in practice to
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Fig. 12.22 Influence of
WMF on the kinetics of Cr
(VI) removal by NZVI.
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supply a WMF around a ZVI-based filter or PRB. Therefore, it is highly desirable to
optimize this technology so that it can be applied in real practice.

Applying a WMF generated by permanent magnets to improve the reactivity of
ZVI is efficient, chemical-free, and environmentally friendly. Nevertheless, it may
be a great challenge in practice to supply a WMF, generated either by permanent
magnets or by electromagnets, for a large treatment unit, which would increase the
costs for construction and operation, respectively. ZVI is ferromagnetic, and it can
be magnetized by an external magnetic field and remain magnetized even after the
external field is removed (Aziz et al. 2014; Ghosh et al. 2012). Thus, taking
advantage of the magnetic memory of ZVI, premagnetization may be employed to
improve the reactivity of ZVI. However, it keeps unknown whether it is possible to
take advantage of the magnetic remanence of ZVI to achieve enhanced contaminant
removal by ZVI. Recently, premagnetization of iron by taking advantage of its
magnetic memory was employed to improve the ZVI performance (Li et al.
2015c). It was surprisingly observed that, compared to the pristine ZVI, a greater
As(III) elimination rate was obtained by the premagnetized ZVI over the initial pH
range of 4.0–9.0, and the reaction rate increased progressively with increasing the
intensity of the magnetic field for premagnetization (Fig. 12.23).

Moreover, from a broad perspective, as illustrated in Fig. 12.24, premagnetization
could enhance the performances of multiple ZVI samples for the sequestration of
various oxidative contaminants (including amaranth (AR27), Pb(II), Cu(II), Se(IV),
Ag(I), and Cr(VI)) with rate constants that were 1.2- to 12.2-fold greater than those
by pristine ZVI under well-controlled experimental conditions (Li et al. 2015b).
Further investigation indicated that the improved performance of premagnetized ZVI
was not induced by the physical squeezing effect of the ZVI grains during magne-
tization, but more likely ascribed to the remanence kept by the magnetized ZVI. The
remanence kept in the ZVI particles after premagnetization makes each magnetized

Fig. 12.23 Schematic illustration of the improved reactivity of ZVI toward As(III) by taking
advantage of its magnetic memory. (Reprinted with permission from Li et al. (2015a, b, c).
Copyright (2015) American Chemical Society)
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ZVI particle a small magnet, which can generate an inhomogeneous MF around the
surface of magnetized ZVI particle. Thus, being analogous to applying an external
WMF, an enhancing effect of premagnetization on ZVI performance was observed.

12.6 Summary

Increasing research suggests that WMF promotes the reactions of ZVI with a variety
of metal(loid)s in water, whereas it should be notified that the WMF effect is
associated with the MF flux intensity and the iron particle size, which was of
practical and fundamental importance to the environmental decontamination by
the ZVI/WMF system. It is impractical to employ strong MF to accelerate contam-
inants sequestration by ZVI since the aggregation of ZVI particles will occur in a
strong MF. Our group is designing the effective magnetic reactors and making
efforts to apply the WMF-assisted ZVI technology in real wastewater treatment.
Moreover, to further explore the interaction mechanisms of WMF-induced enhance-
ment, efforts are also being made to investigate the synergetic effect of paramagnetic
ions (e.g., Fe2+, Mn2+, Cu2+, Co2+, etc.) and WMF on the performance of ZVI
toward various contaminants.

Given that employing premagnetization possesses many other merits such as
chemical-free, ease of operation, and environmental friendliness, this method will
definitely count much in the field of ZVI-based technology. While the WMF effect

Fig. 12.24 Rate constants (kobs, min�1) for Cr6+, Ag+, Se4+, Cu2+, Pb2+, and AR27 sequestra-
tion by pristine ZVI (Pri-ZVI-left ordinate) and premagnetized ZVI (Mag-ZVI-right ordinate).
(Reprinted with permission from Li et al. (2015a, b, c). Copyright (2015) American Chemical
Society)
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appears to have great promise for enhancement of water treatment by ZVI, many
aspects of this strategy require further investigation, such as whether the residual
effect of magnetization (“remanence”) is sufficient to be useful, the significance of
the WMF enhancement with other classes of contaminants (e.g., metal cations and
organics), and the trade-off between accelerated contaminant removal and consump-
tion of the ZVI.

References

Agrawal, A., & Tratnyek, P. G. (1996). Reduction of nitro aromatic compounds by zero-valent iron
metal. Environmental Science & Technology, 30(1), 153–160.

Ansaf, K. V. K., Ambika, S., & Nambi, I. M. (2016). Performance enhancement of zero valent iron
based systems using depassivators: Optimization and kinetic mechanisms. Water Research,
102, 436–444.

Aziz, F., Pandey, P., Chandra, M., Khare, A., Rana, D. S., & Mavani, K. R. (2014). Surface
morphology, ferromagnetic domains and magnetic anisotropy in BaFeO3�δ thin films: Corre-
lated structure and magnetism. Journal of Magnetism and Magnetic Materials, 356(0), 98–102.

Bataineh, H., Pestovsky, O., & Bakac, A. (2012). pH-induced mechanistic changeover from
hydroxyl radicals to iron(IV) in the Fenton reaction. Chemical Science, 3(5), 1594–1599.

Chen, L., Jin, S., Fallgren, P. H., Swoboda-Colberg, N. G., Liu, F., & Colberg, P. J. S. (2012).
Electrochemical depassivation of zero-valent iron for trichloroethene reduction. Journal of
Hazardous Materials, 239–240(0), 265–269.

Dai, C. M., Zhou, Z., Zhou, X. F., & Zhang, Y. L. (2014). Removal of Sb(III) and Sb(V) from
aqueous solutions using nZVI. Water, Air, and Soil Pollution, 225(1), 12.

Dixit, S., & Hering, J. G. (2003). Comparison of arsenic(V) and arsenic(III) sorption onto iron oxide
minerals: Implications for arsenic mobility. Environmental Science & Technology, 37(18),
4182–4189.

Dorjee, P., Arnarasiriwardena, D., & Xing, B. S. (2014). Antimony adsorption by zero-valent iron
nanoparticles (nZVI): Ion chromatography-inductively coupled plasma mass spectrometry
(IC-ICP-MS) study. Microchemical Journal, 116, 15–23.

Feng, P., Guan, X. H., Sun, Y. K., Choi, W. Y., Qin, H. J., Wang, J. M., Qiao, J. L., & Li, L. N.
(2015). Weak magnetic field accelerates chromate removal by zero-valent iron. Journal of
Environmental Sciences (China), 31, 175–183.

Fujiwara, M., Mitsuda, K., & Tanimoto, Y. (2006). Movement and diffusion of paramagnetic ions
in a magnetic field. Journal of Physical Chemistry B, 110(28), 13965–13969.

Furukawa, Y., Kim, J. W., Watkins, J., & Wilkin, R. T. (2002). Formation of ferrihydrite and
associated iron corrosion products in permeable reactive barriers of zero-valent iron. Environ-
mental Science & Technology, 36(24), 5469–5475.

Geiger, C. L., Ruiz, N. E., Clausen, C. A., Reinhart, D. R., & Quinn, J. W. (2002). Ultrasound
pretreatment of elemental iron: Kinetic studies of dehalogenation reaction enhancement and
surface effects. Water Research, 36, 1342–1350.

Gheju, M. (2011). Hexavalent chromium reduction with zero-valent iron (ZVI) in aquatic systems.
Water, Air, and Soil Pollution, 222(1-4), 103–148.

Ghosh, N., Mandal, B. K., & Mohan Kumar, K. (2012). Magnetic memory effect in chelated zero
valent iron nanoparticles. Journal of Magnetism and Magnetic Materials, 324(22), 3839–3841.

Gillham, R. W., & Ohannesin, S. F. (1994). Enhanced degradation of halogenated aliphatics by
zero-valent iron. Ground Water, 32(6), 958–967.

466 J. Li et al.



Guan, X. H., Du, J. S., Meng, X. G., Sun, Y. K., Sun, B., & Hu, Q. H. (2012). Application of
titanium dioxide in arsenic removal from water: A review. Journal of Hazardous Materials,
215, 1–16.

Guan, X., Jiang, X., Qiao, J., & Zhou, G. (2015a). Decomplexation and subsequent reductive
removal of EDTA-chelated CuII by zero-valent iron coupled with a weak magnetic field:
Performances and mechanisms. Journal of Hazardous Materials, 300, 688–694.

Guan, X. H., Sun, Y. K., Qin, H. J., Li, J. X., Lo, I. M., He, D., & Dong, H. R. (2015b). The
limitations of applying zero-valent iron technology in contaminants sequestration and the
corresponding countermeasures: The development in zero-valent iron technology in the last
two decades (1994-2014). Water Research, 75, 224–248.

Guo, X. J., Wu, Z. J., He, M. C., Meng, X. G., Jin, X., Qiu, N., & Zhang, J. (2014). Adsorption of
antimony onto iron oxyhydroxides: Adsorption behavior and surface structure. Journal of
Hazardous Materials, 276, 339–345.

Guo, X., Yang, Z., Dong, H., Guan, X., Ren, Q., Lv, X., & Jin, X. (2016). Simple combination of
oxidants with zero-valent-iron (ZVI) achieved very rapid and highly efficient removal of heavy
metals from water. Water Research, 88, 671–680.

Hug, S. J., & Leupin, O. (2003). Iron-catalyzed oxidation of arsenic(III) by oxygen and by
hydrogen peroxide: pH-dependent formation of oxidants in the Fenton reaction. Environmental
Science & Technology, 37(12), 2734–2742.

Hung, H. M., & Hoffmann, M. R. (1998). Kinetics and mechanism of the enhanced reductive
degradation of CCl4 by elemental iron in the presence of ultrasound. Environmental Science &
Technology, 32(19), 3011–3016.

Jiang, X., Qiao, J., Lo, I. M. C., Wang, L., Guan, X., Lu, Z., Zhou, G., & Xu, C. (2015). Enhanced
paramagnetic Cu2+ ions removal by coupling a weak magnetic field with zero valent iron.
Journal of Hazardous Materials, 283(0), 880–887.

Johnson, T. L., Scherer, M. M., & Tratnyek, P. G. (1996). Kinetics of halogenated organic
compound degradation by iron metal. Environmental Science & Technology, 30(8), 2634–2640.

Katsoyiannis, I. A., Ruettimann, T., & Hug, S. J. (2008). pH dependence of Fenton reagent
generation and As(III) oxidation and removal by corrosion of zero valent iron in aerated
water. Environmental Science & Technology, 42(19), 7424–7430.

Katsoyiannis, I. A., Ruettimann, T., & Hug, S. I. (2009a). Response to comment on “pH depen-
dence of Fenton reagent generation and As(III) oxidation and removal by corrosion of zero
valent iron in aerated water”. Environmental Science & Technology, 43(10), 3980–3981.

Katsoyiannis, I. A., Ruettimann, T., & Hug, S. J. (2009b). Response to comment on “pH depen-
dence of Fenton reagent generation and As(III) oxidation and removal by corrosion of
zerovalent iron in aerated water”. Environmental Science & Technology, 43(1), 234–234.

Lai, K. C. K., & Lo, I. M. C. (2008). Removal of chromium (VI) by acid-washed zero-valent iron
under various groundwater geochemistry conditions. Environmental Science and Technology,
42(4), 1238–1244.

Lee, C., & Sedlak, D. L. (2008). Enhanced formation of oxidants from bimetallic nickel-iron
nanoparticles in the presence of oxygen. Environmental Science & Technology, 42(22),
8528–8533.

Lee, J., Kim, J., & Choi, W. (2007). Oxidation on zerovalent iron promoted by polyoxometalate as
an electron shuttle. Environmental Science & Technology, 41(9), 3335–3340.

Leuz, A. K., Monch, H., & Johnson, C. A. (2006). Sorption of Sb(III) and Sb(V) to goethite:
Influence on Sb(III) oxidation and mobilization. Environmental Science & Technology, 40(23),
7277–7282.

Li, J., Bao, H., Xiong, X., Sun, Y., & Guan, X. (2015a). Effective Sb(V) immobilization from water
by zero-valent iron with weak magnetic field. Separation and Purification Technology, 151,
276–283.

Li, J., Qin, H., & Guan, X. (2015b). Premagnetization for enhancing the reactivity of multiple
zerovalent iron samples toward various contaminants. Environmental Science & Technology, 49
(24), 14401–14408.

12 Improving the Reactivity of ZVI and NZVI Toward Various Metals and. . . 467



Li, J. X., Shi, Z., Ma, B., Zhang, P. P., Jiang, X., Xiao, Z. J., & Guan, X. H. (2015c). Improving the
reactivity of zerovalent iron by taking advantage of its magnetic memory: Implications for
arsenite removal. Environmental Science & Technology, 49(17), 10581–10588.

Liang, L., Yang, W., Guan, X., Li, J., Xu, Z., Wu, J., Huang, Y., & Zhang, X. (2013). Kinetics and
mechanisms of pH-dependent selenite removal by zero valent iron. Water Research, 47(15),
5846–5855.

Liang, L., Sun, W., Guan, X., Huang, Y., Choi, W., Bao, H., Li, L., & Jiang, Z. (2014a). Weak
magnetic field significantly enhances selenite removal kinetics by zero valent iron. Water
Research, 49, 371–380.

Liang, L. P., Guan, X. H., Shi, Z., Li, J. L., Wu, Y. N., & Tratnyek, P. G. (2014b). Coupled effects
of aging and weak magnetic fields on sequestration of selenite by zero-valent iron. Environ-
mental Science & Technology, 48(11), 6326–6334.

Liang, L., Guan, X., Huang, Y., Ma, J., Sun, X., Qiao, J., & Zhou, G. (2015). Efficient selenate
removal by zero-valent iron in the presence of weak magnetic field. Separation and Purification
Technology, 156(Part 3), 1064–1072.

Lin, C. J., & Lo, S. L. (2005). Effects of iron surface pretreatment on sorption and reduction kinetics
of trichloroethylene in a closed batch system. Water Research, 39(6), 1037–1046.

Lioubashevski, O., Katz, E., & Willner, I. (2004). Magnetic field effects on electrochemical
processes: A theoretical hydrodynamic model. Journal of Physical Chemistry B, 108(18),
5778–5784.

Liu, H., Li, G., Qu, J., & Liu, H. (2007). Degradation of azo dye Acid Orange 7 in water by Fe0/
granular activated carbon system in the presence of ultrasound. Journal of Hazardous Materials,
144(1-2), 180–186.

Lu, X., Li, M., Tang, C., Feng, C., & Liu, X. (2012). Electrochemical depassivation for recovering
Fe0 reactivity by Cr(VI) removal with a permeable reactive barrier system. Journal of Hazard-
ous Materials, 213–214(0), 355–360.

Mackenzie, P. D., Horney, D. P., & Sivavec, T. M. (1999). Mineral precipitation and porosity losses
in granular iron columns. Journal of Hazardous Materials, 68(1-2), 1–17.

Manning, B. A., Hunt, M. L., Amrhein, C., & Yarmoff, J. A. (2002). Arsenic(III) and arsenic
(V) reactions with zerovalent iron corrosion products. Environmental Science & Technology, 36
(24), 5455–5461.

Matheson, L. J., & Tratnyek, P. G. (1994). Reductive dehalogenation of chlorinated methanes by
iron metal. Environmental Science & Technology, 28(12), 2045–2053.

Miehr, R., Tratnyek, P. G., Bandstra, J. Z., Scherer, M. M., Alowitz, M. J., & Bylaska, E. J. (2004).
Diversity of contaminant reduction reactions by zerovalent iron: Role of the reductate. Envi-
ronmental Science & Technology, 38(1), 139–147.

Mitsunobu, S., Takahashi, Y., Terada, Y., & Sakata, M. (2010). Antimony(V) incorporation into
synthetic ferrihydrite, goethite, and natural iron oxyhydroxides. Environmental Science &
Technology, 44(10), 3712–3718.

Mondal, K., Jegadeesan, G., & Lalvani, S. B. (2004). Removal of selenate by Fe and NiFe
nanosized particles. Industrial & Engineering Chemistry Research, 43(16), 4922–4934.

Mylon, S. E., Sun, Q. A., & Waite, T. D. (2010). Process optimization in use of zero valent iron
nanoparticles for oxidative transformations. Chemosphere, 81(1), 127–131.

Neumann, A., Kaegi, R., Voegelin, A., Hussam, A., Munir, A. K. M., & Hug, S. J. (2013). Arsenic
removal with composite iron matrix filters in Bangladesh: A field and laboratory study.
Environmental Science & Technology, 47(9), 4544–4554.

Noubactep, C. (2008). A critical review on the process of contaminant removal in Fe-0-H2O
systems. Environmental Technology, 29(8), 909–920.

Noubactep, C. (2009a). An analysis of the evolution of reactive species in Fe-0/H2O systems.
Journal of Hazardous Materials, 168(2-3), 1626–1631.

Noubactep, C. (2009b). Comment on "pH dependence of Fenton reagent generation and As(III)
oxidation and removal by corrosion of zero valent iron in aerated water". Environmental Science
& Technology, 43(1), 233–233.

468 J. Li et al.



Noubactep, C., Meinrath, G., Dietrich, P., Sauter, M., &Merkel, B. J. (2005). Testing the suitability
of zerovalent iron materials for reactive walls. Environmental Chemistry, 2(1), 71–76.

Nurmi, J. T., & Tratnyek, P. G. (2008). Electrochemical studies of packed iron powder electrodes:
Effects of common constituents of natural waters on corrosion potential. Corrosion Science,
50(1), 144–154.

Nurmi, J. T., Bandstra, J. Z., & Tratnyek, P. G. (2004). Packed powder electrodes for characterizing
the reactivity of granular iron in borate solutions. Journal of the Electrochemical Society, 151
(6), B347–B353.

Obiri-Nyarko, F., Grajales-Mesa, S. J., & Malina, G. (2014). An overview of permeable reactive
barriers for in situ sustainable groundwater remediation. Chemosphere, 111, 243–259.

Pang, S. Y., Jiang, J., Ma, J., Pang, S. Y., & Ouyang, F. (2009). New insight into the oxidation of
arsenite by the reaction of zerovalent iron and oxygen. Comment on “pH dependence of Fenton
reagent generation and As(III) oxidation and removal by corrosion of zero valent iron in aerated
water”. Environmental Science & Technology, 43(10), 3978–3979.

Pang, S. Y., Jiang, J., & Ma, J. (2011). Oxidation of sulfoxides and arsenic(III) in corrosion of
nanoscale zero valent iron by oxygen: Evidence against ferryl ions (Fe(IV)) as active interme-
diates in Fenton reaction. Environmental Science & Technology, 45(1), 307–312.

Peipmann, R., Lange, R., Kubeil, C., Mutschke, G., & Bund, A. (2010). Magnetic field effects on
the mass transport at small electrodes studied by voltammetry and magnetohydrodynamic
impedance measurements. Electrochimica Acta, 56(1), 133–138.

Prasad, P., Das, C., & Golder, A. K. (2011). Reduction of Cr (VI) to Cr (III) and removal of total
chromium from wastewater using scrap iron in the form of zerovalent iron (ZVI): Batch and
column studies. The Canadian Journal of Chemical Engineering, 89(6), 1575–1582.

Ragsdale, S. R., Grant, K. M., &White, H. S. (1998). Electrochemically generated magnetic forces.
Enhanced transport of a paramagnetic redox species in large, nonuniform magnetic fields.
Journal of the American Chemical Society, 120(51), 13461–13468.

Ritter, K., Odziemkowski, M. S., & Gillham, R. W. (2002). An in situ study of the role of surface
films on granular iron in the permeable iron wall technology. Journal of Contaminant Hydrol-
ogy, 55(1-2), 87–111.

Scheinost, A. C., Rossberg, A., Vantelon, D., Xifra, I., Kretzschmar, R., Leuz, A. K., Funke, H., &
Johnson, C. A. (2006). Quantitative antimony speciation in shooting-range soils by EXAFS
spectroscopy. Geochimica et Cosmochimica Acta, 70(13), 3299–3312.

Sedlak, D. L., & Andren, A. W. (1991). Oxidation of chlorobenzene with Fenton’s reagent.
Environmental Science & Technology, 25(4), 777–782.

Stern, M., & Geary, A. L. (1957). Electrochemical polarization I. A theoretical analysis of the shape
of polarization curves. Journal of the Electrochemical Society, 104(1), 56–63.

Su, C. M., & Puls, R. W. (2001). Arsenate and arsenite removal by zerovalent iron: Effects of
phosphate, silicate, carbonate, borate, sulfate, chromate, molybdate, and nitrate, relative to
chloride. Environmental Science & Technology, 35(22), 4562–4568.

Sueptitz, R., Koza, J., Uhlemann, M., Gebert, A., & Schultz, L. (2009). Magnetic field effect on the
anodic behaviour of a ferromagnetic electrode in acidic solutions. Electrochimica Acta, 54(8),
2229–2233.

Sueptitz, R., Tschulik, K., Uhlemann, M., Schultz, L., & Gebert, A. (2011). Effect of high gradient
magnetic fields on the anodic behaviour and localized corrosion of iron in sulphuric acid
solutions. Corrosion Science, 53(10), 3222–3230.

Sun, Y. K., Guan, X. H., Wang, J. M., Meng, X. G., Xu, C. H., & Zhou, G. M. (2014). Effect of
weak magnetic field on arsenate and arsenite removal from water by zerovalent iron: An XAFS
investigation. Environmental Science & Technology, 48(12), 6850–6858.

Sun, Y., Hu, Y., Huang, T., Li, J., Qin, H., & Guan, X. (2017). Combined Effect of Weak Magnetic
Fields and Anions on Arsenite Sequestration by Zerovalent Iron: Kinetics and Mechanisms.
Environ. Sci. Technol., 51(7), 3742–3750.

Tang, C., Huang, Y. H., Zeng, H., & Zhang, Z. (2014). Promotion effect of Mn 2+ and Co 2+ on
selenate reduction by zero-valent iron. Chemical Engineering Journal, 244, 97–104.

12 Improving the Reactivity of ZVI and NZVI Toward Various Metals and. . . 469



Tanimoto, Y., Katsuki, A., Yano, H., & Watanabe, S. (1997). Effect of high magnetic field on the
silver deposition from its aqueous solution. Journal of Physical Chemistry A, 101(40),
7359–7363.

Triszcz, J. M., Port, A., & Einschlag, F. S. G. (2009). Effect of operating conditions on iron
corrosion rates in zero-valent iron systems for arsenic removal. Chemical Engineering Journal,
150(2-3), 431–439.

Turcio-Ortega, D., Fan, D. M., Tratnyek, P. G., Kim, E. J., & Chang, Y. S. (2012). Reactivity of
Fe/FeS nanoparticles: Electrolyte composition effects on corrosion electrochemistry. Environ-
mental Science & Technology, 46(22), 12484–12492.

Wang, C., & Zhang, W. (1997). Synthesizing nanoscale iron particles for rapid and complete
dechlorination of TCE and PCBs. Environmental Science & Technology, 94(18), 9602–9607.

Waskaas, M., & Kharkats, Y. I. (1999). Magnetoconvection phenomena: A mechanism for influ-
ence of magnetic fields on electrochemical processes. Journal of Physical Chemistry B, 103(23),
4876–4883.

Waskaas, M., & Kharkats, Y. I. (2001). Effect of magnetic fields on convection in solutions
containing paramagnetic ions. Journal of Electroanalytical Chemistry, 502(1-2), 51–57.

Xi, J. H., He, M. C., & Lin, C. Y. (2011). Adsorption of antimony(III) and antimony(V) on
bentonite: Kinetics, thermodynamics and anion competition. Microchemical Journal, 97(1),
85–91.

Xie, Y., & Cwiertny, D. M. (2010). Use of dithionite to extend the reactive lifetime of nanoscale
zero-valent iron treatment systems. Environmental Science & Technology, 44(22), 8649–8655.

Xu, C., Zhang, B., Zhu, L., Lin, S., Sun, X., Jiang, Z., & Tratnyek, P. G. (2016a). Sequestration of
antimonite by zerovalent iron: Using weak magnetic field effects to enhance performance and
characterize reaction mechanisms. Environmental Science & Technology, 50(3), 1483–1491.

Xu, H., Sun, Y., Li, J., Li, F., & Guan, X. (2016b). Aging of zerovalent iron in synthetic
groundwater: X-ray photoelectron spectroscopy depth profiling characterization and
depassivation with uniform magnetic field. Environmental Science & Technology, 50(15),
8214–8222.

470 J. Li et al.



Chapter 13
Vadose Zone Remediation of Dense
Nonaqueous Phase Liquid Residuals Using
Foam-Based Nanoscale Zerovalent Iron
Particles with Low-Frequency
Electromagnetic Field

Tanapon Phenrat and Gregory V. Lowry

Abstract This chapter presents a novel combined remedy using foam-based
NZVI (F-NZVI) for vadose zone remediation of volatile organic compound
(VOC) contamination. Conceptually, F-NZVI serves two remedial actions. First, -
F-NZVI can flush the VOC or nonaqueous phase liquid (NAPL) from the soil.
Second, in addition to flushing NAPL from the soil, the NZVI that is deposited on
the soil grain, if electromagnetically induced by a low-frequency
(LF) electromagnetic field (EMF) (Chap. 11), should generate heat and speed up
VOC removal in the vadose zone via thermally enhanced volatilization when used
with soil vapor extraction (SVE). This chapter reviews the use of various surfac-
tants to produce foam and F-NZVI for soil flushing. Moreover, characterization
and transport experiments of foam and F-NZVI in unsaturated porous media
demonstrate the thermally enhanced evaporation of VOCs using F-NZVI and LF
EMF (up to 40 times enhanced evaporation of trichloroethylene). The feasibility of
this novel approach is compared with a thermally enhanced SVE using radio-
frequency heating (RFH) without F-NZVI. The chapter points out that using
F-NZVI with LF EMF could theoretically be an alternative to RFH because it
does not require as high of an irradiation frequency as RFH and should lead to
lower capital and operational costs versus RFH.
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13.1 Limitations of Aqueous NZVI Dispersion for Vadose
Zone Remediation

Vadose zone contamination with chlorinated volatile organic compounds (CVOCs)
is a persistent environmental problem, jeopardizing environmental quality and
public health. The average half-life for CVOC abiotic transformations ranges from
2 months to greater than 1010 years (Barbee 2007). The CVOCs may be entrapped as
dense nonaqueous phase liquid (DNAPL) residuals in pores in the vadose zone
(Fig. 13.1) and behave as long-term sources of vapor intrusion problems (Abreu and
Johnson 2005; Brusseau et al. 2013; Ronen et al. 2004) and of groundwater
contamination by discharging CVOCs to underlying groundwater via infiltration
and percolation (Fagerlund et al. 2007a, b). Furthermore, CVOCs can also sorb into
soil and subsequently discharge both vapor and dissolved CVOCs to contaminate
soil gas and underlying groundwater (Brusseau et al. 2013; Ronen et al. 2004).
While cleanup of a CVOC-contaminated saturated zone has several remediation
alternatives, remediation techniques for CVOCs for the vadose zone are limited to
excavation, soil vapor extraction (SVE) (Yang et al. 2001; Yoon et al. 2003),
thermal-enhanced SVE (Truex et al. 2009; Nakamura et al. 2000; Poppendieck
et al. 1999a, b), and bioventing (Boulding and Ginn 2003; Brusseau et al. 2013).

As discussed throughout this book, in situ chemical reduction (ISCR) using
nanoscale zerovalent iron (NZVI) is a promising groundwater remediation alterna-
tive (Babakhani et al. 2015; Fagerlund et al. 2012; Phenrat et al. 2010b, c; 2011,
2018; Tratnyek and Johnson 2006; Zhang et al. 1998; Zhang 2003). Evidently,
70 pilot-scale and field-scale NZVI remediation tests in saturated aquifers had been
conducted (Bardos et al. 2015; Karn et al. 2009; Mueller et al. 2012) (see also

Fig. 13.1 Schematics of dense nonaqueous phase liquid (DNAPL) contamination in the vadose
zone that acts as a long-term source of groundwater contamination and vapor intrusion
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Chaps. 1 and 9). However, water-based deliver methods for NZVI are not applicable
for dechlorination of CVOCs in the vadose zone. For example, gravity may prefer-
entially induce the migration of water-based NZVI dispersion in the vertical direc-
tion, limiting lateral transport and the radius of influence (ROI) (Ding et al. 2013). In
addition, flushing water-based NZVI dispersion in the vadose zone may cause
unintended CVOC dissolution and migration to the underlying aquifers, leading to
more severe contamination.

Consequently, Zhong and Li’s group from the Pacific Northwest National Lab-
oratory proposed using foam-assisted delivery of NZVI in the vadose zone to
overcome these technical difficulties (Ding et al. 2013; Shen et al. 2011; Zhong
et al. 2010). They revealed that sodium lauryl ether sulfate (SLES)-stabilized foam
could transport NZVI through an unsaturated sand-packed column much better than
a water-based NZVI dispersion (Ding et al. 2013). Even though the difficulties in
particle delivery are solved by the foam-assisted delivery option, NZVI still faces
technical difficulty in CVOC degradation, as reductive dechlorination by NZVI
requires water molecules for the corrosion of iron and subsequent transformation
of CVOCs to more benign by-products (see Chap. 3) (Chen et al. 2014; Fagerlund
et al. 2012; Liu et al. 2007; Phenrat et al. 2009; Sakulchaicharoen et al. 2010; Saleh
et al. 2005; Tratnyek and Johnson 2006; Wei et al. 2012; Zhang 2003). It is expected
that the vadose zone may not have enough water and may not have sufficient CVOC
dissolution into pore water for substantial reductive dechlorination by NZVI. Thus,
the reactivity of NZVI may not be as useful to vadose zone cleanup as it is for the
saturated zone.

In this chapter, we first describe a possible strategy of using foam-based NZVI
(F-NZVI) with low-frequency (LF) electromagnetic field (EMF) (Chap. 11) to assist
in thermal-enhanced SVE for vadose zone restoration. In detail, we describe the
synthesis and characterization of F-NZVI and assess its stability and mobility in an
unsaturated porous medium. The TCE volatilization kinetics, both with and without
LF EMF, are compared to quantify the benefits of using LF EMF with F-NZVI in
enhanced thermal treatment. Finally, we theoretically analyze the feasibility of this
LF EMF and F-NZVI combined remediation concept in comparison with a conven-
tional radio-frequency heating (RFH) without F-NZVI.

13.2 Conceptual Model for Soil Flushing Followed by
Thermal-Enhanced SVE Using Foam-Based NZVI

The most commonly used vadose zone remediation technique for volatile organic
compounds (VOCs), SVE, relies on extracting VOCs in the soil vapor phase, as the
name implies. Nevertheless, at in situ natural temperature, its removal efficacy is
limited by mass transfer due to slow desorption and slow diffusion of VOCs from the
soil matrix, especially if low permeable layers exist (Heron et al. 1998; Werth and
Reinhard 1997). Thermal-enhanced options (Truex et al. 2009; Nakamura et al. 2000;
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Poppendieck et al. 1999a, b; Price et al. 1999; Roland et al. 2008; Vermeulen and
McGee 2000; Werth and Reinhard 1997) have received increasing attention, as they
can increase vapor pressure to overcome the mass transfer limitations of SVE.
Electrical heating, such as electrical resistance heating (ERH), and electromagnetic
heating, such as RFH and microwave heating (MWH), are novel thermal alternatives
overcoming technical problems associated with the low heat capacity of air as well as
the poor accessibility and heat transfer of low-permeable soil layers if steam or hot air
injection is used as a thermal-enhanced option (Heron et al. 1998; Price et al. 1999;
Vermeulen and McGee 2000).

Moreover, ERH delivers an electric current to the subsurface and converts energy
from electrical to thermal due to the resistance of the subsurface material to the flow
of electricity, i.e., Ohmic heating. The amount of power dissipated by resistance
(PERH) (watts) can be expressed using Ohm’s law (Rizzoni 2004):

PERH ¼ RI2 ð13:1Þ
or PERH ¼ VI, ð13:2Þ

where V is the applied electrical potential (V ), R is the resistance of the material
between the electrodes (Ω), and I is the current passing through the heating zone (A).
Resistance is related to the material’s effective electrical conductivity (σ (S/m)),
length of the material between the electrodes (L (m)), and cross-sectional area of the
material (A (m2)) by Rizzoni (2004):

R ¼ L

σA, ð13:3Þ

For vadose zones with partially saturated, nonconducting grains, such as silica
sand, the effective electrical conductivity can be described by Archie’s law (Jackson
et al. 2008):

σ ¼ σW∅M , ð13:4Þ

where ∅ is the water-filled porosity, M is the cementation exponent (unitless)
depending on type of materials, and σW is the electrical conductivity of water (S/m).

Conversely, electromagnetic heating, such as RFH and MWH, converts electro-
magnetic energy into thermal energy through the interaction between the EMF and
the atoms or molecules present in the irradiated material. Thus, this interaction is
governed by the nature of the irradiated material and the radiation frequency. Both
RFH and MWH use frequencies as high as 500 kHz to 500 MHz (Lowe et al. 1999;
Price et al. 1999) and 500 MHz to 500 GHz (Falciglia et al. 2013; Lowe et al. 1999),
respectively. Heating of nonmagnetic aquifer materials arises from conduction
losses and dielectric losses as follows:

Q ¼ 2πf ε0ε
00
eff Ej j2, ð13:5Þ
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where Q is the heat generated in a unit volume of the irradiated media, |E| is the
magnitude of the applied electric field, f is the irradiated frequency, ε0 is the
permittivity of free space (8.85�10�12 F/m), and ε00eff is an effective imaginary
permittivity, which can be described as:

ε00eff ¼ ε00 þ σ

2πf ε0
: ð13:6Þ

Both ERH and electromagnetic heating have been used in field-scale applications
for oil recovery (Bera and Babadagli 2015; Vermeulen and McGee 2000) and soil
remediation (Beyke and Fleming 2005; Gavaskar et al. 2007; Price et al. 1999;
Vermeulen and McGee 2000). Moreover, ERH was reported to remove as much as
98% of entrapped trichloroethylene (TCE) in a water-saturated soil after 175 days of
a field-scale test (Beyke and Fleming 2005). RFH was reported to achieve the same
removal efficiency as ERH in a water-saturated soil for a field-scale test (Smith and
Hinchee 1993). Based on 40 sites remediated by ERH, Beyke and Fleming (2005)
estimated that the average capital cost of ERH was $200,000, while the operational
cost was between $52 and $91 per cubic meter, claiming that ERH is a proven and
cost-effective remediation alternative (Beyke and Fleming 2005). On the other hand,
Bientinesi et al. (2015) reported that the capital cost of RFH for soil remediation was
$1.1 million, while the operational cost was $140 per cubic meter (Bientinesi et al.
2015). Importantly, both capital and operational costs of RFH are higher than that of
ERH due to the fact that the electrical transmission losses and capital cost of RFH
equipment increase with the frequency of EMFs (Vermeulen and McGee 2000).

While conduction and dielectric losses are the majority of losses in RFH of soil,
magnetic loss is another heating mechanism capable of operating at lower frequency
and thus theoretically capable of decreasing the transmission losses and the capital
cost of the EMF generation equipment. The magnetic induction heating (MIH) is
through hysteresis loss of magnetic materials due to the irreversible magnetization in
an EMF. At a particular frequency ( f ) of the EMF, the amount of power dissipated
by MIH (PMIH) (W) can be expressed as follows (Li et al. 2010):

PMIH ¼ fΔU, ð13:7Þ

where ΔU is the area under the hysteresis curves, governed by the characteristics of
the magnetic materials. The degree of irreversibility, ΔU, is related to the amount of
energy dissipation upon the reversal of the field. The MIH in a LF EMF
(30–300 kHz) is well studied in medicine for thermal treatments, such as
magnetic-assisted hyperthermia (Lim et al. 2007; Pablico-Lansigan et al. 2013),
where functionalized magnetic nanoparticles, such as magnetite, target tumor cells
and then are heated by applied LF EMF to kill the cancer cells (Bañobre-López et al.
2013; Lim et al. 2007). For this reason, ferromagnetic nanoparticles, such as NZVI,
can be coupled with the LF EMF to serve as a combined remediation technique for
increasing the rate and completeness of an in situ cleanup of CVOCs in the
subsurface (See Chap. 11).
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Conceptually, foam-based NZVI (F-NZVI) can perform two remediation pro-
cesses. First, F-NZVI can flush the CVOC from the soil. See examples of soil
remediation using foam flushing in Table 13.1 and Fig. 13.2. Foaming surfactant
has recently gained a lot of attention as a foam-based soil-flushing technique (Zhao
et al. 2016) to remove pesticides (Wang et al. 2015), polychlorinated biphenyl
(Wang and Chen 2012), and CVOCs (Jeong et al. 2000; Maire and Fatin-Rouge
2017) from unsaturated porous media. Foam flushing mechanistically enhances
removal of NAPL by direct and indirect displacements, increased solubility, and
NAPL blob snap-off (Jeong et al. 2000). Interestingly, the foam-flushing surfactant
achieved high DNAPL removal efficiency without lowering the interfacial tension to
a critically low value, which may cause vertical migration (Jeong et al. 2000; Maire
and Fatin-Rouge 2017). Thus, unintended vertical migration of DNAPL as a result of
foam flushing should not be of serious concern when applied properly in a medium
with appropriate permeability.

Second, in addition to flushing NAPL from the soil, the NZVI that is deposited on
the soil grain, if electromagnetically induced by LF EMF, should generate heat and
speed up CVOC removal in the vadose zone via thermally enhanced volatilization
when used with SVE (Fig. 13.3). Raising the chemical vapor pressures by heating
soil in situ can decrease the remediation time as RFH does, but the lower frequency
of LF EMF should result in a lower-cost system and operation.

13.3 Generation and Characterization of F-NZVI

The F-NZVI generation requires ingredients including aqueous NZVI dispersion,
gas (typically N2 to prevent NZVI oxidation), and surfactant (as a foam stabilizing
agent) with a foam generation column. Figure 13.4 illustrates the schematic diagram
of F-NZVI generation proposed by Zhong and Li’s group from the Pacific Northwest
National Laboratory (Ding et al. 2013; Shen et al. 2011; Zhong et al. 2010). This is a
typical foam generation unit for surfactant foam flushing, except that, for F-NZVI
generation, NZVI is added into the surfactant solution (Jeong et al. 2000; Lv et al.
2017; Maire and Fatin-Rouge 2017). The F-NZVI generation unit is where N2 gas
and NZVI in surfactant dispersion (pumped by a peristaltic pump) meet at the inlet of
the column to help create F-NZVI by passing through a 60-mesh stainless steel
screen (Srirattana et al. 2017). Foam quality and stability are important properties for
using F-NZVI as a remediation agent. They are affected by surfactant performance
(type and concentration), NZVI concentration, and N2 flow rate. The foam quality
(F (%)) is defined by Eq. 13.8 (Mulligan and Eftekhari 2003):

F ¼ Vg

V lþ Vg
� 100, ð13:8Þ
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Table 13.1 Examples of surfactant foam-enhanced soil remediation

Experimental condition Surfactant Performance References

DNAPL recovery using
foam flushing followed by
surfactant flushing
(column)

Dihexyl
sulfosuccinate as a
foaming agent and
Tergitol as a solubi-
lizing agent

At pressure gradient
<90 kPa/m, 34% to 60%
DNAPL was recovered
using foam flushing, and
95% removal was
achieved using foam
flushing followed by
2 pore volumes (PVs) of
Tergitol flushing

Maire and
Fatin-Rouge
(2017)

DDT desorption from
unsaturated soil using four
different surfactants
(column)

TX-100, tween
80, Brij-35, SDS

At surfactant solution flow
rate of 3 mL/min and N2

flow rate of 57 mL/min,
the maximum DDT con-
centrations flushed out by
surfactant foam were 4.06,
1.46, 2.10, and 1.67 mg/L
for TX-100, SDS, tween
80, and Brij-35, respec-
tively. The desorption
efficiency of the surfac-
tants followed the order
TX-100 > tween
80 > SDS > Brij-35.
TX-100 showed the
highest DDT concentra-
tion in effluent due to its
relatively high
foamability, stability, and
high ability to enhance
solubility

Lv et al.
(2017)

DDT desorption from soil
using four different sur-
factants (batch)

Tween 80, TX-100,
SDS, Brij-35

The solubilizing ability for
DDT followed the order of
tween 80 > TX-
100 > SDS > Brij-35,
while the order of desorp-
tion efficiency for DDT
was TX-100
(60%) > tween
80 (40%) > Brij-35
(12%) > SDS (10%) at
surfactant concentration of
5 g/L

Wang et al.
(2015)

Remediation of
PCP-contaminated soil
(column)

TX-100, JBR 425 TX-100 (1%) foam
removed 85% and 84% of
PCP from fine sand and
sandy silt, respectively,
while JBR 425 (1%)
removed 60% and 61% of
PCP from fine sand and
sandy silt, respectively.

Mulligan and
Eftekhari
(2003)

(continued)
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Table 13.1 (continued)

Experimental condition Surfactant Performance References

Comparison of liquid and
foam injection of 1%
TX-100 indicated that the
foam removed more than
twice as much PCP in all
cases than the liquid sur-
factant solution

Removal of n-pentadecane
(column)

Triton SP series Over 74% of the
n-pentadecane was
removed at a gas-liquid
ratio of 10:1. The recovery
of n-pentadecane using
foam flushing was
increased significantly
compared with that
obtained by surfactant
solution flushing, proba-
bly due to the reduced
channeling flow effect

Huang and
Chang (2000)

Removal of residual TCE
(micromodel)

Sodium C14–16 olefin
sulfonate 2%-(w)

The surfactant foam flush-
ing removed 99% of the
residual TCE, while sur-
factant flushing removed
41% with 25 PV of the
same surfactant solution

Jeong et al.
(2000)

Surfactant foam/
bioaugmentation technol-
ogy of TCE DNAPL
(batch)

STEOL CS-330 Injecting the foam in a
pulsed operation removed
75% of the contaminant,
and adding the microbes
resulted in 95%–99%
degradation of the residual

Rothmel et al.
(1998)

HCB removal from the
soil by soil flushing using
colloidal gas aphron
(CGA) suspensions gen-
erated from a plant-based
surfactant (column)

Natural surfactant
from Sapindus
mukorossi (soapnut)

The CGA suspension
recovered 6701 g of HCB
in 12 PV compared to 8l g
by water flooding

Kommalapati
et al. (1998)

Surfactant/foam process
for removal of mixture of
TCE, TCA, and PCE
DNAPL at hill air Force
Base in Utah (field)

Sodium dihexyl
sulfosuccinate

The average DNAPL sat-
uration of the swept vol-
ume was reduced to 0.03%

Hirasaki et al.
(1997)

Remediation of
PAH-contaminated soils
using foams

Biosurfactants
þ50% ethanol

Desorption and removal of
PAHs at pressure of
33.9 kPa/m (1.5 psi/ft) or
less

Kilbane II
et al. (1997)
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where Vl and Vg are the volume of the liquid and gas components of the foam,
respectively. To quantify the foam quality, a known volume of foam sample is
collected. Then, methanol is used as a defoaming agent for each foam sample (Shen
et al. 2011; Zhong et al. 2010). The volumes of the defoamed solutions are measured
using a graduated cylinder to determine Vl. The difference between the total foam
volume and the liquid volume (Vl) is the gas volume (Vg). The amount of NZVI in
the liquid phase of each F-NZVI sample can be quantified by separating NZVI out of
the defoamed solution using magnetic separation followed by weighting of the
separated NZVI after drying in an oven at 105 �C for around 2 h. Foam stability is
defined as the time required by F-NZVI to reach half of its initial volume. The longer
the time, the greater the stability of F-NZVI. The bubble size distribution of F-NZVI
is also another foam property that is easily measured by a light microscope with
appropriate magnification.

Fig. 13.2 (a–c) Images from a micromodel during surfactant foam flooding at a capillary number
(Nca) of 1.1 � 1�5; 66% gas fraction: (a) initial TCE distribution in the micromodel, (b) after
surfactant foam injection of 5 pore volume (PV), (c) final image after surfactant foam flooding at
25 PV (Jeong et al. 2000). (Reprinted with permission from (Jeong et al. 2000). Copyright (2000)
the American Chemical Society), and (d) foam propagation and black dense nonaqueous phase
liquid (DNAPL) displacement (from left to right) after each cycle of injecting DHSS surfactant and
nitrogen in alternation in soil (SAG process). Set point ¼ 70 kPa m�1. When clearly visible, the
foam front was emphasized by a white dotted line (Maire and Fatin-Rouge 2017). Mobility
reduction factor: MRF. See more details in the work by (Maire and Fatin-Rouge 2017). (Reprinted
with permission from (Maire and Fatin-Rouge 2017). Copyright (2017) Elsevier)
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The type of surfactant greatly affects F-NZVI characteristics. We evaluated the
ability of five commercially available surfactants including PEG-20 sorbitan
monostearate (Tween 60), sorbitan monooleate (Span 80), Vertex Type 1 (proprie-
tary foaming agent for lightweight cellular concrete), Vertex Type 2 (proprietary
foaming agent for lightweight cellular concrete), and SLES to stabilize F-NZVI. We
found that only three types of surfactant including SLES, Vertex Type 1, and Vertex
Type 2 successfully generated foam and F-NZVI, while Span 80 and Tween
60 appeared to be too sparingly soluble in water to assist foam formation (Srirattana
et al. 2017). The quality of foam was very high (99.60–99.69%) both with and
without NZVI for all three surfactants that produced foam. At 1% (w/w) surfactant
without NZVI and a N2 flow rate of 125 mL/min, SLES appeared to be the most
stable (foam half-life (t1/2) ¼ 143 min) followed by Vertex Type 1 (t1/2 ¼ 130 min)
and Vertex Type 2 (t1/2 ¼ 56 min) (Fig. 13.5a). The bubble size distribution of foam

Fig. 13.3 Soil vapor extraction (SVE) with thermally enhanced volatilization by foam-based NZVI
with LF EMF
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without NZVI was from 5 to 35 μm (Fig. 13.5b). Most of the bubble sizes for foam
stabilized by Vertex Type 2 (see Fig. 13.5c) and SLES were 6–10 μm, while most of
the bubble sizes for foam stabilized by Vertex Type 1 were slightly bigger (i.e.,
11–15 μm). Interestingly, adding NZVI into the foam did not seriously alter the foam
stability for both SLES-F-NZVI (NZVI foam stabilized by SLES) (t1/2 ¼ 140 min)
and Vertex Type 1 F-NZVI (t1/2 ¼ 131 min), while NZVI substantially enhanced the
stability of the foam stabilized by Vertex Type 2, for which t1/2 became 112 min
(Fig. 13.5a), lasting twice as long as without NZVI. This similar synergetic effect of
nanoparticles (silica nanoparticles) and surfactant in foam stabilization has previ-
ously been reported (Binks et al. 2008; Lv et al. 2015). Figure 13.5d illustrates a
microscopic demonstration of surfactant-modified NZVI adsorption into the foam
bubble. Noticeably, black aggregates of surface-modified NZVI are located on the
contact line of the two phases (gas and liquid). The accumulation of surfactant-
modified NZVI on the foam surface is similar to interfacial targeting of the NAPL
source zone by amphiphilic polymer-modified NZVI in saturated porous media
reported in recent studies (Phenrat et al. 2011; Saleh et al. 2005). The film of attached
surfactant-modified NZVI on the foam bubble may increase the surface elasticity of
the foam, reduce the coarsening tendency, and enhance foam stability (Binks et al.

Fig. 13.4 F-NZVI generation unit connected to an unsaturated sand-packed column for F-NZVI
delivery
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2008). This could explain the increased stability of Vertex Type 2-F-NZVI, men-
tioned previously.

Surfactant concentration and N2 flow rate also play a substantial role on F-NZVI
stability (Srirattana et al. 2017). As shown in Fig. 13.6a, at an N2 flow rate of
125 mL/min, SLES-F-NZVI at a surfactant concentration of 3% (w/w) performed
the best in terms of foam stability (t1/2 ¼ 173 min) among the SLES concentration
from 1 to 9% (w/w). Similarly, as shown in Fig. 13.6b, at SLES concentration of 3%
(w/w), the greater the N2 flow rate, the greater the concentration of NZVI in foam. At
a N2 flow rate of 500 mL/min, SLES-F-NZVI contained NZVI as much as
33.5 � 3.7 g/L when started with an initial concentration of 50 g/L. For SLES-F-
NZVI at 3% (w/w) SLES and 500 mL/min N2 on NZVI, the carrying capacity was
67% of the NZVI stock solution.

Fig. 13.5 (a) Half-life (t1/2) of foam and F-NZVI formed by three different surfactants, (b) bubble
size distribution of foams made from three different surfactants, and micrograph of (c) Vertex Type
2 foam and (d) Vertex Type 2-F-NZVI
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13.4 Delivery of F-NZVI in Unsaturated Porous Media

As mentioned earlier, F-NZVI is supposed to perform two remediation tasks, first by
flushing CVOC from the soil and second by leaving behind NZVI for electromag-
netic induction heating that will thermally enhance SVE. Thus, understanding

Fig. 13.6 (a) Effect of SLES concentration on foam stability and (b) effect of N2 flow rate on
capability to carry NZVI in foam (the initial concentration of NZVI in stock solution ¼ 50 g/L)
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F-NZVI delivery and resulting NZVI emplacement is critical for the design of
efficient F-NZVI injection in a vadose zone. Figure 13.7 illustrates the F-NZVI
transport as well as the concept of the separation of foam, wetting, and gas fronts as
well as the NZVI deposition during foam transport in the vadose zone (Srirattana
et al. 2017; Zhong et al. 2010).

Initially, foam bubbles rupture at the foam flow front in the unsaturated soil,
releasing the foaming gas and depositing liquid as well as NZVI into the sediment.
Bubble rupture is inevitable when foam is initially injected into a porous medium
with relatively low water saturation because the initial capillary pressure in the
medium is much larger than the critical capillary pressure of foam destruction,
Pcr-foam, which is defined as the limiting capillary pressure at which foam bubbles
can flow through a porous media (Khristov et al. 2002).

By continuing to deliver F-NZVI, the wetting front moves forward, and the length
of the wetted soil increases. The liquid content in the wetted soil increases with time
until a certain saturation is reached, and the flow of foam bubbles is initiated at the
upstream end of the wetted sediment section. This is when the liquid saturation is

Fig. 13.7 Schematics of F-NZVI transport in the vadose zone at two different moisture contents (θ)
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built up, and the surfactant concentration in the liquid is increased. Consequently,
the capillary pressure of the porous medium decreases to below Pcr-foam so that foam
bubbles may stay unruptured or even be regenerated from the pore liquid and be
transported. This moisture content of soil is called the critical moisture content (θcr)
(Saiers and Lenhart 2003).

This foam transport phenomena can be illustrated through a breakthrough curve
of F-NZVI shown in Fig. 13.8a (Srirattana et al. 2017). This breakthrough curve was
generated at 50 g/L NZVI stock solution in 3% (w/w) SLES at a 500 mL/min N2

flow rate. The liquid portion of the foam (0.17%) carried 41.3 g/L of NZVI. The
transport experiments were performed using a cylindrical acrylic column, 16 cm in
length and 2 cm in inner diameter, packed with quartz sand with an average size of
0.85 mm. Sixty pore volumes (PVs) of F-NZVI was delivered into the unsaturated
sand-packed column. Notably, from the fifth PV to the 20th PV, the effluent NZVI
concentration seemed to reach a steady state at around 45% of the influent concen-
tration. The unsaturated medium filtered around half of the NZVI carried by the

Fig. 13.8 (a) Breakthrough curve of SLES-F-NZVI over 60 PVs delivered through an unsaturated
sand-packed column, (b) concentration of deposited NZVI in unsaturated porous media as a
function of distance from the inlet, and (c) the ΔT for SLES-F-NZVI deposited onto unsaturated
sand at each distance from the inlet according to the NZVI emplacement profile in (b) (Srirattana
et al. 2017). (Reprinted with permission from (Srirattana et al. 2017). Copyright (2017) Elsevier)
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foam. This finding is in good agreement with a recent study that reported that NZVI
(3 g/L) carried by foam generated by SLES (0.5% (w/w)) was filtered at approxi-
mately 20% by an unsaturated sand-packed column (grain diameter of 0.8–1.25 mm)
(Ding et al. 2013). Presumably, Srirattana’s study generated foam at a higher NZVI
concentration than Ding’s study, which caused more agglomeration of NZVI in the
foam and thus was more easily filtered out by the unsaturated porous medium.
Nevertheless, from the 20th to 60th PV, the effluent NZVI concentration gradually
increased to 100% through the unsaturated packed bed. Presumably, after the 20th

PV, the moisture content in unsaturated porous media exceeded the critical moisture
content (θcr) where immobilized NZVI started to be released at a rate proportional to
the product of the pore water velocity and the attached particle concentration as
discussed earlier (Saiers and Lenhart 2003). Nevertheless, it is worth highlighting
that, typically, the critical moisture content is from 10% to 20% of the PV (Saiers and
Lenhart 2003). Consequently, the accumulation of liquid to reach the critical mois-
ture content at the location close to the foam injection point should not significantly
result in any unintended vertical percolation of DNAPL to the underlying ground-
water (Jeong et al. 2000).

Figure 13.8b illustrates the NZVI attached to the sand in the unsaturated packed
column after 60 PVs of F-NZVI containing 100 g/L NZVI were flushed through the
column. The concentration of NZVI deposited on sand decreased exponentially with
the distance from the inlet, in good agreement with typical infiltration behavior of
colloidal and nanoparticles in an unsaturated porous medium (Ding et al. 2013). The
NZVI emplacement in an unsaturated porous medium to achieve high particle
concentrations is desirable because the greater the emplaced NZVI, the more
effective the thermally enhanced evaporation of TCE promoted by NZVI under LF
EMF. In summary, F-NZVI can be delivered and can leave behind a significant
amount of NZVI for thermally enhanced remediation.

13.5 Magnetic Induction Heating of F-NZVI

The F-NZVI can induce heat under LF EMF. The NZVI is predominantly Fe0 and
Fe3O4, both of which are magnetic, as discussed in Chap. 11. Noticeably, upon the
magnetization and demagnetization cycle, NZVI responded irreversibly, causing
hysteresis and loss of energy as heat. The degree of irreversibility, ΔU, is related
to the amount of energy dissipation upon the reversal of the field. Based on Fig. 11.2
(Chap. 11), the ΔU for NZVI is 6.7 � 104 emu G/g. Under applied LF EMF at a
current density of 13 A and a frequency of 150 kHz, the DI, SLES solution, and
SLES foam control samples without NZVI could not generate any heat. However, DI
and SLES solutions with NZVI as well as F-NZVI generated heat and substantially
raised the temperature of the suspension, as expected (Fig. 13.9). The increase in
temperature was proportional to the amount of deposited NZVI. Their heat induction
rate constants (kHI) (determined from Eq. 13.9) and maximum induced temperature
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Fig. 13.9 (a) MIH kinetics of SLES-F-NZVI in comparison to NZVI in DI water and SLES
concentration (3% (w/w)) and (b) kinetics of TCE partitioning to headspace with and without
applied LF EMF and as a function of MIH time (Srirattana et al. 2017). (Reprinted with permission
from (Srirattana et al. 2017). Copyright (2017) Elsevier)
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increases (ΔTmax/MassNZVI) significantly depended on their vehicles of delivery
(foam-based or aqueous-based vehicles):

ΔT
MassNZVI

¼ ΔTMax

MassNZVI
1� e�kHt
� �

: ð13:9Þ

Interestingly, Srirattana et al. (2017) found that SLES-F-NZVI (KHI¼ 29.94� 10�2

min�1 and ΔTmax/MassNZVI ¼ 380 �C/g) was the fastest in terms of heating kinetics,
followed by NZVI in DI water (KHI ¼ 10.14 � 10�2 min�1 and ΔTmax/
MassNZVI ¼ 186 �C/g) and NZVI in SLES solution (KHI ¼ 17.88 � 10�2 min�1

and ΔTmax/MassNZVI ¼ 74 �C/g). The difference between the heat induction rate
constants (KHI) and ΔTmax/MassNZVI generated by NZVI in the three different vehicles
may be attributed to the specific heat capacity (CP) of each carrying medium. Since the
specific heat capacity of air (1.012 J/g/C at 25 �C) is lower than the specific heat capacity
of DI water (4.1813 J/g/C at 25 �C) by a factor of around 4, it is comprehensible that the
heat induction rate constant (KHI) of SLES-F-NZVI was 3 times greater than that of the
NZVI in DI water (Srirattana et al. 2017).

As expected, SLES-F-NZVI emplaced onto unsaturated sand could also generate
heat and raise the temperature under an applied LF EMF, but the increase of
temperature was lower than that of free SLES-F-NZVI based on the same foam-
generating conditions. For example, Fig. 13.8c shows the ΔT for SLES-F-NZVI
deposited into unsaturated sand at each distance from the inlet. The maximum NZVI
deposition into the sand was 77 g/kg at 0–2 cm from the inlet. With this NZVI
emplacement profile in each segment, the induced ΔT substantially increased with
time from 5 to 15 min (Fig. 13.8c). Intuitively, the greater the emplaced NZVI, the
higher the increased ΔT at a particular MIH time. Promisingly, the ΔT values were
41 �C and 77 �C for emplaced NZVI concentrations of 22 g/kg and 45 g/kg for the
unsaturated sand segment of 2–4 cm and 0–2 cm, respectively, after 15 min of MIH.
This finding suggests that, to make SLES-F-NZVI a viable alternative for an induced
thermal remediation agent for the vadose zone, a significant amount of NZVI, at least
at a concentration of 22 g/kg to 44 g/kg, must be emplaced in the unsaturated porous
media. This could be accomplished easily by delivering F-NZVI using NZVI
dispersion at the initial concentration of 100 g/L (Srirattana et al. 2017).

13.6 Enhanced TCE Evaporation by F-NZVI Under
LF EMF

The second goal of using F-NZVI in the vadose zone is to thermally enhance SVE
performance. Thus, enhanced TCE evaporation by F-NZVI under LF EMF is an
effective key indicator of the concept. Srirattana et al. (2017) did a simple batch test
of enhanced TCE evaporation. They used a 25-ml glass vial containing 2 mL of
SLES-F-NZVI (generated using 100 g/L of NZVI in 3% (w/w) SLES and 500 mL/
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min of N2) and 17.20 g of quartz sand with three different water saturations
(WS) (5%, 25%, and 50%) and 0.25 mL (or 3.5% saturation) of pure-phase TCE
promptly capped with Teflon Mininert™. Control reactors including TCE in sand
without SLES-F-NZVI were made under the same setup with the same three
WS. The vial was insulated and placed into the center of the induction coil of the
EMF generator at 13 A and 150 kHz for MIH study for 5, 10, 15, 30, and 60 min.
The TCE evaporation due to SLES-F-NZVI coupled with MIH was quantified by
gas measurement using gas chromatography.

The control reactors (i.e., unsaturated sand with WS ¼ 5%, 25%, and 50% and
TCE (pure-phase) saturation ¼ 3.5% without SLES-F-NZVI) and the reactors with
SLES-F-NZVI but without MIH cannot generate any heat, and the temperature
remains at 25 �C for 60 min of the study. However, under an applied LF EMF,
deposited SLES-F-NZVI generated heat to achieve a temperature from 95 �C to
110 �C (ΔT from 70 �C to 85 �C) in 15 min. The amount of WS in the unsaturated
porous medium did not obviously affect the heating kinetics of the SLES-F-NZVI
reactors in LF EMF. Thus, the deposited SLES-F-NZVI concentration is the main
factor controlling the heating. As theoretically suggested, the heat generated by
SLES-F-NZVI under LF EMF substantially enhanced TCE evaporation in batch
reactors. As shown in Fig. 13.9b (presented in log scale), the TCE concentrations in
the headspace of the control reactors and SLES-F-NZVI reactors without LF EMF
application were relatively constant over 60 min of the study (i.e., 2236 � 329 mg/L
and 2114 � 465 mg/L, respectively). The degree of WS did not appear to play any
obvious role in TCE evaporation in these reactors. After around 15 min of MIH, the
TCE concentration in the headspace of all MIH reactors reached a similar maximum
concentration of 81,504 � 4751 mg/L, regardless of the degree of
WS. Consequently, the MIH of SLES-F-NZVI deposited in unsaturated porous
media at the NZVI concentration of 45 g/kg increased TCE evaporation by
39.5 � 6.6 times in comparison to the reactors without MIH. This proof-of-concept
experiment strengthens the VOC remedial feasibility using SVE thermally enhanced
by F-NZVI and LF EMF.

13.7 Comparative Analysis of the Theoretical Performance
of MIH with F-NZVI and RFH Without F-NZVI

The benefit of F-NZVI with LF EMFmay be more pronounced once we theoretically
compare the performance of LF EMF with F-NZVI to that of LF electromagnetic
heating and RFH without F-NZVI. Srirattana et al. (2017) performed this task in
their recent study. Both LF electromagnetic heating and RFH are forms of electro-
magnetic heating; the only difference is their frequencies. For the application of
F-NZVI with LF EMF in the unsaturated porous medium discussed previously, the
ΔT was 77 �C. They revealed that, given that the specific heat capacity of air is
1.006 kJ/kg K, air density is 1.184 kg/m3, the reactor volume was 1.5 � 10�5 m3,
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and the heating time was 5 min, the theoretical amount of power dissipated by MIH
(PMIH) of F-NZVI was estimated to be 4.6 � 10�3 W.

However, under LF EMF of 150 kHz and I ¼ 13 A, causing |E| to be 79.9 V/m,
even without F-NZVI, EMF would interact with the sand grain to create heat via
conduction and dielectric loss, but not magnetic loss. They estimated the theoretical
amount of power dissipated by electromagnetic heating, PEM (W) without F-NZVI,
using the following:

PEM ¼ V2πf ε0ε
00
eff Ej j2, ð13:10Þ

where V is the volume of the reactor, |E| is the magnitude of the applied electric field
(V/m), f is the irradiated frequency (1/s), ε0 is the permittivity of free space (8.85 �
10�12 F/m), and ε00eff is an effective imaginary permittivity (unitless) that is a
function of f (Revil 2013). Given that |E| ¼ 79.9 V/m, as measured from LF EMF,
ε00eff¼ 39.8 for f¼ 150 kHz (Revil 2013), and the reactor volume was 1.5� 10�5 m3

; therefore, the irradiated frequency of 150 kHz yielded PEM ¼ 3.18 � 10�5 W.
Thus, using F-NZVI with LF EMF can induce heat 145-fold more efficiently than
that via LF EMF without F-NZVI.

Similarly, they theoretically calculated the frequency of RFH necessary to pro-
duce the same theoretical amount of power dissipation obtained from PMIH. The
RFH is a form of electromagnetic heating that can be estimated using Eq. 13.10
(referred to as the theoretical amount of power dissipated by RFH (PRFH)). Given
ε00eff ¼ 15.9 for f¼ 54.5 MHz (Revil 2013), the irradiated frequency of RFH to yield
PRFH ¼ 4.6 � 10�3 W, equivalent to the PMIH, is 54.5 MHz. This is in line with the
irradiation frequency typically used in RFH remediation (500 kHz to 500 MHz
(Lowe et al. 1999, Price et al. 1999)). Notably, Srirattana et al. (2017) reported that
the irradiated frequency of RFH was approximately 360-fold greater than that
required by LF EMF when applied with F-NZVI. They also pointed out that using
F-NZVI with LF EMF could theoretically be an alternative to RFH because it does
not require as high of an irradiation frequency as RFH and should still lead to both
lower capital and operational costs versus RFH (Vermeulen and McGee 2000).

Using F-NZVI for this thermally enhanced remediation requires an extra cost for
the NZVI in comparison to LF electromagnetic heating or RFH. However, the
additional material cost is in the same range as using NZVI for saturated zone
remediation. Srirattana et al. (2017) estimated that for 60 PVs of F-NZVI delivery
to deposit enough NZVI to generate heat under LF EMF to 77 �C, given a porosity of
0.33 and foam quality of 99.84% (i.e., 99.84% air and 0.16% NZVI dispersion), only
3.16 kg of NZVI is necessary. This concurs with the NZVI mass required for
saturated zone remediation. In general, the NZVI concentration emplaced for satu-
rated zone remediation is from 1 to 20 g/L (Phenrat et al. 2010a). Thus, for one PV
injection (1 cubic meter), the mass for NZVI injection is between 0.33 and 6.6 kg
(for a NZVI concentration of 1 to 20 g/L). As a result, the material cost of F-NZVI
for this application should not be prohibitive.
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Chapter 14
Carbothermal Synthesis of Aerosol-Based
Iron-Carbon Nanocomposites
for Adsorption and Reduction of Cr(VI)

Jiawei He, Ling Ai, Yiyan Wang, Yuan Long, Chaoliang Wei,
and Jingjing Zhan

Abstract Spherical iron-carbon nanocomposites were synthesized through a facile
aerosol-based process and a subsequent carbothermal reduction. Carbothermal treat-
ment reduces iron species to zero-valent iron rather than using expensive sodium
borohydride. In addition, the high porosity of iron-carbon composites allows the
entry of contaminants to reactive sites. These composites with nanoscale zero-valent
iron particles incorporated in the carbon matrix exhibit synergistic adsorption and
reaction for more efficient removal of Cr(VI) in water. Under identical experimental
conditions, aerosol-assisted iron-carbon composites showed the highest removal
efficiency compared to other materials including nanoscale zero-valent iron parti-
cles, aerosol-assisted carbon, and their physical mixture. Meanwhile, X-ray photo-
electron spectroscopy analysis proved as-prepared iron-carbon composites could
effectively transform Cr(VI) to much less toxic Cr(III). These iron-carbon compos-
ites can be designed at low cost, the process is amenable to scale-up for in situ
application, and the materials are intrinsically benign to the environment.

Keywords Iron-carbon nanocomposite · Adsorption · Reduction · Hexavalent
chromium · Aerosol-based synthesis

14.1 Introduction

Hexavalent chromium (Cr(VI)) is a frequently detected groundwater contaminant
originating from various industrial processes such as leather tanning, pigment
synthesis, electroplating, and metal finishing (Krishnani and Ayyappan 2006;
Owlad et al. 2009). Because it is a potential carcinogen or mutagen to most
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organisms, Cr(VI) has been listed as one of priority pollutants for groundwater
contamination, and its concentration in drinking water has been regulated by many
countries. Therefore, eliminating the risks from Cr(VI) contamination has received
significant attention from both academics and industry. During the past few decades,
extensive efforts have been carried out to develop and synthesize nanomaterials with
unique reactivity and functional characteristics for environmental applications
(Wang and Zhang 1997; Al-abed and Chen 2001; Nyer and Vance 2001; Zhang
2003; Gatmiri and Hosseini 2004; Liu et al. 2005a, 2005b; He and Zhao 2007;
Phenrat et al. 2007; Li et al. 2008). For example, nanoscale zero-valent iron (NZVI)
particles are a promising approach in the treatment of Cr(VI) because of its strong
reducing ability and fast reaction kinetics. Here, NZVI serves as an electron donor,
converting Cr(VI) to its lower oxidation state trivalent chromium (Cr(III)) (Li et al.
2008; Xie and Cwiertny 2012; Huang et al. 2013). Compared to Cr(VI), Cr(III) is
300–500 times less toxic (Miretzky and Cirelli 2010). Furthermore, Cr(III) is only
sparingly soluble Cr(OH)3 (Ksp ¼ 6.3 � 10�31) at the high pH that results from Fe
(0)/H2O buffering and thus is immobilized in situ or could be completely removed as
solid waste.

However, the intrinsic ferromagnetism of NZVI particles leads to rapid aggrega-
tion, decreasing the reactivity and limiting the mobility of NZVI in the subsurface.
Prior studies have shown that the aggregation of NZVI particles can be inhibited
dramatically by adsorption of hydrophilic or amphiphilic polymers such as guar gum
(Tiraferri et al. 2008), poly(acrylic acid) (PAA) (Schrick et al. 2004), starch (He and
Zhao 2005), carboxymethyl cellulose (CMC) (He and Zhao 2007; He et al. 2007),
and triblock copolymers (PMAA-PMMA-PSS) (Saleh et al. 2005) on the NZVI
particle surface (Chap. 5). These adsorbed polymer molecules inhibit NZVI aggre-
gation and enhance solution stability through steric hindrance and/or electrostatic
repulsion, while they may decrease the reactivity by blocking reactive surface sites
(Phenrat et al. 2009) (Chap. 3). Another option is to distribute and immobilize NZVI
particles onto/into a support, generating NZVI-support composites (Chap. 2). In
addition to prevent the aggregation of NZVI particles, the main feature of these
composite particles is that the utilized supports such as functionalized silica (Zhan
et al. 2008; Zheng et al. 2008), commercial available activation carbon (Choi et al.
2008, 2009), carbon black (Schrick et al. 2004; Hoch et al. 2008), and uniform
spherical pyrolysis carbon (Zhan et al. 2009; Sunkara et al. 2010) are effective in
adsorbing dissolved contaminants, thereby increasing local concentrations of con-
taminants in the vicinity of the NZVI particles and facilitating the removal and
degradation of contaminants. Although these composite materials are effective and
feasible, the techniques to synthesize these composites are constrained by one or
more of the following limitations: costly precursors (Zhan et al. 2008, 2009; Zheng
et al. 2008), multiple steps in the process (Schrick et al. 2004; Choi et al. 2008, 2009;
Hoch et al. 2008; Sunkara et al. 2010), low iron loading percentage (Choi et al. 2008;
Zhan et al. 2009; Sunkara et al. 2010), and inappropriate size range for transport
through the subsurface (Choi et al. 2008, 2009).

In recent work from our laboratory, we demonstrated that an aerosol-based
process followed by liquid-phase reduction can be employed to prepare Fe-C
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composites, where nanoscale zero-valent iron particles were supported on the
surface of carbon particles (Zhan et al. 2011). During the aerosol process, the
“chemistry in a droplet” leads to submicrometer-sized Fe-C composites (100 nm–

1 μm), which are in the optimal size range for effective transport through a porous
medium like soil (Schrick et al. 2004; Zhan et al. 2008). Importantly, aerosol-based
carbon spheres serve as strong adsorbents for contaminants increasing local concen-
trations at the NZVI reaction sites thereby enhancing the driving force of reaction.
One current disadvantages of this process is that NZVI only can be decorated on the
carbon particle surface, which may limit the loading percentage of NZVI. Moreover,
the sodium borohydride reductant is costly, and it generates large amounts of
hydrogen during reduction, impeding the safe scale-up of the process (Hoch et al.
2008).

In this chapter, we retain the merits of our earlier work to use the aerosol-based
technology but with carbothermal treatment to produce iron-carbon composites
attempting to distribute NZVI particles throughout the carbon matrix and avoid the
use of sodium borohydride. In the obtained iron-carbon composites, NZVI particles
have been well separated on the surface of carbon and inside the carbon spheres as
well, making high loading of NZVI possible. Meanwhile, carbothermal treatment
introduces high porosity in the iron-carbon composites, allowing access of contam-
inants to internal reactive sites. In the application, these materials provide dual
functions of adsorption coupling with reaction in the removal Cr(VI) species from
the solution. Characterization of the obtained composites was carried out by SEM,
TEM, XRD, and BET. X-ray photoelectron spectroscopy (XPS) analysis was
applied to determine the predominant mechanism of the removal of Cr(VI), and
the influencing factors include solution pH; the initial contaminant concentration and
composite (NZVI) dosage were also investigated in detail. To confirm a synergistic
effect of the combined carbon/NZVI material, parallel experiments using NZVI,
carbon, and a mixture of separated NZVI and carbon, NZVI and carbon were also
tested.

14.2 Synthesis of Aerosol-Based Iron-Carbon
Nanocomposites

Figure 14.1a shows the schematic of the aerosol apparatus, consisting of an atomizer,
a heating zone, and a filter. Starting with a homogenous aqueous solution containing
sucrose and iron (II) sulfate, a commercial atomizer atomizes the solution into
droplets that undergo a heating and drying step, generating particles that are col-
lected on a filter. Figure 14.1b is a representation of the formation route of Fe-C
composites. First, continuous streams of the precursor solution are broken into a
chain of aerosol droplets after atomization. When these aerosol droplets pass through
the heating zone, the precipitation and phase transition of iron species are concom-
itant with the dehydration and carbonization of sucrose under high-temperature
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conditions, fabricating Fe3O4-C composites with Fe3O4 nanoparticles incorporated
in the carbon matrix. In the following carbothermal reduction process, a “self-redox”
reaction occurs in the Fe3O4-C composites, where entrapped Fe3O4 particles are
thermally reduced by the carbon frameworks (present in excess), resulting in the
formation of final product Fe-C composites. The final weight percentage of zero-
valent iron in the Fe-C composites is approximately 40%. This content was deter-
mined by weighing the residual solid (Fe2O3) of a known mass of Fe-C composites
after calcination under 500 �C in the air for 4 h. It is noteworthy that Fe-C
composites can also be obtained by reduction of Fe3O4-C using hydrogen at
500 �C for 5 h, which is very similar to the reduction process used for production
of RNIP (Toda Kogyo Corp.) (Uegami 2007). In both cases, we have found Fe-C
composites with the same requisite characteristics.

Fig. 14.1 (a) Schematic of the aerosol-based process and (b) schematic of the synthesis route
for iron-carbon composites
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14.3 Characterization of Aerosol-Based Iron-Carbon
Nanocomposites

The morphology and microstructure of as-made particles were analyzed through
scanning and transmission electron microscopy. Figure 14.2 shows representative
SEM and TEM images of Fe3O4-C composites obtained from the aerosol process.
Apparently, Fe3O4-C composites are spherical with sizes ranging from 100 nm to
1 μm, characteristic of particles synthesized by the aerosol-based technique. The
rough surface as indicated in SEMs (Fig. 14.2a, b) shows some Fe3O4 particles are
embedded on the surface of carbon matrix. Meanwhile, TEM images as displayed in
Fig. 14.2c, d suggest that Fe3O4 particles also can be found in the inside of carbon
spheres, where Fe3O4 are visualized clearly with dark spots due to high electron
density. Figure 14.3 shows typical images of the final product Fe-C composites
obtained after carbothermal reduction process. As shown in SEM images
(Fig. 14.3a, b), the presence of individual zero-valent iron particles embedded in
carbons implies the distribution of nanoiron throughout the carbon without aggre-
gation. TEMs in Fig. 14.3c, d further confirmed the fact that zero-valent iron
particles were incorporated in porous carbon spheres, where zero-valent iron parti-
cles with higher electron contrast are observed clearly. It is worth noting that Fe-C

Fig. 14.2 (a, b) SEM and (c, d) TEM images show the morphology of aerosol-based Fe3O4-C
composites
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composites appear to be more porous compared with Fe3O4-C composites. We
consider that the enlargement of pore structure is attributed to three aspects: carbon
consumption by carbothermal reduction, persistent carbonization under high tem-
perature, and Fe3O4 or Fe sintering. Sintering is also responsible for the observation
that the average size of zero-valent iron particles has increased in contrast to that of
Fe3O4 particles after longer carbothermal treatment times.

Figure 14.4a shows the N2 adsorption isotherms obtained for these composites.
Surface areas at 77 K were calculated based on Brunauer-Emmett-Teller (BET)
method. For Fe3O4-C and Fe-C composites, the BET surface areas were found to be
130 m2/g and 224 m2/g, respectively, and the corresponding Barrett-Joyner-Halenda
(BJH) desorption pore volumes were determined to be 0.282 cm3/g and 0.4 cm3/g.
Both samples exhibit a IV-type isotherm with H3-type hysteresis loop on the basis of
the IUPAC (International Union of Pure and Applied Chemistry) classification (Sing
1985). The type-IV isotherm is associated with the capillary condensation taking
place in mesopores, and the H3-type hysteresis loop is attributed to asymmetric slit-
shape mesopores. The type of isotherm indicates an interconnected porous system
and high pore connectivity according to the percolation theory (Seaton 1991; Liu

Fig 14.3 (a, b) SEM and (c, d) TEM images show the morphology of Fe-C composites
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et al. 2005c). In agreement with TEM images of Figs. 14.2 and 14.3, the evolution of
pore structure from Fe3O4-C composites to Fe-C composites is confirmed from the
BJH pore size distribution, illustrated in Fig. 14.4b. Clearly, a narrow pore size
distribution at the mean value of 3.4 nm is validated for Fe3O4-C composites. In
contrast, the pores in Fe-C composites are larger and various with the peaks in the
distribution centered at 3.8 nm, 4.6 nm, and 7.5 nm. The high surface area and
porosity of Fe-C composites are desired and will promote entry of contaminants into
the particles to contact the iron species within porous carbon matrixes.

The phases of iron species are verified by the XRD patterns shown in Fig. 14.5.
For particles collected directly from the aerosol process prior to the carbothermal
treatment, magnetite peaks dominate the pattern indicating that the starting material
FeSO4 transformed primarily to Fe3O4 during aerosolization. The transition of iron
oxides to element iron occurred in the carbothermal step and is temperature-
dependent. When the temperature was increased from 400 to 700 �C, partial

Fig. 14.4 (a) Nitrogen
adsorption-desorption
isotherms for Fe-C and
Fe3O4-C composite
microspheres; (b) the BJH
pore size distribution
derived from the desorption
branch of the isotherm of
composite microspheres
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reduction of magnetite took place, and FeO was the existing form of iron. Further-
more, the desired zero-valent iron was obtained at 1000 �C indicated by strong
diffraction peaks at 2θ of 45�, 65�, and 82�.

14.4 Removal of Cr(VI) in Water by Aerosol-Assisted Fe-C
Composites: Performance and Proposed Mechanism

14.4.1 Performance of Aerosol-Assisted Fe-C Composites
in the Removal of Cr(VI)

The performance of aerosol-assisted Fe-C composites in the removal of Cr(VI) is
presented in Fig. 14.6. Performance of the composite material is compared to a
physical mixture of NZVI and aerosol-assisted carbon (Fe þ C), just NZVI, and just
aerosol-assisted carbon alone under identical experimental conditions. In the exper-
iments, either 10 mg of the Fe-C composites (40% is Fe and 60% is carbon), 10 mg
of Fe þ C mixture (Fe/C ¼ 4:6), 4 mg of NZVI, or 6 mg of aerosol-assisted C was
added to water containing 10 mg L�1 of Cr(VI). These amounts were chosen to keep
the dosages of iron and carbon same. All of the materials were effective in the
removal of Cr(VI) to some extent, but the Fe-C composites afforded the best
removal. Within the first 5 min, 91% of Cr(VI) ions were removed by Fe-C
composites, and the final removal efficiency over a 2 h reaction time was 99%,
which meant that the concentration of Cr(VI) has been reduced to 0.1 mg L�1.

Fig. 14.5 XRD patterns of
particles without and with
carbothermal treatment
under various temperatures
(400 �C, 700 �C, and
1000 �C)
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In contrast, for carbon and NZVI alone, the removal efficiencies were only 63% and
68% in the first 5 min due to adsorption and reduction, respectively, and the residual
concentrations of Cr(VI) were 2.5 mg L�1 and 1.7 mg L�1, respectively, after 2 h. It
is worth noting that the Fe þ C mixture showed a greater capacity for removal of Cr
(VI) than individual NZVI or carbon, and the removal efficiency reached 81% and
89% in 5 min and 2 h, respectively, but was lower than the aerosol-assisted
Fe-C. This is indicative of the synergistic effects of adsorption together with reaction
for Fe-C composites in the removal of Cr(VI), where adsorption concentrates Cr
(VI) in the vicinity of the NZVI particles and thus facilitates the reaction. This
finding is in agreement with our previous work in the remediation of trichloroeth-
ylene (TCE) (Zhan et al. 2011). The above improvements in removal efficiency
indicated that Fe-C composites have potential advantages in Cr(VI) removal.

14.4.2 Synergetic Removal Mechanism

The speciation of adsorbed chromium on the Fe-C composites was determined by
X-ray photoelectron spectroscopy. For the chromium spectra shown in the Fig. 14.7,
the photoelectron peaks for the chromium 2p3/2 and 2p1/2 centered at 577.1 and
587.6 eV, respectively, and both were similar to the binding energies of Cr(III)-
containing materials (Tang et al. 2014; Zhou et al. 2015). This data demonstrated
that adsorbed Cr(VI) anions were reduced to Cr(III) after exposure to aerosol-
assisted Fe-C composites. However, bands of Cr(III) in the XPS spectra are weak
even though batch experiments had shown that most of the Cr(VI) was removed after
contact with aerosol-assisted Fe-C composites. This discrepancy is probably because

Fig. 14.6 A comparison of
Cr(VI) removal efficiencies
by Fe-C, Fe þ C, Fe, and C
at pH ¼ 5 and an initial Cr
(VI) concentration of
10 mg L�1 (10 mg Fe-C,
10 mg Fe þ C, 4 mg Fe, and
6 mg C)
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the reduction of Cr(VI) occurs on the surface of the iron particles, which are mainly
entrapped in the interior of the composites. However, XPS only provides informa-
tion about chromium on the exterior surfaces of the particles. In addition, an
excessive dosage of Fenton’s reagent was used to re-oxidize the supernatant to
confirm if any reduced Cr(III) remained in the solution phase according to a previous
method (Cao et al. 2006). The fact that no Cr(VI) was detected after re-oxidation
further validates the immobilization efficiency of Cr(III) by Fe-C composites.

Fig. 14.7 XPS full survey
(a) and Cr 2p spectrum (b)
for Fe-C composites after Cr
(VI) removal. For
comparison, the Cr 2p
spectrum of before reaction
is shown
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14.4.3 Effect of pH

The initial pH of contaminated water is an important controlling parameter in the
removal of Cr(VI). Considering the pH value of typical natural groundwater that
ranges from 5.0 to 9.0 (Lv et al. 2011), we chose the range of pH 5–10 to evaluate the
removal efficiency of Fe-C composites. The results in Fig. 14.8a show that pH has a

Fig. 14.8 (a) Effects of the
initial pH on Cr(VI) removal
efficiency of Fe-C
composites (initial
Cr(VI) concentration,
10 mg L�1; Fe-C
dosage, 10 mg) and
(b) Cr(VI) removal
efficiencies at different
solution pH for various
materials including Fe-C,
Fe þ C, Fe, and C
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direct effect on the Cr(VI) treatment, where the removal efficiency decreased from
99% to 82% with pH increasing from 5.0 to 7.0 and then continued to drop to 77%
with pH continuously increasing to 10.0. The fact that Fe-C composites are more
effective under acidic conditions could be attributed to two aspects. On the one hand,
the pH impact on Cr(VI) removal is largely associated with the Cr(VI) chemistry in
the solution and the surface properties of the composites. Although the existing
forms of Cr(VI) ion in aqueous solutions vary with pH, all of them are anions
including HCrO4

�, CrO4
2�, and Cr2O7

2�. Hence, at lower pH, the Fe-C composites
were positively charged leading to the electrostatic attraction between Cr(VI) and the
composites. A large quantity of H+ in acidic conditions could also promote the
reaction rate of iron, accelerating the reduction of Cr(VI) to Cr(III):

2HCrO4
� þ 3Fe0 þ 14Hþ ! 3Fe2þ þ 2Cr3þ þ 8H2O ð14:1Þ

HCrO4
� þ 3Fe2þ þ 7Hþ ! 3Fe3þ þ Cr3þ þ 4H2O ð14:2Þ

However, the removal efficiency did not significantly differ under neutral and
alkaline conditions (pH ¼ 7–10) compared to the acidic condition (pH ¼ 5–7). It
may be because H+ is the limiting factor in the removal of Cr(VI) for Fe-C
composites, while competition between chromium ions and OH� plays a relatively
small role. In addition, the effect of pH on Cr(VI) removal for other types of
materials were also investigated. As shown in Fig. 14.8b, all removal efficiencies
depend on pH, and all of them were higher at lower pH. It is worth noting that the
lowest removal efficiency for Fe-C composites is still 77% at pH 10, compared to
that of bare aerosol-assisted carbon under the optimal condition, showing its poten-
tial application in heavy metal removal over a wide pH range.

14.4.4 Effect of Fe-C Dose and Initial Cr(VI) Concentration

Figure 14.9a compares the removal efficiencies in the treatment of Cr(VI) when
different amounts of Fe-C composites were employed; the initial concentration of Cr
(VI) was 25 mg L�1. Although the initial rate of uptake was not affected by the Fe-C
concentration, the final adsorbed amount was indeed affected by the Fe-C dose. The
removal efficiency for the first 5 min decreased from 98% to 94%, 91%, 85%, and
finally 82% after 2 h of contact time when the dosage of Fe-C composites was
reduced from 2 g L�1 to 1.5, 1.0, 0.75, and finally 0.5 g L�1, respectively, implying a
finite number of reaction sites for Fe-C composites. Meanwhile, the effect of initial
Cr(VI) concentration on the removal efficiency was investigated in the range of
10–50 mg L�1 as shown in Fig. 14.9b. The removal percentage of Cr(VI) decreased
as the initial Cr(VI) concentration increased. The Cr(VI) removal efficiency was
99% at 10 mg L�1 and decreased to 90%, 89%, and 81% when the initial Cr
(VI) concentration reached 15, 25, and 50 mg L�1, respectively. The data presented
in Fig. 14.9 could not be fit well to a pseudo-first-order model because the overall
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mechanism was more complicated than a simple chemical reaction or adsorption.
While it is not clear that Cr ions are expected to preferentially interact with the
carbon or NZVI components of the Fe-C composites in our experiments, we suppose
all the Cr(VI) ions were reduced to Cr(III) on the iron surface eventually, which was
supported by aforementioned XPS analysis.

Fig. 14.9 Effects of Fe-C
composites dosage (a) and
the initial Cr
(VI) concentration (b) on Cr
(VI) removal efficiency
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14.5 Conclusion

Iron-carbon nanocomposites with a spherical mesoporous structure were fabricated
through a simple aerosol-assisted process followed by an inexpensive carbothermal
reduction process with only common sucrose and ferrous sulfate as starting mate-
rials. These composites exhibit dual functionalities in the removal of Cr(VI), where
carbon matrices allow adsorption of Cr(VI) and immobilization of iron nanoparticles
prevents zero-valent nanoiron aggregation, thereby providing enhanced reactivity
compared to NZVI alone. XPS analysis proved Fe-C composites could effectively
transform Cr(VI) to Cr(III), which is much less toxic. Meanwhile, these composites
display high efficiency compared to other materials including a physical mixture of
separated NZVI and aerosol-assisted carbon, NZVI alone, and aerosol-assisted
carbon alone, which indicates a synergistic effect for the removal of Cr(VI) due to
the supporting the iron on the carbon surface. These iron-carbon composites can be
produced at low cost, and the process is amenable to scale-up to large reactors and
continuous processing, showing significant potential for the remediation of ground-
water and sediment contaminated with heavy metals such as Cr(VI).
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Chapter 15
Sustainable Environmental Remediation
Using NZVI by Managing Benefit-Risk
Trade-Offs

Khara Grieger, Rune Hjorth, Alexis Wells Carpenter, Frederick Klaessig,
Emilie Lefevre, Claudia Gunsch, Kullapa Soratana, Amy E. Landis,
Fern Wickson, Danail Hristozov, and Igor Linkov

Abstract Ensuring the sustainable development and use of NZVI for in situ reme-
diation requires the incorporation of a multitude of factors and criteria, including
those related to technology performance, cost, potential impacts to the environment
and human health, as well as ethical, social, and legal concerns. This chapter
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provides an overview of these factors in order to help guide the sustainable devel-
opment of NZVI. Among other main results, we find that while there are promising
findings regarding its performance and effectiveness as a remediation technique,
there are also growing concerns regarding its impacts to the environment and health.
To date, most of this research has focused on the potential (eco)toxicological effects
of NZVI with limited research on broader issues such as social or ethical implica-
tions. In fact, the social implications of NZVI, including the ability for a range of
stakeholders and members of the public to be active participants in decision-making
processes, have either been minimal or nonexistent. We also find that marketplace
limitations appear to be serious obstacles to ensuring the sustainable development
and use of NZVI as an environmental remediation technology, including questions
pertaining to the validity of its cost-competitiveness. In order to balance the potential
benefits, risks, and uncertainty characteristics of NZVI, there are a number of
decision support frameworks and risk analysis tools which may be applied, including
multi-criteria decision analysis, life cycle assessment, as well as diverse risk char-
acterization or screening tools (e.g., NanoRiskCat). While several of these frame-
works and tools may be suited for NZVI in theory, very few of them have been
applied to NZVI in practice. In conclusion, these results indicate that while NZVI
has potential to reduce environmental contaminants through in situ remediation, its
development and use, particularly at field-scale sites, has not proceeded in the most
sustainable manner possible thus far. In light of this, we provide specific recom-
mendations to help ensure the sustainable development and use of NZVI, including
recommendations specific for diverse stakeholder groups such as researchers, aca-
demics, industry, and government officials.

Keywords Nanoscale zerovalent iron · Sustainability · Benefit-risk tradeoffs ·
Human health impact · Ecological impact · Decision support frameworks

15.1 Introduction

Environmental remediation involves the removal or degradation of contaminants in
polluted soil and/or groundwater using a variety of methods and techniques. The
overall goal of environmental remediation is therefore to reduce an environmental –
and in some cases also potential health – risk that is present within a contaminated
site. Specific treatment methods and approaches to reduce an environmental risk
primarily involve the degradation of contaminants through the application of differ-
ent treatment technologies, such as ex situ treatment options (e.g., pump-and-treat)
or in situ techniques (e.g., chemical oxidation, use of zero valent iron particles, etc.).
As described in previous chapters, the use of NZVI as an in situ environmental
remediation technique has increased in popularity and attention in recent years as it
has frequently been cited to be a potentially cost-effective alternative to conventional
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treatment technologies, which are often very time- and resource-intensive. In fact,
NZVI is the most widely used engineered nanomaterial in the USA and Europe for
soil and water remediation to date.

Since NZVI is a new and novel technology, many questions remain related to its
potential to cause adverse effects on the environment and human health, as is the case
with other emerging technologies employing engineered nanomaterials. For exam-
ple, it is not yet confirmed if NZVI and its various formulations pose a hazard to
organisms living in the environment, such as microbial populations in the subsurface
that are essential for ecosystem functioning. Moreover, there is at least the potential
that the use of NZVI could result in long-term issues of persistency and
bioaccumulation that may not be observed until well after the technology has been
deployed. Furthermore, there are also societal implications that need to be considered
in order to ensure the sustainable use and deployment of NZVI. For example, there are
ethical, social, and potentially legal concerns to injecting engineered nanoparticles
such as NZVI into the subsurface especially given the uncertainty regarding its
potential to cause unanticipated, adverse effects. Moreover, public participation and
involvement in decision-making regarding the use of NZVI for remediation purposes
has either beenminimal or absent thus far (Grieger et al. 2012a), potentially leading to
greater public controversies and debates regarding its use. While dedicated research
and time is needed to answer many of these questions and concerns (e.g., Grieger
et al. 2010b), many of the broader societal issues should arguably be incorporated in
the near term while this technology is still in development. Meanwhile, site
remediators, researchers, decision-makers, and regulators all need cost-effective
strategies to remediate contaminated soil and ground waters in the near term, before
many uncertainties surrounding the use of NZVI can be decreased. Therefore, diverse
stakeholder groups, including government agencies, academia, research institutes,
and industry, are interested in ways in which NZVI may be developed and used in a
sustainable manner that incorporates not only effectiveness and economic feasibility
but also additional concerns related to environmental and human health and societal
impacts (Fig. 15.1). In other words, in order for the potential benefits of NZVI to be
realized as a competitive remediation technology to clean up contaminated sites, the
environmental, health, societal, ethical, as well as economic considerations need to be
included in the development and deployment of NZVI along with decision-making
aspects throughout the entire value chain of this novel material.

This chapter provides an overview of the key factors involved and guidance for
decision support in order to promote the sustainable development and use of NZVI
for environmental remediation. More specifically, Sect. 15.2 provides a brief over-
view of the use of NZVI; Sect. 15.3 details the benefits expected from its use; Sect.
15.4 provides an overview of the main concerns regarding the potential ecological
and health risks and limitations of NZVI, as well as ethical, legal, and societal
concerns; Sect. 15.5 provides an overview of how the potential benefits and risks
of NZVI may be balanced using structured decision support tools; and finally Sect.
15.6 provides overall conclusions for the chapter and specific recommendations to
promote the sustainable use of NZVI. We hope that the information presented herein
will ultimately help promulgate the pursuit of a sustainable remediation technology
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that incorporates not only traditional factors relevant for environmental remediation,
such as cost and effectiveness of treatment options, but also broader aspects related
to environmental, health, and societal factors.

15.2 Current State of NZVI Use: Brief Overview

To date, the use of NZVI in pilot testing or field trials has been mainly in the USA
and Europe (Chap. 1). In the USA, NZVI has been used in a large number of field-
scale applications including private, residential, military, and manufacturing sites,
particularly within the southwest and eastern states (Grieger et al. 2010a; Woodrow
Wilson International Center for Scholars 2014). In Europe, there have been over a
dozen pilot tests using NZVI although only three full-scale field applications: one in
Germany and two in the Czech Republic (Mueller et al. 2012). The Project for
Emerging Nanotechnology has recorded more than 40 sites worldwide using NZVI
for nanoremediation in seven different countries (Woodrow Wilson International
Center for Scholars 2014). However, the project’s list is not all-inclusive nor
regularly updated, and new sites are being established regularly.

Of the recorded sites, chlorinated compounds including trichloroethylene (TCE),
dichloroethylene (DCE), and tetrachloroethylene (PCE) are the primary targets for
NZVI treatment. Through the use of stabilized NZVI and multiple injection sites,
near-complete remediation of field sites with chlorinated contaminants has been
demonstrated. For example, an abandoned metal processing plant in Alabama with
initial PCE and TCE concentrations of 4133 and 3710 μg/L, respectively, showed
ca. 75% removal only 7 days after injection of a carboxymethylcellulose (CMC)-
stabilized NZVI (He et al. 2010). The success of NZVI for dechlorination has

Fig. 15.1 The sustainable
development and use of
NZVI for environmental
remediation requires the
integration of cost-effective
remediation techniques,
mitigation of potential risks
related to the environment
and human health, and
consideration of societal
factors

514 K. Grieger et al.



inspired current research to focus on developing NZVI for remediation of other
halogenated compounds, such as brominated flame retardants and fluorinated com-
pounds (Keum and Li 2005; Ghauch 2008). Moreover, NZVI’s proven sorption
capabilities are being explored for removal of heavy metals and radioactive com-
plexes such as Cr(VI), As(III), As(V), and U(VI) (Yan et al. 2013).

Currently, the most significant obstacle to using NZVI in the field is its low
particle mobility, deliverability, and contaminant selectivity, which is important to
ensure a good contact between NZVI nanoparticles and the source of contamination.
This is particularly the case for uncoated (or bare) NZVI nanoparticles that tend to
aggregate and adhere to soil particles. As described in previous chapters of this book,
most field studies indicate that an average migration distance of less than 1 m can be
expected with bare NZVI (Tratnyek and Johnson 2006; Saleh et al. 2008; Müller and
Nowack 2010). To address this immobility hurdle, researchers have engineered
coated or stabilized NZVI for greater migration (Kim et al. 2009). Furthermore, at
least one study also documented that certain stabilizers allow NZVI to remain mobile
for up to 8 months under some hydrogeological conditions (Kim et al. 2009).
Currently, polymer-stabilized NZVI (e.g., carboxymethyl cellulose, poly(styrene
sulfonate), poly(aspartate)), emulsified NZVI, and bimetallic NZVI are most com-
monly employed for field-scale studies. Of course, one drawback of employing a
stabilizer is a concomitant decrease in reactivity as the surface of NZVI is covered.
Moreover, hydrophilic stabilizers that aid in mobility decrease interaction between
NZVI and hydrophobic target compounds. To address this, Saleh et al. (2005)
proposed using NZVI modified by an amphiphilic triblock copolymer that contained
polyanionic blocks to stabilize NZVI in suspension and a hydrophobic poly(methyl
methacrylate) block to drive nanoparticle adsorption to the NAPL/water interface.
They demonstrated the potential for NAPL targeting by demonstrating that polymer-
modified NZVI adsorbed strongly to NAPL/water interfaces. NZVI surface activity
was confirmed by the ability of triblock copolymer-modified NZVI to emulsify
trichloroethylene (DNAPL) or dodecane (NAPL) in water. The high emulsification
effectiveness of polymer-modified NZVI indicated that the potential for NAPL
interfacial targeting via NZVI adsorption would be enhanced by amphiphilic poly-
mer coatings on NZVI. Similarly, Phenrat et al. (2011) successfully utilized NZVI
modified by olefin-maleic acid copolymer to target dense nonaqueous phase liquid
(DNAPL) source zone in a flow-through porous media model. They reported that the
amount of olefin-maleic acid copolymer-modified NZVI that targets a NAPL source
depends on NAPL saturation (Sn), presumably because the saturation controls the
available NAPL/water interfaces for targeting and the flow field through NAPL
source. Furthermore, Edmiston et al. (2011) report on the development of Iron-
Osorb®, a composite material where NZVI is embedded in a hydrophobic
organosilane matrix, where the matrix serves to selectively sorb hydrophobic com-
pounds (e.g., TCE) and increase interaction with NZVI surfaces. A surfactant was
co-injected with Iron-Osorb® to allow proper mixing with groundwater. Along with
other improvements in injection engineering, the NZVI-silica composite was found
to have an improved sphere of influence up to 1472 m3. Clearly, the success of NZVI
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for in situ remediation will not only require complex formulations but also careful
engineering of proper drilling and injection methods.

Results from recent field studies also indicate that while the high reactivity of
NZVI serves as an advantage for quick reduction of target compounds, NZVI’s short
lifetime also serves a major obstacle for its ultimate success. These nanoparticles are
often synthesized at the site and/or are stored under inert atmospheric conditions to
maximize its reactivity prior to use. After injection, NZVI’s nonselective reductive
reactivity, not only with target contaminants but also any other reducible species,
limits its lifetime. As such, contamination levels may increase back to pre-injection
levels following exhaustion of NZVI. Improving mobility, enhancing selectivity for
targets, and exploring effective injection techniques (i.e., concentrations, composi-
tion, number of injections, etc.) are current areas of development in order to establish
this emerging material as a successful in situ remediation technique. One example of
this approach is described in Chap. 9 on the synthesis, reactivity, and lifetime of
sulfidized NZVI.

15.3 Potential Benefits of Using NZVI

Given the increased attention on the use of NZVI as a promising remediation
technique in recent years, it is not surprising that there are clear expected benefits
to its employment. These benefits primarily relate to environmental benefits, attrib-
uted to the reduction of contaminants in soil and groundwater, as well as market
(economic) benefits from its development and deployment. These aspects, including
the mechanisms behind NZVI’s ability to degrade environmental contaminants as
well as comparison to other commonly used and other in situ techniques, are
described in more detail in the subsequent sections.

15.3.1 Environmental Benefits

As an environmental remediation option, the expected environmental benefits from
the use of NZVI are clearly related to the reduction of contaminants, both in terms of
their concentrations as well as the size of contaminant plumes. Since the overall
objective of using NZVI for environmental remediation is to improve environmental
quality, its inherent use is designed to enhance environmental health and sustain-
ability. Since NZVI is one of several remediation treatment options from which a site
remediator or project manager must select, a review of these different options
including both conventional treatment techniques as well as new or emerging in
situ options for remediation is provided below.

Remediating contaminated soil and groundwater continues to be an expensive
process. A US Government Accountability Office (GAO) report from 2010 esti-
mated that the US government spent approx. $335–681 million on remediating
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contaminated sites between 2010 and 2014 (Stephenson 2010). It has also been
estimated that there are 235,000–355,000 sites that still require cleanup in the USA,
with an estimated price tag of $174–253 billion using conventional remediation
strategies (US EPA 2005). In another estimate, the cost of NZVI was significantly
lower than that of pump-and-treat and reactive barrier technologies: $450,000 for
NZVI, $2.2 million for reactive barrier technology, and $4.16 million for pump and
treat. Based on these estimates and other similar comparisons, the use of NZVI for in
situ remediation therefore has often been cited as a cost-effective technique to clean
up contaminated soil/groundwater, which may be particularly attractive for federal
agencies with limited available funds for remediation projects. However, it should
also be mentioned here that a full validation of NZVI’s cost-competitiveness is
suspected to require more long-term studies and in-depth reviews of costs related
to the production and use of NZVI across its entire life cycle (e.g., Crane and Scott
2012). In addition to cost, soil excavations and treatments of contaminated sites deep
below the surface also cause large environmental disturbances. Therefore in situ
techniques like NZVI have an advantage of avoiding these large-scale environmental
disturbances by remediating the contaminants in the subsurface.

Overall, the development of stabilized NZVI has yielded systems with increased
mobility, allowing transport of NZVI particles along and through contaminated soils
and groundwater for more efficient remediation than stationary methods. The use of
NZVI may also provide faster remediation, with timelines over the course of days to
months compared to pump-and-treat methods that can span years to decades
(Mueller et al. 2010). Other authors have, however, also suggested that longer-
term trials may be required to fully document the complete remediation capacity
of NZVI since rebound of contamination has also been observed in some cases
(O’Carroll et al. 2013).

As described in previous chapters of this book, contaminants can be degraded
into benign by-products by NZVI through reductive mechanisms. For example,
dehalogenation can occur to transform chlorinated compounds (TCE) to ethene.
Moreover, toxic metals such as Cr(VI), As(V), As(III), Pb(II), Zn(II), Cd(II), Ni(II),
and Cu(II) can be treated either by reduction or sorption/complexation (Li and Zhang
2007). However, complete degradation does not always occur, and some instances
result in the generation of compounds of equal or greater toxicity than the initial
target contaminant. For example, laboratory studies have proven NZVI is capable of
debrominating BDE-209, a toxic flame retardant with extreme hydrophobicity and
low bioavailability. However, the reaction yields an array of lower bromo congeners
that are not only just as toxic but also exhibit greater bioavailability due to decreased
hydrophobicity (Keum and Li 2005). The production of by-products is also relevant
for other remediation strategies, including thermal and chemical oxidation, and
therefore although a potential problem requiring consideration, this issue is not
completely unique to NZVI (Müller and Nowack 2010). In light of this, NZVI-
based technologies with longer reactivity times should be developed to help ensure
complete degradation to benign products. Some researchers suggest that the reduc-
tion of contaminants into congeners with greater bioavailability may enhance the
opportunity for subsequent biodegradation to occur (Jeon et al. 2013). This interplay
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between nano- and bioremediation may result in an overall more efficient treatment
strategy (see also Chaps. 7 and 10).

In terms of conventional techniques to which NZVI may be compared, pump-
and-treat and capping methods are the most widely used remediation methods. In
addition to being expensive, however, these methods do not address the ultimate
need for complete removal of the contaminant. With pump and treat, there still
remains a large amount of contaminated mass that must be treated following
excavation. Since capping methods do not actually remove contaminants from the
site, close monitoring must continue indefinitely to ensure issues do not reappear
over time. It is likely that ex situ remediation techniques will be phased out in the
coming decade (Karn et al. 2009), and therefore in situ remediation options are likely
the way forward to remediate contaminated soil and groundwater. Permeable bar-
riers provide a slight advantage over ex situ approaches in that they can capture the
contaminants for removal. While some permeable barriers are composed of bulk
zero valent iron (ZVI) such that degradation can occur, others are composed of clays
and zeolites where sorption serves as the main remediation strategy. The issue of
disposal arises for these types of passive permeable barriers though since the
contaminant is removed from the groundwater but not degraded. Furthermore,
permeable barriers often require appropriate placement and sufficient residence
time in order to achieve complete contaminant removal/degradation. Other draw-
backs include costly excavation efforts and the inability to treat areas other than
shallow aquifers.

Given this information regarding ex situ techniques, it seems clear that in situ
methods can potentially represent a more sustainable alternative to ex situ methods,
primarily due to lower anticipated remediation costs and decreased environmental
disturbances inherent to the in situ processes. In addition to NZVI treatment, other
currently practiced in situ techniques include chemical oxidation, thermal treatment,
purging/flushing methods, and bioremediation (US EPA 2013). In situ chemical
oxidation involves the use of an oxidative chemical agent that is injected into the
subsurface matrices for contaminant degradation. This process uses relatively harsh
chemical reagents that raise concerns about downstream environmental effects such
as geochemical changes (e.g., mobilization of metals) and negative impacts on
microbial communities (Crimi and Siegrist 2003). Thermal remediation treatments
employ high temperatures to mobilize and volatilize contaminants that are then
captured in collection wells. While effective, high-energy consumption and infra-
structure demands result in high costs (Müller and Nowack 2010). Variability in soil
and aquifers can also result in nonuniform heating and uncertainty in verifying the
success of the treatment. Similar to in situ chemical oxidation treatment, effects of
the high temperatures on microbial communities remain a major environmental
concern (Friis et al. 2006). Air sparging and soil vapor extraction provide an in
situ method with lower-energy requirements but are also restricted to use with
volatile contaminants. In situ flushing is another technique for mobilizing contam-
inants for capture and removal. Flushing solutions range from acidic or basic
solutions to aqueous solutions that contain chelating agents, cosolvents, or surfac-
tants depending on the identity of the target for removal. Field studies employing
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flushing techniques are few due to difficulties in distribution in the subsurface
(US EPA 2013).

Bioremediation and phytoremediation are also popular in the literature as poten-
tially sustainable techniques. Bioremediation involves using microbes or fungi to
biotically capture and degrade contaminants. For example, strains of bacteria with
known dehalogenation enzymes have been used to degrade TCE (Suttinun et al.
2013). These microbes can either be naturally occurring or can be introduced to the
contaminated site through a process called bioaugmentation. In both cases, long-
term effects on the natural floral are a concern. Phytoremediation, where vegetation
is used to treat contaminants, has proven effective in removing petroleum hydrocar-
bons, crude oil, halogenated compounds, pesticides, and explosives as well as
inorganic compounds. For example, rice grass plants are effective at removing
arsenic from contaminated soils and ground waters (Ampiah-Bonney et al. 2007).
Phytoremediation is, however, limited in its ability to treat areas far below the
surface, and the issue of disposal is a concern. As with other remediation strategies,
the generation of equally or more toxic intermediates and by-products (e.g., produc-
tion of vinyl chloride from biotic degradation of TCE) also remains a major
hindrance especially considering the longer timelines required for bioremediation
techniques (Mueller et al. 2010).

15.3.2 Market Benefits

In order for NZVI to be a truly sustainable remediation option, it must be competitive
with other treatment techniques. A part of this competition is in terms of its
marketplace performance, cost-competitiveness, in addition to issues of performance
and reactivity. Translating laboratory advances into commercial products is a chal-
lenge that crosses many product types and technologies. Furthermore, the commer-
cial success of utilizing NZVI chemistry for in situ remediation is not automatic nor
is it based solely on technical performance. In many cases, as with other in situ
remediation options, there are existing markets with established norms of practice as
well as profitability and community acceptance issues. While early claims of per-
formance and economic value may not always be confirmed in later trials or
revenues, as discussed later, the active probing of technical and economic consider-
ations is an inherent component to successful innovation.

In general, the market benefits of developing and employing NZVI for environ-
mental remediation include the NZVI market itself (i.e., developing NZVI, func-
tional coatings, etc.) and trickle-down benefits from this market (e.g., remediation
equipment based on NZVI, trained staff, etc.). As mentioned in the previous section,
NZVI is often cited as a potentially cost-effective remediation option characterized
by being a fraction of the cost compared to conventional technologies. In this way,
the potential cost-effectiveness of NZVI would help its market mature and become
established as a robust treatment option. For example, some studies have compared
the overall costs of different remediation technologies, such as the 2004 field trial of
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bimetallic NZVI at the Klockner Road site of PSE&G led PARS Environmental
(Karn et al. 2009). As mentioned above, this study resulted in the following
estimates across three different remediation technologies: $450,000 for NZVI,
$2.2 million for reactive barrier technology, and $4.16 million for pump and treat,
demonstrating that NZVI was extremely cost-effective in this case. It should be
noted here, however, that some authors have questioned the long-term suitability of
these estimates when calculating the overall marketplace benefits of NZVI (Müller
and Nowack 2010; Crane and Scott 2012; Mueller et al. 2012; O’Carroll et al. 2013).

In addition to cost comparisons, the US EPA also performed field trials on NZVI
from 2000 to 2010 to demonstrate a proof-of-concept project under field conditions
and to investigate potential market-oriented benefits of this emerging technology
(US EPA OSWER 2013). These demonstration projects involving NZVI exemplify
the fact that the NZVI market is being heavily considered by governmental agencies
as a feasible remediation strategy worthy of consideration. Related to the successful
employment of NZVI and post-remediation, future remediation costs may also be
avoided not only in regard to site cleanup but also as property values are not subject
to further losses due to proximity to contaminated sites. After site remediation, the
site may be used for other purposes that may have increased market value, such as
conversion to a recreational area and/or generally increasing the flexibility of the
overall land use. While there are potential market-related benefits to using NZVI as a
remediation option, we have identified only a few firms that advertise that they
specifically use NZVI (e.g., NANO IRON®), while many firms and suppliers
advertise that they use larger-sized iron particles (ZVI). In order to ensure market-
place success and achieve acceptance of NZVI technology, a remediation firm that is
selling or employing NZVI will likely need “brand recognition” whereby their name
is associated with successful remediation projects that span a broad spectrum of
remediation trials over heterogeneous sites.

15.3.3 Conclusion on Benefits of NZVI as Environmental
Remediation Treatment Option

Overall, there are numerous potential benefits of using NZVI for in situ remediation.
For instance, NZVI is characterized by a high and broad-spectrum reactivity as a
result of increased surface area per volume ratio and the large oxidation potential of
iron in its zero valent state (Lin et al. 2008; Chang and Kang 2009). Indeed, NZVI
has been shown to be effective against a wide range of contaminants, including
metals, nonmetallic inorganics, halogenated aliphatics and aromatics, as well as
other organic compounds (Yan et al. 2013). Thus, NZVI treatment could ideally
be used as a single strategy to remediate sites containing multiple contaminants (Lien
et al. 2007). Another benefit of NZVI is that the iron oxide-based by-products are
generally considered inert, and the short reactive lifetimes of NZVI minimize
potential long-term effects from the active material, i.e., Fe0 (Müller and Nowack
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2010). This is a significant advantage over other remediation strategies that rely upon
more persistent nanoremediation strategies, such as photocatalytic titanium dioxide
nanoparticles and sorbent carbon nanotubes. NZVI also has several additional
advantages in terms of its ease of synthesis, limited cleanup/processing prior to
use (see Chap. 2), as well as ability to be applied underneath buildings and other
infrastructures similar to other in situ techniques (Elliott and Zhang 2001).

In addition to performance and ease of use benefits, NZVI is also often cited as
being significantly cost-effective compared to conventional technologies, in terms of
both labor and energy (Karn et al. 2009). In this way, these anticipated cost-savings
has made in situ NZVI treatment a very attractive option for risk managers or site
remediators. In addition, the successful development and deployment of NZVI may
also lead to other market benefits, including the development of a specific NZVI
market and associated impacts from its use, and may lead to cost-savings for
remediators (such as federal agencies) with limited available funding for remediation
projects. It should be noted, however, that the potential cost-effectiveness of NZVI
has been questioned by several authors, and therefore future studies are needed to
validate its full, long-term cost-effective potential as a remediation option.

15.4 Potential Risks and Limitations of Using NZVI

While the previous section described the potential benefits of using NZVI as an in
situ remediation technique, this section describes some of the main concerns regard-
ing its development and use. As detailed below, there has been an increasing amount
of ecotoxicological and toxicological studies on the potential impacts of NZVI
published in the past 5–10 years which raise concerns regarding the potential
environmental and health impacts of NZVI. These studies are extremely relevant
for risk assessment purposes and for the design of clear regulatory guidelines
regarding emerging remediation techniques such as NZVI. In addition to potential
impacts on ecological and human health, other concerns exist in terms of broader
social, ethical, and legal aspects, as discussed in the latter part of this section. These
potential risks and limitations of using NZVI as an in situ remediation method are
therefore described in more detail below.

15.4.1 Ecological Risks

Since NZVI is directly injected into soil and groundwater through its intended use as
an in situ remediation technique, one of the primary concerns regarding its use and
deployment pertains to the potential impacts to ecological systems and organisms. If
NZVI were to be engineered to be more mobile in the subsurface, potential expo-
sures may occur from migration of the injected particles to surface waters. Alterna-
tively, the upward migration of NZVI during injection could place the particles into
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the rhizosphere where interactions may occur with important soil organisms such as
rhizobia, fungi, or plants. To date, there are various ecotoxicological studies
published which relate to the potential impacts of NZVI on selected ecological
receptors, and these are grouped below according to research investigations on
(i) microbial species and fungi based on in vitro models, (ii) complex microbial
communities, and (iii) macroorganisms.

15.4.1.1 In Vitro Toxicity Studies on Microbial Species and Fungi

A relatively large number of studies have been conducted in order to assess the
toxicity of NZVI on individual microbial species and fungi (Auffan et al. 2008; Lee
et al. 2008; Diao and Yao 2009; Li et al. 2010; Shah et al. 2010; Chen et al. 2011b;
Kim et al. 2011; Fajardo et al. 2012; Keller et al. 2012; Marsalek et al. 2012; Fajardo
et al. 2013; Otero-González et al. 2013; Sacca et al. 2013b; Zhou et al. 2013). These
studies primarily utilize standard in vitro toxicity assays, monitoring cell viability
(e.g., counting plate method, microscopy), metabolic activity (e.g., O2 consumption,
protein transcriptional level, enzymatic activities), or cell integrity (e.g., electron
microscopy and enzymatic assays). Overall, the effect of NZVI on prokaryotes
seems to be highly species dependent. While no toxic effect was detected on
Klebsiella spp. even at NZVI concentrations up to 10 g/L (Fajardo et al. 2012;
Sacca et al. 2013b) and sporulation seems to be used as a defense mechanism in
Bacillus species in response to NZVI exposure (Fajardo et al. 2012, 2013), severe
toxic effects have been documented for Escherichia coli (Auffan et al. 2008; Lee
et al. 2008; Li et al. 2010; Chen et al. 2011b), Pseudomonas fluorescens (Diao and
Yao 2009), and Agrobacterium spp. (Zhou et al. 2013) for concentration below 1 g/L
(i.e., 1/10th the concentration of NZVI slurries injected into the ground), and these
generally followed a standard dose-response relationship. Electron microscopic
observations showed that NZVI adsorbed on the bacterial cell wall, leading to
physical disruption of cell membranes and leakage of cellular content. The genera-
tion of reactive oxygen species (ROS) by NZVI particles (i.e., through the Fenton
reaction) is the most frequently suggested mechanism behind NZVI toxicity as
extracellular ROS can induce oxidative stress response and, in the worst-case
scenario, irreversible cell damage (Fajardo et al. 2013). Because of its acute toxicity
toward viral particles (Kim et al. 2011) and the toxic cyanobacteria Microcystis
aeruginosa (Marsalek et al. 2012), NZVI has been suggested as a potential water
disinfectant and a treatment to prevent the formation of cyanobacterial bloom. In
contrast, fungi seem to display a relatively low sensitivity toward NZVI toxicity
(Diao and Yao 2009; Shah et al. 2010; Otero-González et al. 2013). Eukaryotic
microalgae, however, present some degree of sensitivity toward NZVI (Keller et al.
2012; Marsalek et al. 2012), although less pronounced than that observed for
prokaryotic species.

As discussed above, the tendency of bare NZVI to agglomerate and oxidize
rapidly once released in the environment causes a decrease in both its transport
and reactivity, reducing its effectiveness for contaminant remediation. NZVI coated
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with synthetic polymers or surfactants has been used as an alternative to bare NZVI
in order to enhance mobility and slow down aging (i.e., oxidation). The toxic effects
of coated and aging (i.e., oxidized) NZVI particles have also been tested, and results
show a significant decrease in toxicity compared to bare NZVI (An et al. 2010; Li
et al. 2010; Zhou et al. 2013). Presumably, macromolecule surface coating of NZVI
prevents attachment of NZVI to the bacterial cell wall eliminating physical disrup-
tion of cell membranes and leakage of cellular content as well as ROS generation.

15.4.1.2 Ecotoxicity Studies on Complex Microbial Communities

An increasing number of studies have also been conducted on investigating the
toxicity of NZVI for indigenous complex microbial communities in various natural
or engineered environments (Kirschling et al. 2010; Xiu et al. 2010; Cullen et al.
2011; Fajardo et al. 2012; Barnes et al. 2010; Kumar et al. 2013; Pawlett et al. 2013;
Sacca et al. 2013a; Tislton et al. 2013; Wu et al. 2013; Yang et al. 2013). These
studies have integrated traditional microbial ecology as well as molecular techniques
but more importantly used a microcosms approach. This approach has enabled these
studies to take into account the interaction of the microbial components and the
environmental matrix, which is arguably more relevant than in vitro toxicity assays
given that the characteristics of the environmental matrix are likely modulate the
potential toxic effects of NZVI (Chen et al. 2011b; Pawlett et al. 2013).

In the explored studies, community composition was determined using tech-
niques such as fluorescence in situ hybridization, denaturing gradient gel electro-
phoresis, phospholipid fatty acid analysis profiles, environmental cloning, and
pyrosequencing. Results of these studies are confounding, and sometimes contra-
dictory, as some do not detect any change in microbial community composition
while others do. One possible explanation for this could be that the different methods
used to assess community composition display different degrees of taxonomic
resolution. As discussed above, in vitro toxicity studies showed that NZVI toxicity
was species dependent. Therefore, NZVI might be toxic to certain species and
promote more tolerant and competitive species. Furthermore, upon its addition
into an anaerobic system, NZVI decreases the redox potential, increases the pH,
and produces cathodic H2, creating environmental conditions which could select for
certain bacterial species over others and cause a shift in microbial community
composition (Xiu et al. 2010; Kumar et al. 2013). Another explanation for differ-
ences in effects observed between studies is that the soil properties and initial
bacterial populations were different prior to adding the NZVI. More studies would
be needed to elucidate the impact of environmental variables on the susceptibility of
microbial communities to NZVI.

Microbial communities play critical functions in global nutrient cycling. There-
fore, only looking at changes in community species composition gives an incom-
plete picture of the impact of NZVI on ecosystem functioning. Indeed, some
bacterial species might be functionally redundant and a shift in microbial species
might not necessarily result in functionality loss. Some of the published studies
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(Kirschling et al. 2010; Fajardo et al. 2012; Sacca et al. 2013a, b; Yang et al. 2013)
have used more functional approaches involving various molecular and enzymatic
techniques to look either at specific functional communities of interest (e.g.,
methanogens and sulfate reducers) or specific metabolic activities (e.g., oxidative
stress response and ammonia oxidation potential). Fajardo et al. (2012), who quan-
tified the expression of functional denitrifying genes in an agricultural soil amended
with 34 g/kg NZVI, did not detect any detrimental effect of NZVI. Although no
change in community composition was detected in a soil amended with 17 g/kg
NZVI, Sacca et al. (2013a, b) found that catalase was overexpressed, indicating that
soil bacteria were able to counteract the oxidative stress induced by NZVI. Other
studies have focused on particular functional microbial groups such as methanogens
or sulfate-reducing bacteria (Kirschling et al. 2010; Yang et al. 2013). Results from
these studies, again, show confounding findings. While Kirschling et al. (2010)
found that sulfate-reducing bacteria and methanogen populations of aquifer sedi-
ment increased after addition of 1.5 g/L NZVI, Yang et al. (2013) and Kumar et al.
(2013) found that methanogenesis and sulfate reduction were inhibited in digested
sludge and aquifer sediment at 1 g/L NZVI, respectively. These disparate findings
are likely related to the fact that NZVI toxicity is largely mediated by initial
environmental conditions (e.g., organic material content, physicochemical charac-
teristics such as pH, ionic strength, porosity) (Chen et al. 2011b; Pawlett et al. 2013)
and initial microbial community structure in the different environments studied.

In situ NZVI deployment may also negatively affect indigenous microbial species
whose biodegradative potential could contribute to contaminant remediation. There-
fore looking at the impact of NZVI on these particular communities is extremely
relevant to assess long-term impacts. Xiu et al. (2010) showed that targeted
trichloroethylene-degrading communities were temporarily inactivated by 1 g/L
NZVI but recovered their functionality as NZVI aged. Evidence that dechlorination
was predominantly the result of bacterial activity in this particular system was also
provided. Therefore the addition of NZVI was, in this case, detrimental to trichlo-
roethylene bioremediation. In line with these results, Tilston et al. (2013) showed
that a soil chloroaromatic mineralizing community was inhibited by the addition of
10 g/kg NZVI but that the community fully recovered functionality after 7 days.

15.4.1.3 Toxicity Studies on Macroorganisms

Toxicity studies on animals and plants have also revealed that NZVI could have a
strong negative impact (Li et al. 2009; Chen et al. 2011a; El-Temsah and Joner
2012a, b, 2013; Keller et al. 2012; Jiamjitrpanich et al. 2012, Marsalek et al. 2012,
Chen et al. 2013; Kadar et al. 2013; Ma et al. 2013; Sacca et al. 2013a). All these
studies employed standard toxicity assays or adapted assay protocols to organisms of
common occurrence in the biota considered.

The primary biological parameters measured in these studies were reproduction
success, embryological development, and adult and larval survival and growth. All
of the surveyed studies showed a severe effect of NZVI on the organisms tested,
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especially at the highest concentrations (i.e., up to 10 g/L or 17 g/kg in assays
conducted in solution and soil, respectively). Using such toxicity assays, marked
decreases in growth, reproductive success, and survival were observed for earth-
worms, collembola, and the nematode C. elegans (El-Temsah and Joner 2013; Sacca
et al. 2013a). However, Sacca et al. (2013a), who conducted a toxicity assay directly
in soil, showed that growth and reproduction of C. elegans was enhanced even at
high NZVI concentrations (i.e., 17 g/kg). This surprising result indicates, again, that
NZVI toxicity is highly dependent on the environmental matrix (Chen et al. 2011a,
b; Pawlett et al. 2013). As standard toxicity assays are not carried out under
environmental conditions, these methods are inadequate to accurately assess the in
situ toxic effects of NZVI under realistic environmental conditions. Severe effects of
NZVI on the survival of planktonic species (Keller et al. 2012; Marsalek et al. 2012;
El-Temsah and Joner 2013) as well as for the embryologic development and
fertilization success of marine organisms (sea squirt, mussel; Kadar et al. 2013)
have also been reported. Studies conducted on medaka fish showed an acute toxicity
on juveniles accompanied by an increase in larval mortality and embryologic
developmental delay or failure (Li et al. 2009; Chen et al. 2011a, b, 2013). Suggested
mechanisms explaining the delay or failure in development are again related to the
capacity of NZVI to catalyze the formation of ROS. Interestingly, Li et al. (2009)
showed that although adult fish displayed some severe histopathological and mor-
phological alterations of the gills and intestine, they were able to recover over time as
NZVI aged.

In addition to concerns on the adverse effects of NZVI to microbial populations in
the environment, concerns have also been raised in terms of NZVI’s effects on
terrestrial plants. Since plants and other autotrophic organisms serve as the primary
producers in food webs, adverse impacts and potential for bioaccumulation may
have consequences for food webs and organisms in higher trophic levels. Although
direct comparisons between studies are complicated by methodological differences,
the toxic effect of NZVI on plants seems to vary greatly across species (El-Temsah
and Joner 2012a; Jiamjitrpanich et al. 2012; Marsalek et al. 2012; Ma et al. 2013).
Several studies have demonstrated some negative impacts of NZVI in early devel-
opmental stages with germination failure and reduction of shoot growth but also in
mature plants with a reduction of growth rate. Electron microscopic observations
revealed the formation of an iron coating on plant root surfaces and occasionally
internalization of iron particles in root cells (Ma et al. 2013). These findings suggest
that iron particles could interfere with the uptake of water and nutrients by blocking
root membrane pores, thus potentially explaining a reduction of growth rate
over time.

15.4.1.4 Potential for Bioaccumulation

The potential for bioaccumulation in the food web is often one of the most significant
parameters when discussing the potential health and environmental risks of a
substance or material. This is because the ability for a substance such as a chemical
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or metal to accumulate to higher trophic levels (e.g., predators or humans) can cause
greater toxicity for these organisms. To the best of the authors’ knowledge, there
have been no published studies that have investigated the bioaccumulation potential
of NZVI. Therefore, the ability for NZVI to bioaccumulate in the environment and
within the food web remains largely unknown at this time.

15.4.1.5 Potential for Migration in the Environment

In addition to the studies documenting the hazard and toxicity potential of NZVI on a
variety of test organisms, other studies have started to shed some light on the
potential for NZVI to migrate in the environment. The migration of NZVI in the
environment would thereby increase the potential for direct exposure of NZVI for
ecological receptors as well as indirect human exposures if substantial environmen-
tal migration (e.g., to natural water bodies) were to occur. To date, most research
related to the migration of NZVI has been framed within the context of remediation
and the ability of NZVI to migrate within a contaminated plume, which is essential
for sufficient degradation of contaminants to occur. The average migration distance
for uncoated or bare NZVI has been documented to be approximately one meter,
although other studies have also cited migration to no more than a few centimeters
under most environmental conditions (Saleh et al. 2008) (Chap. 6). This is due to
contact with the surrounding environmental media, such as groundwater aquifers, as
well as other processes that may limit NZVI’s migration ability (e.g., retention due to
mineral concentrations (Ca, Mg) or ionic strength conditions; Theron et al. 2008).
However, the application of coatings, or the use of supports for the NZVI (e.g.,
carbon), many of which are designed to help migration of NZVI in the environment,
may also increase migration distances (Chaps. 5 and 6). For example, one study
documented that some coatings may allow NZVI at low particle concentration to
migrate tens or even hundreds of meters in consolidated sandy aquifers (Saleh et al.
2008). Other studies have shown that NZVI may remain mobile for up to 8 months
with the application of certain coatings and under some hydrogeological conditions
(Kim et al. 2009). These studies suggest the potential for low concentrations of
NZVI to continue to migrate in a porous medium for large distances. However, the
limited reactive lifetime of those materials suggests that exposures would likely be to
Fe-oxide reaction products rather than to reactive NZVI (Chap. 3).

15.4.2 Human Health Risks

The rapid development of nanoremediation and deployment of NZVI in the field has
naturally raised concerns regarding human health. However, because NZVI is
directly injected underground, direct exposure to NZVI is unlikely to happen outside
of inhalation from improper handling or from accidental spillage during nanoparticle
production, transport, and field application. Exposure from groundwater is also
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possible, but this would likely be exposure to the oxidized product. Nevertheless, a
few toxicity studies using human and rodent cell cultures have been conducted to
study potential hazards of NZVI in the case of skin exposure, inhalation, or inges-
tion. Keenan et al. (2009) showed a decrease of human bronchial epithelial cell
viability exposed to NZVI in vitro, suggesting that inhalation of NZVI could
potentially result in lung irritation. Phenrat et al. (2009) who assessed the neurotox-
icity of NZVI using cultured rodent microglia and neurons revealed evidence of
mitochondrial swelling and apoptosis in microglia as well as internalization of
nanoparticles in neurons. However, the oxidized product was much less toxic than
the reactive NZVI containing Fe0. Nadagouda et al. (2010), using human
keratinocyte cells as model for skin exposure, found that NZVI was damaging cell
membrane integrity.

Although sufficient literature currently does not exist to assess the potential for
transport of NZVI into groundwater or surface waters used for drinking water or
irrigation for agricultural, it could be theorized that indirect human exposures may
occur through the ingestion of food or water containing NZVI nanoparticles. This
would of course assume that NZVI would have the ability to migrate from the
contaminated site to drinking water or groundwater sources and not be filtered
through drinking water processes. While there are some studies documenting the
potential for NZVI to migrate up to 100 m in some cases when applied with certain
coatings, there are currently no data to support the migration of NZVI in the
subsurface to the extent that it could penetrate current drinking water systems. It
should also be noted that the migration of NZVI to distances up to 100 m would
likely involve transformed NZVI to iron oxide nanoparticles. Therefore, toxicity
investigations involving iron oxide nanoparticles may be more relevant than bare or
pristine NZVI nanoparticles at these distances.

15.4.3 Other Considerations: Ethical, Legal, and Social
Aspects

Assessing the sustainability of a new technology necessitates the adoption of a
broader framework for assessment than simply evaluating the potential risks it
may pose to human health and the environment. This is because the requirements
for sustainability extend beyond simply avoiding potential harm, to actively creating
and facilitating the development of socio-ecological systems that can be maintained
in a healthy state over generations and which are robust and resilient in the face of
change. Sustainability is now widely accepted as involving a “triple bottom line”
(Elkington 1997) in environmental, economic, and social dimensions should be
incorporated simultaneously (See Fig. 15.1). As some of the environmental and
economic dimensions of NZVI development and use are addressed above, this
section will highlight some of the social questions that arise and need to be
considered, including some of the ethical and legal issues at stake.

15 Sustainable Environmental Remediation Using NZVI by Managing Benefit. . . 527



15.4.3.1 Social Implications and Public Participation

The social dimension of sustainability has traditionally received less attention and
conceptual development than economic and environmental aspects (Dillard et al.
2009). Work in this field is, however, increasing both theoretically and practically,
and articulations of the types of issues that are relevant to consider in any assessment
of social sustainability are emerging. These include issues and questions concerning
distributive justice, equitable inclusion, collective agency, participatory opportunity,
political accountability, and institutional sufficiency. The generation of public
debate, community resistance, and social controversy around previous emerging
technologies, such as genetically modified organisms (GMOs) and nuclear power,
has led to a strong call for enhanced democratization of science and innovation and
enhanced public engagement in decision-making on the development and use of new
technologies. Access to participate in decision-making processes and giving people
the agency to be involved in decisions that affect them is also an element of social
sustainability. For nanotechnology generally, there has been an extensive effort to
facilitate what has been called “upstream public engagement” in the innovation and
decision-making process, although this has not been without problems (e.g.,
Delgado et al. 2011), and it has represented a significant shift in the conceptualiza-
tion of science, technology, and innovation policy.

This effort to facilitate greater public involvement in nanotechnology has, how-
ever, failed to extend to the case of nanoremediation. One recent study highlights
that although NZVI is being seriously considered, and in some cases implemented as
a viable remediation strategy in several countries, there has been very little specific
public engagement undertaken to ensure that all stakeholders are involved in
decision-making regarding this technology (Grieger et al. 2012a). While the case
has been discussed in a couple of events focused on nanotechnology broadly, the
actors that are actively developing and deploying the technology do not appear to
have made any substantial effort to advance participatory opportunities, equitable
inclusion, or collective agency in this case. Within the broader context of a clear
commitment to public engagement in nanotechnology, the lack of apparent stake-
holder and public participation in the development and use of NZVI for remediation
seems particularly noteworthy and of concern, especially since nanoremediation
may represent one of the largest point source releases of free nanoparticles into the
environment and seems to have potential for societal and environmental
implications.

As highlighted in other sections of this chapter, there are serious gaps and
uncertainties in the available knowledge on questions relating to health and envi-
ronmental risk. While such uncertainties may be a concern on their own for assessing
the sustainability of NZVI, they take on enhanced significance in light of the lack of
public engagement. When the scientific basis from which an assessment of potential
risks could be conducted is highly uncertain and still in development, then the role
for various stakeholders and publics in the evaluation of the technology becomes
particularly crucial. It is important to provide a critical evaluation of how the
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available knowledge has been framed, generated, and interpreted and to canvas a
range of different perspectives and values for informing decision-making processes.
In the case of NZVI where there seems to be challenges of translating the relevance
of the available results generated under controlled laboratory conditions into real
world contexts in which the technology is to be deployed, having a decision-making
process that is open, transparent, democratic, and empowering citizen engagement is
a crucial element of the technology’s social sustainability.

15.4.3.2 Ethical and Regulatory Implications

In addition to these concerns relating to the opportunities and mechanisms available
for inclusive and participatory decision-making, there are also potential issues
related to the impacts of the technology on social structures and organization, as
well as on resource and risk distribution concerns. As with the development of any
technology, it is important to consider the types of actors, arrangements, and
infrastructure involved and required to make the technology function (e.g., including
those not only related to the production of NZVI particles but also to their transport,
storage, and injection into sites); how the required system could lead to potential
concentrations of knowledge, money, and power; and whether the same people that
stand to benefit from the technology’s development and use are also those that will
bear the potential risks. An assessment of such factors may need to be done on a
case-by-case basis specific to the contexts within which the technology will be
deployed. However, one of the common general concerns may relate to the ability
of NZVI to actually address the root cause of the problem. That is, concerns about
whether NZVI is actually able to treat and reduce the source of the pollution or
whether use of the technology may create ongoing relations of dependence.

There may also be grounds for concerns regarding NZVI on factors of institu-
tional sufficiency and political accountability, particularly in terms of the regula-
tory frameworks that apply. NZVI currently has an unclear status as a regulated
material. That is, there is no agreed international position on whether the nano-
component of ZVI as a remediation technology is recognized as a new material or
requires any novel regulatory consideration. Since ZVI has been approved for use
and deployed in the field for extended periods of time now, NZVI may not always
be viewed by either innovation companies or regulatory agencies as a “new”
material or technology that may require investment in new knowledge or additional
regulatory scrutiny. This lack of clarity can be seen as an institutional insufficiency
potentially affecting social sustainability, particularly if interpretations of what is
required vary across national contexts.

Around the world, different nations have adopted different positions concerning
the permissibility of nanoremediation. For example, the USA has adopted a very
liberal position and already engaged in a range of commercial scale field applications
(and indeed is the country with the largest number of field applications). The Czech
Republic has also used full-scale field applications in at least two sites (Mueller et al.
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2012). Germany has run limited and controlled field trials, seeking to gather more
information and knowledge before proceeding to widespread use (DEFRA 2011),
while the UK has effectively adopted a precautionary stance, with no use of
nanoremediation techniques being encouraged before more knowledge is available
on potential risks (The Royal Society and The Royal Academy of Engineering
2004). However, the proposed EU definition of a nanomaterial, i.e., that 50% of
the material by particle number have at least one dimension that is less than 100 nm,
makes NZVI a “nanomaterial” that requires special attention during product regis-
tration and use.

While the use of all remediation technologies must comply with local and
national environmental legislation and operators will typically need to obtain local
or regional permits to practice, under which an assessment of the safety of the
technology will be included, political accountability for the use of NZVI can be of
concern. This is because frameworks for regulating chemicals are typically devel-
oped at a national level (or at the European level for member states of the European
Commission), but for nanomaterials, specific regulatory frameworks and require-
ments are still in development and contested. This creates a situation in which the use
of NZVI or other nanoremediation technologies may be assessed at a local level,
while there may be no clear or specific position on the safety testing requirements for
nanomaterials available at a national or federal level. Social sustainability would
require that clearer lines of political accountability be established, particularly
concerning the regulatory status of nanoparticles and the authority responsible for
their assessment, as well as appropriate methods for safety testing and implementa-
tion of monitoring requirements.

15.4.3.3 Market Limitations

While the overall purpose of NZVI as an environmental remediation option is to
improve environmental quality, the market success and commercialization of
NZVI does not rely solely on its technical performance. Other factors are also at
play, including profitability, cost-effectiveness, and community acceptance of the
novel technology. In fact, developing and using novel technologies and materials
inherently requires some uncertainty in terms of its ultimate success, particularly
on a long-term basis. In this way, innovation often tests a company’s or firm’s
resilience in rebounding from potential setbacks or also in a firm’s available
resources to pursue these novel innovations. Past experience has also shown that
when innovative technologies intrude on existing marketplace relationships, these
relationships change as the technology itself matures (Utterback 1987; Utterback
and Suarez 1993).

From the standpoint of NZVI innovation for in situ remediation, there currently is
a heterogeneous landscape, in that individual contaminated sites may pose specific,
unique challenges due to differences in environmental contaminants,
hydrogeological characteristics, etc. There is currently no dominant NZVI product
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or application technique on the market and hence is still emerging as a viable
remediation technology. Decision-makers are also typically from diverse stake-
holder groups such as corporate landowners and government agencies and may
not necessarily have a deep and interconnected knowledge of each other or with
the site in question. Unlike a market defined by a commercial product, the soil and
groundwater remediation market does not respond to the typical “supply and
demand” forces, and the number or state of the contaminated sites do not change
in light of available budgets, for example. Furthermore, environmental remediation
also inherently involves public health considerations regarding drinking water
quality and agricultural water use, among other issues. This heterogeneous land-
scape can be particularly challenging for NZVI as an emerging technology.

There are also unique challenges to NZVI’s marketplace sustainability related to
its novel properties as well as use in the subsurface. For instance, NZVI’s novel
chemistry employed, particularly if applied with various coatings, may create new
supply chains as the marketplace emerges. These novel properties may also play a
large role in terms gaining public trust and acceptance of this emerging technology,
particularly if they lead to adverse impacts to health or the environment. Further-
more, subsurface chemical reactions may be difficult to monitor and which impact its
market mature, although this is similar to other in situ treatment options as well.
Finally, and perhaps more importantly, is the issue of whether NZVI is in fact a cost-
effective environmental remediation option. While there have been some early
reports documenting the potential cost-effectiveness of NZVI (e.g., Karn et al.
2009), other authors have also questioned whether more long-term studies which
investigate the remediation capacity of NZVI may be needed as well as the inclusion
of all costs related to its development and deployment. For instance, Müller and
Nowack (2010) and Crane and Scott (2012) estimate that in order for NZVI to be
cost-competitive with other in situ remediation options such as chemical oxidation,
the price of NZVI should be reduced by a fifth to a tenth of current prices on a per kg
basis. Others have also suggested that the full costs of NZVI development and
deployment need to be considered such as the inclusion of the costly premiums
when deploying NZVI as well as expensive manufacturing costs (Crane and Scott
2012). Based on cost-benefit analyses of NZVI, the German Federal Institute for
Geosciences and Natural Resources concluded that the NZVI market was not yet
ready for large-scale applications (Mueller et al. 2012). Therefore, these marketplace
limitations appear to be serious obstacles to ensuring the sustainable development
and use of NZVI as an environmental remediation technology.

15.4.4 Synopsis on NZVI Potential Risks and Limitations

Overall most research on the potential risks of NZVI have focused on performing
(eco)toxicological studies (i.e., hazard potential) of NZVI as opposed to studies
which have investigated potential exposures or ethical, societal, or legal implica-
tions. Looking across these studies which have been published in the last decade and
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particularly within the past 5 years, it is clear that there have been documented
impacts on various microorganisms (microbes, fungi) and macroorganisms (plants,
fish, aquatic and terrestrial species) as well as impacts on microbial communities and
environmental systems. Most of these studies have shown that NZVI toxicity is
species dependent and dose-response patterns have been documented in many cases.
In addition to impacts on various test organisms, NZVI was also found to alter
environmental conditions, such as redox potential, pH, etc., which have direct
implications for surrounding microbial community compositions, some of which
are critical to help aid the degradation of environmental contaminants. Also, the
primary mechanism for toxicity based on the current literature is the development of
ROS. At the same time, however, research in this field (similar to other engineered
nanomaterials) is still evolving, and several of the studies produced confounding,
and in some cases contradictory, results. This may be due to the use of different test
methods or varying environmental conditions or initial microbial community struc-
tures between the studies. In terms of promoting the sustainable development of
NZVI, several studies documented that coated or oxidized (aged) NZVI often
reduced toxicity to various organisms.

It is expected that uncoated (bare) NZVI will only migrate a short distance in the
environment which would reduce potential environmental exposures. However,
other research also indicates that the application of certain coatings and under
some hydrogeological conditions may increase the migration distances of NZVI
up to tens or even hundreds of meters. If these migration distances would occur, this
would increase the exposure potential of NZVI to a variety of ecological receptors as
well as increase potentials for indirect human exposures. Most human exposures,
however, are expected to derive from exposures during manufacturing, handling, as
well as unintended use patterns (e.g., accidental spillage).

Implications of the development and use of NZVI also go beyond just the
potential risks to human health and the environment. Social, legal, and ethical
concerns must also be taken into account in order to ensure that NZVI is a
sustainable technology for remediation. The social implications of NZVI, including
the ability for a range of stakeholders and members of the public to be active
participants in decision-making processes, have either been minimal or nonexistent.
Within the broader context of a clear commitment to public engagement in nano-
technology, the lack of apparent stakeholder and public participation in the devel-
opment and use of NZVI for remediation seems particularly of concern, especially
since nanoremediation may represent one of the largest point source releases of free
nanoparticles into the environment and seems to have potential for societal and
environmental implications. In the case of NZVI, similar to other engineered
nanomaterials characterized by high degrees of uncertainty, a decision-making
process for NZVI development and deployment should be open, transparent, dem-
ocratic, and empower citizen engagement in order for the technology to be socially
sustainable.

In addition to these social concerns, questions of institutional sufficiency and
political accountability are also relevant for NZVI. Currently, the regulatory status of
NZVI is unclear, and there are no agreed international positions on whether the
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nano-component of NZVI as a remediation technology is recognized as a “new”
material or requires novel regulatory considerations. Also in terms of regulatory
implications, NZVI and other nanoremediation technologies seem to be assessed at
local levels, while there are no clear or specific positions on the safety testing
requirements for nanomaterials in general at national and federal levels. In order
for NZVI to be developed and used in the most sustainable manner, clearer lines of
political accountability should be established, particularly regarding the regulatory
status of engineered nanomaterials, the responsible regulatory body(ies), as well as
specific safety testing and monitoring requirements. Finally, marketplace limitations,
including questions of its true cost-competitiveness, appear to be serious obstacles to
ensuring the sustainable development and use of NZVI as an environmental reme-
diation technology.

15.5 Balancing Benefits and Risks Using Structured
Decision Support Frameworks

Given the information presented in the preceding sections on the potential benefits,
risks, and uncertainties of NZVI as an environmental remediation technique, the
work of many decision-makers may not be necessarily straightforward regarding the
development and/or deployment of NZVI. This is similar to the use of other
engineered nanomaterials, in which completing standard risk assessments is ham-
pered by the significant degrees of both quantitative and qualitative forms of
uncertainty (e.g., Grieger et al. 2009; Wickson et al. 2010). Therefore, decision-
makers may not necessarily have the best tools available when deciding upon which
remediation strategy to use in a given site if decisions are to be made on traditional
risk assessment frameworks or other conventional strategies like cost-benefit anal-
ysis (Grieger et al. 2012b). This is especially true for regulatory agencies that operate
on limited funding and need to demonstrate clear, transparent decision-making
processes.

Decision-making in environmental remediation is a complex task involving
trade-offs among economic and environmental benefits and risks. Some of the key
questions an environmental engineer or site manager may ask are the following:
Which remediation technology is best suited for the given site? What is the best
method to decide which tool to use that is both transparent and defensible? How can
decisions be made in a structured, transparent manner that incorporates diverse
stakeholder preferences, if needed? Two of the main approaches for decision support
when selecting between alternative remediation technologies are cost-benefit anal-
ysis and various types of risk analyses. Using these approaches would typically
involve the evaluation of various criteria such as remediation time, efficiency of
remediation, economic evaluations, as well as other parameters not easily translated
into a monetary value (e.g., environmental benefits). The balancing of these different
(and potentially competing) criteria complicates comparisons among alternative
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remediation technologies in order to select the most suitable remediation strategy or
potential strategies. One method to balance diverse criteria may be to convert them in
a manner which makes comparisons easier, such as converting them to a common
“currency” in order to compare similar items. However, the incorporation of stake-
holder preferences may also be important in many cases since remediation decisions
may potentially involve social or ethical considerations as described in previous
sections (e.g., public participation).

At the moment, there is currently no single assessment framework that takes a
holistic view of the sustainability of remedial actions particularly involving
engineered nanomaterials such as NZVI. Therefore, there is a strong demand for
methods that allow for the consideration of the potential benefits and risks of
remediation (including impacts at local and regional levels) and incorporates the
range of uncertainties and potential stakeholder values. These assessment methods
should also support broad-based participation in a robust and transparent way, as
well as be able to transfer potential risks as expenses accrued through improvement
in risk management procedures, which may be offset by the savings in insurance/risk
transfer costs (Grieger et al. 2012a). In other words, decision support tools which
help balance the potential risks, benefits, and underlying uncertainties and which
take stakeholder preferences into account in a transparent manner are needed for
remediation strategies like NZVI. These methods may be based on existing
approaches such as multi-criteria decision analysis (MCDA) (Linkov and Moberg
2012), value of information (Keisler et al. 2014), Bayesian networks (e.g., Wiesner
and Bottero 2011), or other methods including other risk screening tools, as
described below in more detail.

15.5.1 Multi-criteria Decision Analysis (MCDA)

MCDA involves a large group of methods (Belton and Stewart 2011), designed to
ensure that the synthesis of multiple sources of information is documented and
directed toward a pre-defined goal (Linkov et al. 2011). Some important examples
are MAUT/MAVT (multi-attribute utility/value theory), outranking, interactive,
goal aspiration, AHP (Analytic Hierarchy Process), ELECTRE (Elimination and
Choice Expressing Reality), PROMETHEE (Preference Ranking Organization
Method for Enrichment Evaluations), and TOPSIS (Technique for Order Preference
by Similarity to Ideal Solution) (Linkov and Moberg 2012). The MCDA methods
have the ability to integrate the opinions of multiple experts, thus decreasing the bias
of subjective judgments (Linkov et al. 2007, 2011). In this context MCDA can be
modified for single- or multiple-person perspectives, such as diverse stakeholder
groups. The multiple-person type is based on the group decision theory and involves
multiple experts or decision-makers which provide various perspectives on the
decision problem to reach objective conclusions. In this case, the MCDA algorithms
have to include consensus measures showing how much the group of decision-
makers agree or disagree on the results (Carlsson et al. 1992).
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There are several reviews of decision-analytical methods used in environmental
management of contaminated sites, including the use of MCDA (Kiker et al. 2005;
Linkov et al. 2006a, b; Onwubuya et al. 2009; Huang et al. 2011). While Kiker et al.
(2005) review applications of MCDA in real remediation projects, Onwubuya et al.
(2009) provide an overview of the available decision support methods used to select
less invasive, alternative remediation options such as phytoremediation, in situ
immobilization etc., which, among others, cover also MCDA. Onwubuya et al.
(2009) also provide an overview of the software-based decision support systems/
tools used across Europe (e.g., DESYRE, PRESTO, CARO, ROSA), including
information on the evaluation criteria they use (e.g., risk, cost, sustainability, and
socioeconomic factors). These authors conclude that the only MCDA-based decision
support tool that covers all criteria is DESYRE (Onwubuya et al. 2009). Therefore,
DESYRE is a decision support system (DSS) for selecting remediation technologies
for rehabilitation of contaminated sites, which can easily be applied to check if NZVI
is most suitable for a certain remediation project. The methodology behind DESYRE
involves three steps: the first step selects the range of suitable remediation technol-
ogies within a database according to their applicability to site-specific conditions; the
second step sets comparative criteria, while the third step develops a ranking MCDA
algorithm that compares and classifies the selected technologies (Critto et al. 2006).
The following paragraphs describe this process in more detail while Fig. 15.2 pro-
vides an overview.

Fig. 15.2 Overview of DESYRE decision support system to select suitable remediation technol-
ogies, based on Critto et al. (2006)
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Step 1 The goal of the first step is to provide a pool of remediation technologies
suitable for a contaminated site. To select the remediation technologies, two subse-
quent selection filters are applied to the input database of technologies provided by
the US EPA Federal Remediation Technologies Roundtable (FRTR). The first filter
is based on (1) commercial availability of the considered technology and (2) its
target contaminants overlapping those found in the investigated site. The second
filter is concerned with site-specific parameters (i.e., hydrogeological and physico-
chemical characteristics of the investigated environmental matrix) affecting the
feasibility of remediation technologies. This selection procedure includes three
interactive tables (A, B, C) and a characterization database, which logically drive
the expert in the selection. The A table includes the input database of technologies
and groups the cleanup technologies according to the treated contaminated matrix
(i.e., soil, surface water, or groundwater, emitted off-gas). Each technology is
characterized by (1) target contaminants, (2) the target pollutants found at the site,
(3) commercial availability, (4) applicability to site characteristics, and (5) main
benefits and disadvantages of application. The last column of the table includes a
synthetic expert judgment or evaluation. The overall process results in a pool of all
remediation technologies applicable to the study site. The B table includes only the
technologies selected by the expert in the previous Table A after application of the
first filter. It is only descriptive and provides the characterization of the selected
technologies according to a set of additional criteria, including extraction, removal
and retrieval, biodegradation, immobilization, destruction, and chemical transfor-
mation, specific cleanup effectiveness, and capability to be included in train tech-
nology treatments. The C table lists site-specific parameters that affect the
applicability of the selected technologies. Those are either related to the treated
matrix (e.g., pH, total organic carbon, hydraulic conductivity) or related to the target
contaminants (e.g., vapor pressure, solubility) (Critto et al. 2006).

Step 2 The goal of the second step is to establish a set of comparative criteria. Critto
et al. (2006) used the following six comparative criteria: reliability, course of action
(i.e., intervention condition), hazardousness, community acceptability/impacts,
effectiveness, and cost. Then the evaluation sub-criteria are associated with each
criterion. Some of those are strictly correlated with technical aspects (i.e., costs,
cleanup time, performance, reliability and maintenance, technology development
status, cleanup operation locations, train technology, hazardous reagents use, con-
taminated matrix removal, and residuals production), whereas others refer to the
potential effects on human health and the environment (i.e., dust and volatile sub-
stances emission, effects on water, and consequences to soil and community accept-
ability). For each evaluation sub-criterion, a qualitative or quantitative rating is
defined. This rating scheme allowed the so-called evaluation matrix to be obtained.
The matrix reports evaluation criteria in the columns and the selected technologies in
the rows. The evaluation matrix provides the input data for the third step in the
analysis.
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Step 3 The goal of the third step is to decide upon the most suitable remediation
technology by experts. In this step, the results from the evaluation matrix are used to
make a comparative ranking of the remediation technologies by developing a
ranking algorithm, which is based on a MCDA ranking algorithm. The results of
the rankings will be evaluated by experts, whereby the experts select the most
suitable remediation technology based on the ranking results.

The above approach demonstrates the ease and analytical rigor of this decision-
analytical process and the many benefits derived from quantitative assessments. This
displays how quantitative MCDA analysis can be integrated into a larger decision
framework and proposes a formal methodology for selection of technologies in a
remediation strategy, which can incorporate expert judgment. The application of
such approaches is promising, since decision-making can be altered for stakeholder
preferences through weighing of certain criteria more over other criteria. This could
help decision-makers decide which environmental remediation technology or which
form of NZVI may be “best” for the remediation site at hand, for example.

15.5.2 Value of Information and Bayesian Logic

Remediation of contaminated land is associated with high costs. In order to design
remediation programs that are cost-effective, it is relevant to use value of informa-
tion (VOI) analysis. VOI compares the benefit at the present state of knowledge with
the benefit from acquiring new information from site investigations (Back et al.
2007). Bayesian networks (BN) can be used to calculate the expected change, i.e.,
the value of the investigation (Back et al. 2007).

BN methods can combine mechanistic and empirical information with expert
judgment to build probabilistic forecasting models that can incorporate uncertainty
and be easily updated with new information (Wiesner and Bottero 2011). They can
integrate multiple lines of evidence to aid in decisions of whether to invest more
resources in field investigations or not. BN models are adaptable because the context
in which they are applied is always different in terms of unique site specificity,
priorities, objectives, and influence of various stakeholders. Therefore, they are
flexible in incorporating a wide range of variables and operating at different scales.

Dakins et al. (1996) were among the first to illustrate a methodology that utilizes
Bayesian Monte Carlo analysis in combination with VOI analysis to predict the
value of future data collection programs in environmental remediation. The authors
applied the methodology to the specific case study of polychlorinated biphenyl
(PCB) sediment contamination. It calculated the expected value of sample informa-
tion (EVSI) as the difference between the expected loss of the optimal decision based
on an outdated versus an updated set of data (Dakins et al. 1996). The application of
the model showed that the EVSI is most sensitive to the unit cost of remediation and
is rather insensitive to the penalty cost associated with under-remediation. The work
of Dakins et al. (1996) was followed by several other publications discussing
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applications of VOI and BN approaches to environmental remediation (Freeze et al.
1992; James and Gorelick 1994; Abbaspour et al. 1996; Cox 1999; Back 2007).

15.5.3 Risk Screening Tools

NanoRiskCat is one risk screening tool to identify, categorize, and rank exposures
and effects of engineered nanomaterials in consumer products based on current
information (Danish Ministry of the Environment 2011; Hansen et al. 2014). The
overall goal of this screening tool is to assist manufacturers, downstream end users,
regulators, and other stakeholder groups in evaluating, ranking, and finally commu-
nicating the potential exposures and effects of select nanomaterials through a tiered
approach, based on information related to the conventional form of a chemical as
well as existing data on the nanoform. Potential exposures are related to professional
end users, consumers, as well as the environment, and potential hazard effects are
related to both humans and the environment. The final outcome of the screening for a
given nanomaterial in a specific application is essentially a short title that describes
the intended use of the nanomaterial (e.g., TiO2 in sunscreen or NZVI as in situ
remediation technique) together with a five-color-coded dot display, using a traffic
light color-code model (i.e., red, yellow, green, and grey to indicate level of potential
risk for each criterion; whereby grey denotes a lack of available information). In
terms of potential exposure to the selected nanomaterial, information based on the
“location” of the nanomaterial in the application (i.e., bulk, on the surface, in a liquid
or air matrix) as well as the potential for exposure related to the description and
explanation of the process or product category (e.g., manufacture method) is taken
into consideration. In terms of the potential to cause a hazard to health or the
environment, factors such as toxicity data (e.g., genotoxic, mutagenic, carcinogenic,
etc.) as well as other factors related to more long-term concerns (i.e., persistency,
bioaccumulation, potential for irreversible harm to the environment, readily dis-
persed, and novel) are taken into account (Hansen et al. 2014).

One of the main strengths of NanoRiskCat is that it can be used in conditions of
extreme uncertainty, such as is the case with NZVI (Hansen et al. 2014). Since
traditional assessment tools (such as chemical risk assessment paradigm) signifi-
cantly struggle in cases of uncertainty, NanoRiskCat may be advantageous in this
regard. The results from using this screening tool may also be easily communicated
to interested parties, using the five-colored dot system and traffic light color coding.
At the same time, one of the weaknesses of this tool is that the cutoff values used in
the environmental hazard evaluation are based on dose by mass and it is likely that
this may not be valid for all nanomaterials (Danish Ministry of the Environment
2011). Another potential weakness of this tool is that a holistic assessment based on
expert judgment is used to evaluate the hazard potential for human health, whereby,
e.g., carcinogenicity, mutagenicity, etc., are grouped together in the evaluation
(Danish Ministry of the Environment 2011).
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While the NanoRiskCat tool has been applied to ten individual case studies thus
far involving other engineered nanomaterials (e.g., C60 in a lubricant and TiO2 in
sunscreen (Danish Ministry of Environment 2011), nanosilver in NANOVERTM
cleansing soap, C60 in a synthetic oil, and carbon nanotubes in a tennis racket
(Hansen et al. 2014)), NanoRiskCat has not yet been applied to NZVI for remedi-
ation purposes. Based on the information presented in preceding sections of this
chapter related to potential hazards and exposures of NZVI, using NanoRiskCat in
the future would seem appropriate to generate and present useful risk screening
information to a site manager, environmental engineer, regulator, or other decision-
makers when deciding upon the use of NZVI at a particular contaminated site. The
output of applying this tool to NZVI would be a short title (e.g., NZVI for in situ
remediation of chlorinated organic compounds) followed by five dots,
corresponding to the potential for health and environmental exposures and hazard
potentials based on available data.

Another risk screening approach that may be relevant for NZVI is the Nano Risk
Framework developed through a collaboration between the Environmental Defense
Fund and Dupont (ED and Dupont 2007a). This approach focuses primarily on risk
assessment and risk management aspects related to an engineered nanomaterial
across its product life cycle. The Nano Risk Framework is a structured guide that
risk assessors and managers within an organization can use to evaluate and make
decisions related to the potential risks of a nanomaterial or the product in which it is
contained. There are six main steps to completing this approach: (1) describe the
material and application, (2) describe the product life cycle(s), (3) evaluate the
potential risks to health and environment, (4) assess the risk management options,
(5) formulate decisions regarding risk management strategies, and (6) review and
adapt decisions in light of new information.

The Nano Risk Framework was actually applied to at least three documented case
studies, all of which were DuPont potential products: surface treated high-rutile
phase TiO2 in the DuPont Light Stabilizer 210 (ED and DuPont 2007b), single- and
multi-walled carbon nanotubes in polymer nanocomposites by melt processing
(ED and DuPont 2007c), and NZVI as used in in situ environmental remediation
(ED and DuPont 2007d). In regard to the case study involving NZVI, DuPont
concluded that it had “no immediate plans to implement this technology at any
DuPont site” (ED and DuPont 2007d). This was largely due to the uncertainties
related to the end products of the remediation reactions following in situ injection or
following a spill with NZVI. In addition, DuPont noted questions related to the
persistency of the nanoparticles and whether NZVI may be converted into a soluble
iron salt or hydroxide.

15.5.4 Life Cycle Assessment

Because there has been a general consensus that the potential environmental, health,
and safety risks of engineered nanomaterials should be evaluated over their life

15 Sustainable Environmental Remediation Using NZVI by Managing Benefit. . . 539



cycle, Life Cycle Assessment (LCA) has naturally been one decision-support tool
proposed to this end. LCA is a standardized decision support tool that assesses the
potential impacts of a product, technology, or service throughout its various life
cycle stages, spanning from “cradle” (i.e., raw material acquisition) to “grave” (i.e.,
end of life) (Hauschild 2005; Grieger et al. 2012c). Essentially, LCA is an approach
to quantify life cycle resource consumption and environmental impacts from a
product or services. The final results from performing LCA on a product or material
is a quantitative assessment regarding a range of environmental impacts, including
climate change, resource depletion, and human toxicity. These results are presented
on a relative basis in order to be able to compare different alternatives, which
ultimately aid in decision-making. LCA is structured into four main steps, as
shown in Fig. 15.3 below (International Organization for Standardization 2006):
(1) goal and scope definition, (2) inventory analysis, (3) impact assessment, and
(4) interpretation of the results.

Step 1: Goal and scope definition The objectives of LCA are defined. For example,
objectives of LCA can be a process LCA to quantify environmental footprints of a
product or a comparative LCA to compare environmental footprints among different
types of product or process. A system boundary and a functional unit are also
identified in this LCA step.

Step 2: Life cycle inventory analysis (LCI) Inventory data is collected from exper-
iments, literature, government reports, and LCA databases, such as USLCI,
ecoinvent, ETH-ESU, and IdeMat (Design for Sustainability Program 2001;
Frischknecht and Jungbluth 2004; National Renewable Energy Laboratory 2012;
The Centre for Life Cycle Inventories 2014). Inventory data is collected according to
the defined system boundaries and the necessity to achieve the defined goal. This
LCA step is crucial since the results rely on quality of LCI.

Step 3: Life cycle impact assessment (LCIA) The LCI data are converted to quan-
tifiable environmental impacts, such as global warming, eutrophication, acidifica-
tion, and smog formation potentials. There are two main groups of LCIA tool (Bare
et al. 2000). One is where contaminants are calculated on a midpoint basis, which

Fig. 15.3 Overview of Life
cycle Assessment
framework. (Source:
International Organization
for Standardization (2006))
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can avoid estimation in LCIA, such as Tool for Reduction and Assessment of
Chemicals and other environmental Impacts (TRACI), CML2001, and EDIP97
(Bare et al. 2003; Dreyer et al. 2003). Environmental impacts on a midpoint basis
are reported in kg equivalent (eq) of a reference material (e.g., kg CO2 eq for global
warming potential). Another group is where midpoint impact categories are allocated
into one or more damage categories or endpoint impacts, such as IMPACT 2002þ
and Eco-indicator 99 (Dreyer et al. 2003; Jolliet et al. 2003).

Step 4: Interpretation of the results In this step, LCI and LCIA results are correlated
and interpreted for more meaningful information to enable a consistent decision-
making process and provide results and explain limitations of a product or service to
the industries and decision-makers.

While these four steps outline the main approach taken in conducting LCAs, there
are other methods to consider potential impacts of a product in different life cycles
stages. For example, the term life cycle “thinking” refers to the life cycle stages
spanning from cradle to grave, cradle to gate, or cradle to cradle. Similarly, a “cradle-
to-grave” design includes all life cycle stages, while a “cradle-to-gate” design
includes up to manufacturing of life cycle stages or where the products are produced
and ready to be shipped. A “cradle-to-cradle” design includes all life cycle stages and
is a model within which wastes generated over the life cycle are recirculated and
used as a raw material in the production process.

15.5.4.1 LCA Applied to NZVI

While LCA has been applied to a number of engineered nanomaterials (Lloyd et al.
2005; Osterwalder et al. 2006; Khanna et al. 2008; Linkov et al. 2009; Lemming
et al. 2010), to the best of the authors’ knowledge, it has not been applied to NZVI
for environmental remediation specifically. Nonetheless, we provide some prelimi-
nary information below that may be used by researchers or practitioners interested in
conducting an LCA for NZVI.

Step 1: Goal and scope definition Generally, a goal and scope definition of LCA
applied to NZVI for environmental remediation would be to quantify environmental
impacts and/or trade-offs within the process or among different remediation tech-
nologies. LCA can be categorized into either a “process LCA,” where only envi-
ronmental impacts related to NZVI environmental remediation would be quantified,
or a “comparative LCA,” where environmental impacts from NZVI would be
quantified and compared to the impacts from other environmental remediation
technologies, such as thermal treatment, in situ chemical oxidation, or surfactant
cosolvent flushing, in a comparable system boundary. Comparing different scenarios
of NZVI use, varying in materials, production processes, and/or application methods
can also be referred to as a comparative LCA.

A system boundary must be clearly defined in the goal and scope definition step.
System boundaries can vary depending on the goal of the study. For example, if the
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goal is to evaluate the environmental sustainability of different NZVI particles, a
cradle-to-gate LCA must be conducted to quantify environmental impacts from the
acquisition of raw materials (e.g., iron, catalyst, nonmetallic carrier material, and
energy) through transportation and production processes, based on the designed
NZVI particles. For a cradle-to-grave LCA of NZVI, application methods (use
phase) and end of life must be included in the system boundary, as illustrated in
Fig. 15.4. With literature review, experiments, and knowledge on NZVI environ-
mental remediation technology, researchers or practitioners should be able to iden-
tify details, e.g., types and quantities of resources and processes, to be included in the
system boundary. Other factors, such as information on NZVI particles, the con-
taminated sites, application technologies, and follow-up process of the remediation,
which have an influence over the life cycle of NZVI, should also be considered.

Fig. 15.4 Example of a system boundary of NZVI for in situ environmental remediation. The
dashed line defines the system boundary of this LCA
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For a fair comparison among different scenarios, processes, or technologies,
inventories of inputs (e.g., resources and energy) and outputs (e.g., emissions and
wastes) must be converted and examined on the same functional unit basis. A
functional unit is a unit to quantitatively measure the performance of products or
services in relation to their inputs and outputs. Based on the description, a functional
unit for NZVI might be kg of NZVI particles required to remediate one km3 of
PCE-contaminated soil. The impact results could be reported in kg CO2 eq of global
warming potential or MJ of energy consumed per kg of NZVI used to remediate the
contaminated soil.

Step 2: Life cycle inventory analysis (LCI) Inventories are input and output data
related to the product or service that are collected and evaluated in order to meet the
defined goal and scope. Input data is the quantity of resources required in each
process over a life cycle of a product or service. Output data is the quantity of
emissions and wastes generated from each process over a life cycle of a product or
service. Inventories can be collected from experiments or literature, such as peer-
reviewed publications, government reports and industrial standards, and/or life cycle
databases. Several life cycle databases, such as USLCI, ecoinvent, IdeMat, and
BUWAL, are partially available on their websites and fully available via LCA
software, namely, SimaPro and GaBi (PE International 2011; PRé Consultants
2013). To date, inventory for the production of NZVI or ZVI does not exist in any
life cycle database; however, the production of high-iron content cast iron was used
to model the impact results from ZVI (Higgins and Olson 2009). It is important to
convert all inventories from their original unit to per functional unit for a fair
comparison. For example, the unit of the inventories can be converted to kg of Fe
3+/functional unit or kWh of electricity/functional unit.

In the case where the production system results in several products, one product is
defined as a primary product, while the other remaining products are defined as
coproducts. The original system boundary is then expanded to include the produc-
tion of a displaced coproduct. The process is called system expansion. The avoided
environmental impacts from the production of the coproducts are credited to the
primary product as its environmental benefits. With system expansion, issues on
impact allocation either on a mass or cost basis between the primary product and its
coproducts can be avoided.

It is useful to keep track of the inventories, for example, in a table format or an
Excel spreadsheet with original value and the value per functional unit. Moreover, it
is important to record how the inventories are obtained to ensure that they are based
on the same system boundary or under different conditions. Typically, more inven-
tories may be collected as the study is being developed to answer the goal and scope
defined and to improve the quality of the study. An example of a LCI table is given in
Table 15.1. Functional unit is, e.g., 5.5 m3 of NZVI particle or 10 ha of contaminated
site.

Some life cycle studies may omit the LCIA results and end in this LCI step. It is
acceptable to quantify and report only total inputs and outputs of the products or
processes. However, they will not be considered as a LCA study but rather a LCI
study.
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Step 3: Life cycle impact assessment (LCIA) As listed in previous sections, there are
several LCIA methods developed by institutes in European countries and the USA.
The tools developed by the European institutes, e.g., CML 2002, Eco-indicator
99, EDIP 2003, IMPACT 2002þ, and ReCiPe, were based on European databases
for European countries or globally (PRé Consultants 2000; Jolliet et al. 2003;
Technical University of Denmark 2003; The National Institute for Public Health
and the Environment (RIVM) et al. 2008; Institute of Environmental Sciences (CML)
2012). ReCiPe was developed based on eco-indicator 99 and CML 2002 methods.
The method reported both midpoint and endpoint impact categories, which were
combined in a consistent environmental framework (The National Institute for Public
Health and the Environment (RIVM) et al. 2008). The LCIA method developed by
the US agency is TRACI, which was developed particularly for the USA (Bare et al.
2003). Different LCIA methods have different impact categories (see Table 15.2).

LCIA results are normally presented in a bar graph format with an error bar
representing the possible range of results. The figure can report actual values of the
results or normalize the results to the impact from the process with the highest impact
contribution in each category. Impact results can be positive or negative. A process
with positive results indicates that the process makes a positive impact on the
environment or human health, while a process with negative results indicates that
the process can reduce or mitigate impacts. The range or uncertainty of the results
can be obtained from Monte Carlo Analysis (MCA). The results are in a distribution
curve. Generally, MCA software, such as Crystal Ball and @Risk, not only provides
uncertainty of the results but also provides sensitivity analysis results via tornado
correlation coefficient (Oracle 2008; Palisade Corporation 2010). The impact results
can be used to identify the process with a major environmental impact contribution
for area of improvements, while the results from tornado correlation coefficient
provide further information on which parameter is causing the major impact contri-
bution in that process. For example, assuming that NZVI particle production has the
highest impact contribution among all the processes, based on the tornado correla-
tion coefficient, we might find that surface area of NZVI particle is the main factor
for the high-impact contribution.

Table 15.1 Example of a life cycle inventory table for life cycle inventory analysis (LCI) step

Parameter
Original value
(unit)

Value (unit) per
functional unit

Reference
(experiment,
database, etc.) Note

Iron required during NZVI
production

A (kg/10 kg
of NZVI)

B (kg) . . . . . .

NZVI medium longevity I (year/5 ha of
the site)

J (year)

Energy consumption during
the injection (operation)

P (MJ/100
tons of NZVI)

Q (kWh) . . . . . .

Greenhouse gas emissions
from the production of Pb

X (g CO2 eqa/
50 kg of Pb)

Y (kg CO2 eq
a) . . . . . .

Functional unit is, e.g., 5.5 m3 of NZVI particle or 10 ha of contaminated site
aeq equivalent
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Table 15.2 List of impact categories of various LCIA methods

LCIA
method Impact categories Reference

TRACI Midpoint: Acidification, global warming,
carcinogenic, non-carcinogenic, respiratory
effect, ecotoxicity, eutrophication, ozone
depletion, and smog formation

Bare et al. (2003)

CML
2002

Midpoint: Abiotic depletion, acidification,
ecotoxicity – (1) freshwater aquatic,
(2) freshwater sediment, (3) marine aquatic,
(4) marine sediment, and (5) terrestrial,
eutrophication, global warming, human
toxicity, incremental reactivity, land com-
petition, malodorous air, ozone depletion,
photochemical oxidation, radiation, and
smog

Institute of Environmental Sciences
(CML) (2012)

Eco-indi-
cator 99

Endpoint: Acidification/eutrophication, car-
cinogenics, climate change, ecotoxicity,
fossil fuels, land use, mineral extraction,
ozone layer, radiation, respiratory inor-
ganics, and respiratory organics

PRé Consultants (2000)

EDIP
2003

Endpoint: Acidification, bulk waste,
ecotoxicity, (1) soil chronic, (2) water acute,
and (3) water chronic; eutrophication,
(1) aquatic (N), (2) aquatic (P), and (3) ter-
restrial, global warming, and hazardous
waste; human toxicity, (1) air, (2) soil, and
(3) water, ozone depletion, ozone depletion
(human), ozone depletion (vegetation),
radioactive waste, resources (all), and slags/
ashes

Technical University of Denmark
(2003)

ReCiPe Midpoint: Climate change, ozone depletion,
human toxicity, photochemical oxidant for-
mation, particulate matter formation, ioniz-
ing radiation, terrestrial acidification,
eutrophication, (1) freshwater and
(2) marine; ecotoxicity, (1) terrestrial,
(2) freshwater, and (3) marine; occupation,
(1) agricultural land and (2) urban land and
natural land transformation
Endpoint: Human health, ecosystem, and
resources

The National Institute for Public
Health and the Environment (RIVM)
et al. (2008)

IMPACT
2002þ

Endpoint: Acid/nutri(terrestrial), acidifica-
tion (aquatic), carcinogens, ecotoxicity
(aquatic), ecotoxicity (terrestrial), eutrophi-
cation (aquatic), global warming, land
occupation, mineral extraction,
non-carcinogenics, nonrenewable energy,
ozone depletion, radiation (ionizing), respi-
ratory inorganics, and respiratory organics

Jolliet et al. (2003)
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The following section is developed with an intention only to provide examples on
how the impact results are normally presented. The results used in Figs. 15.5 and
15.6 are all theoretical and should not be used to provide comparisons with other
studies. Figure 15.5 illustrates how LCIA results from a process LCA can be

Fig. 15.5 Examples of
LCIA results from a process
LCA: (a) actual values of
the LCIA results and (b)
normalized LCIA results.
All results are theoretical
and should not be used for
comparison with other
studies
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presented. This figure presents global warming, acidification, and eutrophication
potential results per functional unit (e.g., 100 m3 of contaminated soil). Figure 15.6
also indicates which process is the major impact contribution or the area of improve-
ment. However, by presenting actual values of the results, some impact results may
overshadow other results. In this case, the global warming and acidification potential
results overshadow the eutrophication potential result. The process with the major
eutrophication potential contribution is the most obvious result as shown in
Fig. 15.6b. Therefore, it is common in LCA to present normalized results. Impacts
from each process are normalized to the total impact of each impact category.
Normalized results can also be used to help a company protect their proprietary
data and product formula since there is no possibility to track back from the actual
results without any additional information provided.

A comparative LCA is normally conducted to quantify environmental impacts
and/or identify trade-offs among different products or methods. The results can aid
in decision-making processes on which products or methods to use. The LCIA
results in Fig. 15.6 not only indicate a process with a major impact contribution
but also show trade-offs between methods A and B. The results indicated that
method A contributes lower global warming potential but higher acidification and
eutrophication potentials compared to method B. Based on such results, a process
with the major global warming potential contribution in method A is a carrier
material in NZVI production process, while a process with the major global warming
potential contribution in method B is iron in the NZVI production process. Acidi-
fication and eutrophication potential results can be discussed in a similar format as
the global warming potential results.

Fig. 15.6 Examples of LCIA results from a comparative LCA: (a) actual values and (b) normalized
LCIA results. All results are theoretical and should not be used for comparison with other studies
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Monte Carlo Analysis is a statistical analysis where input values are randomly
selected from parameter distributions to construct an output distribution (Woller
1996). Monte Carlo simulation has been used in conjunction with LCA to evaluate
the range of possible values for a system (Soratana and Marriott 2010; Soratana et al.
2012, 2013). Figure 15.7 illustrates the resultant probability distribution for global
warming potential. The assumed results indicate that the environmental impact
would change significantly given changes to the quantity of cast iron, quantity of
steel, process flow rate, and hydraulic gradient. In this case, parameters, which are
quantity of cast iron and process flow rate, have an inverse effect, while quantity of
steel and hydraulic gradient have a direct effect on the impact. It can also be stated
that the quantity of iron is the most sensitive parameter, with an inverse effect on the
impact, and that the media longevity is the least sensitive parameter with a direct
effect on the impact.

Step 4: Interpretation of the results Interpretation of the results has to be conducted
at any step of the LCA study, as depicted in Fig. 15.3. The main objective of the
interpretation step is to provide meaningful and understandable results, conclusions,
and/or recommendations. Examples of how LCI and LCIA can be discussed and
interpreted, consistent with their goal and scope, are already provided in Step 2 and
Step 3. Typical interpretations of the results that can be made based on LCI and
LCIA are:

• Present mass/energy flow of the process to identify loss
• Processes with the highest and/or lowest impact contribution for area of

improvement
• Trade-offs among different technologies/products to support decision-making

processes
• The most sensitive parameter in each impact category to identify the cause of the

major impact contribution process

Fig. 15.7 Tornado
correlation coefficient. All
results are theoretical and
should not be used for
comparison with other
studies
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15.5.4.2 Future Steps for Applying LCA to NZVI

Traditional LCA can be applied to any generic product or technology. However, it
might not be the most suitable approach for an emerging technology such as NZVI
due to the lack of inventory data. Partially in response to this, some authors have
started to define the functional unit for LCA slightly different, to take into account
these limitations when working with this uncertainty. For instance, Lemming et al.
(2012) propose that “the management of the target treatment zone which leads to a
99% removal of the contaminant mass” could serve as the functional unit for LCA.
Moreover, multi-stakeholder collaborations are needed in order to connect, share,
and access databases which may be used to advance inventory data required by the
LCA process. Currently, the lack of inventory has led to a prospective LCA, which
examines environmental trade-offs from different scenarios of the technology,
resulting in a high uncertainty associated with the results. One proposed approach
for such emerging technologies may be an anticipatory LCA, which integrates
environmental, societal, and technological assessments. At the same time, knowl-
edge generated from anticipatory LCAs may be fed back into the technology
development process, also incorporating stakeholder feedback, in order to develop
NZVI in the most sustainable manner possible (Wender 2013).

15.5.5 Other Decision Support Tools

The previously described tools and frameworks were included in this chapter since
they are regarded as the most mature in their stage of development or have received
substantial recognition in terms of decision support. In addition to these tools
though, there are also other decision support techniques that may be relevant to
NZVI but perhaps on a broader scale, such as for risk governance or to provide risk
screening approaches. For example, Comprehensive Environmental Assessment was
developed by US EPA and applied to other case studies involving engineered
nanomaterials (US EPA 2010, 2012a, b) and may be an interesting approach in
order to elicit expert opinion in light of significant data gaps. Due to its broad focus,
it has been considered to be more of a risk governance framework than a risk
screening tool or a tool intended, for example, for risk managers for industry
(Grieger et al. 2012b). In addition, control banding has been applied to several
engineered nanomaterials and is considered a promising technique to estimate
potential risks of occupational workers combining known data on exposure and
hazard (Brouwer 2012; Riediker et al. 2012). In addition, the precautionary matrix
(Höck 2011), Stoffenmanager Nano Risk Banding Tool (van Duuren-Stuurman et al.
2011, 2012), and NanoLCRA (Shatkin 2008, 2009a, b) have all been developed
specifically for engineered nanomaterials and may be particularly useful for screen-
ing level analyses particularly for workplace health and safety analyses. A compre-
hensive review of available risk analysis and decision support tools for engineered
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nanomaterials in general is provided in Eisenberg et al. (2015) and Hoehener and
Hoeck (2013). While these aforementioned decision support tools may be applicable
and relevant to NZVI, none of them have as yet been applied to the case of NZVI for
remediation purposes.

15.5.6 Decision Support for Diverse Stakeholders

It is clear that different decision problems are likely to be faced by different
stakeholder groups and actors. For example, remediation site managers will likely
evaluate which available remediation option may be the most cost-effective,
whereby cost and performance are among the top decision criteria. Other important
factors may also include the maturity of the technology (i.e., whether it is “tried and
tested” and hence uncertainty reduced in terms of its performance), effectiveness
(i.e., how well will the technology clean up the contaminated site, reducing perfor-
mance uncertainty), and, to some extent, potential stakeholder views and preferences
depending on the relationships between the decision-maker and different stakeholder
groups. It is clear that public officials and government regulators responsible for
remediating contaminated sites are likely to consider public opinion and stakeholder
perspectives in decision-making (including the choice of remediation options), while
managers of a private environmental consulting firm, for example, may not have
mechanisms to readily incorporate public opinion or stakeholder views.

Similarly, different decisions may be best answered or supported by the use of
different decision support tools as shown in the preceding sections. As shown,
MCDA could help decision-makers choose between competing alternatives based
on select criteria. For example, MCDA may help decision-makers choose which
remediation treatment technology may be preferred based on select criteria such as
cost, effectiveness, treatment time, potential toxicity to health, potential toxicity to
the environment, as well as potential for human and environmental exposures, in
which NZVI is one of several in situ remediation technologies. Other decision
support tools may help a site manager or regulatory official better understand the
potential risks of NZVI either to health or the environment through the application of
diverse risk screening tools, including NanoRiskCat and the Nano Risk Framework.
The application of LCA can also help evaluate the potential environmental impacts
of a nanomaterial or nano-product (such as NZVI or NZVI-slurry) across its life
cycle stages and covers a broad range of impacts including climate change, resource
depletion, and toxicity which are not covered in the other risk analysis tools
presented here. In this way, not all of the decision support tools and frameworks
presented have been developed for the same purpose and for the same intention; and
hence the selection of the “right” tool(s) for the decision at hand is of the utmost
importance.

In order to promote the sustainable development and use of NZVI, using a
decision support tool that includes criteria relevant for not only potential risks to
health and the environment but also societal, ethical, and economic terms is

550 K. Grieger et al.



fundamental. This is due to the foundational nature of the concept of sustainability,
in which three “pillars” are deemed important for inclusion: protecting health and the
environment, consideration of social concerns, and ensuring economic feasibility
(Adams 2006). In the case of NZVI, choosing a decision support methodology or
approach which inherently includes these factors will help formulate decisions to
ensure the sustainable development and use of NZVI. While there is not yet an
established method or tool that integrates the fields of risk assessment and sustain-
ability formally, several attempts at doing so have been published (see Sexton and
Linder (2014) for a review). None of these, however, have been in the field of
engineered nanomaterials or have been applied to NZVI.

Nevertheless, the application of MCDA is promising for NZVI since site
remediators, regulators, or other decision-makers can use this established method-
ology along with select criteria considered important for the decision on hand (e.g.,
potential for toxicity, persistency, cost, etc.) in order to decide which treatment may
be the most sustainable option or which type of NZVI may be more sustainable than
others (e.g., emulsified NZVI, bare NZVI, etc.). Stakeholder preferences, including
public opinions on nanotechnology or contaminated soil and groundwater, may also
be factored into these analyses. To date, public participation on nanoremediation
options has been extremely limited to nonexistent (Grieger et al. 2012a), and
therefore it is advisable to increase public participation in decision-making processes
involving NZVI as this will likely lead to more sustainable outcomes. Meanwhile,
risk analysis approaches including NanoRiskCat and the Nano Risk Framework may
be coupled with LCA assessments, in order to include not only traditional parameters
in risk (e.g., toxicity, exposure, etc.) but also other dimensions important for
sustainability such as greenhouse gas emissions and resource depletions. These
methods do not typically incorporate broader societal dimensions including public
opinion; thus other governance mechanisms may also need to be applied when
relying on risk analysis or LCA methodologies for decision support.

15.6 Conclusions and Recommendations

Ensuring the sustainable development and use of NZVI for in situ remediation
requires the incorporation of a multitude of factors and criteria, including those
related to technology performance, cost, potential impacts to the environment and
human health, as well as ethical, social, and legal concerns. There is a growing body
of literature on the use and development of NZVI for remediation purposes, with
promising findings regarding its performance and effectiveness as a remediation
technique with a broad range of application. However, studies on the impacts of
NZVI are still very much within early stages. Most research on the potential
implications of NZVI have focused on the potential (eco)toxicological effects, and
very little work has focused on its social or ethical implications. As seen with other
emerging technologies, the inclusion of diverse stakeholders and public participation
can play a large role in the development of socially robust technologies. Therefore, it
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is strongly recommended that a greater emphasis is placed on ensuring an open,
transparent, and democratic process that encourages citizen engagement. Moreover,
the political accountability of NZVI’s development and use is questionable given the
fact that there are still no agreed-upon international positions on whether the nano-
component of NZVI as a remediation technology is “new” and thereby requires
novel regulatory considerations. Finally, marketplace limitations appear to be seri-
ous obstacles to ensuring the sustainable development and use of NZVI as an
environmental remediation technology, including questions pertaining to the validity
of its cost-competitiveness. These findings indicate that while NZVI has potential to
reduce environmental contaminants through in situ deployments, its development
and use, particularly at field-scale sites, has not proceeded in the most sustainable
manner possible.

When deciding upon the selection of suitable remediation technologies, be that
forms of NZVI or other engineered nanomaterials to remediate a given site, tradi-
tional approaches to decision support may be hampered by the extensive uncer-
tainties presented by nanotechnologies and nanomaterials. Alternative decision
support tools such as MCDA, VOI, and Bayesian logic may offer advantages to
traditional approaches. One type of MCDA tool (i.e., DESYRE) seems to be one of
the most promising decision support systems for selecting remediation technologies,
including the consideration of NZVI. The output from DESYRE includes the
selection of the most suitable remediation technology based on expert review from
ranking algorithm output. One of the main advantages of this approach is the
incorporation of stakeholder preferences through the weighting of some criteria
over others.

For decisions based on the potential risks of NZVI or to perform risk screening
analyses, NanoRiskCat, Nano Risk Framework, Precautionary Matrix,
Stoffenmanager Nano Risk Banding Tool, and Life Cycle Assessment may all be
suitable for NZVI. To date, however, only the Nano Risk Framework has been
applied to NZVI in documented reports. Life Cycle Assessment has great potential in
order to assess the potential impacts of NZVI along its entire life cycle chain,
although no published studies have documented its application to NZVI to date. In
light of this, we have provided some preliminary information on how LCA may be
applied to NZVI in order to aid other researchers or practitioners applying LCA in
full for NZVI. As shown, one of the most challenging obstacles to completing a LCA
for NZVI is, however, the lack of inventory data.

In conclusion, this book chapter has outlined the main factors which are important
for inclusion in order to develop and use NZVI in the most sustainable manner. More
specifically, environmental and health impacts are fundamental to incorporate not
only into decision-making processes but also in the development and deployment of
NZVI. Based on published studies, there is a clear potential to engineer or develop
NZVI using the principles of “green chemistry” including the application of various
coatings to reduce toxicity. At the same, it is clear that societal issues including
public participation and engagement are essential for NZVI to be used most sustain-
ably, particularly at field sites. While there are a number of decision support
approaches and risk analysis tools available, very few of them have been tested on
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NZVI to date. These tools and frameworks all have their advantages and disadvan-
tages and may be better suited for some decisions at hand compared to others,
including, e.g., the use of MCDA by site remediators or project managers to
determine which remediation technology is best for a given contaminated site.
Finally, while NZVI’s cost-effectiveness has often been cited as one of its main
advantages for in situ remediation, it appears that more studies should be conducted
in order to fully evaluate this, particularly for long-term time frames.

In light of these findings and the information presented in this chapter, the
following recommendations are made in order to ensure the sustainable development
and use of NZVI for environmental remediation.

• First, given the relatively limited number of studies which have investigated the
(eco)toxicity potential of NZVI, further research is needed in order to understand
NZVI’s impacts on a variety of test organisms. This should include (eco)toxicity
tests on NZVI with surface coatings and functionalizations that are most relevant
for field-scale applications. It should also include testing of fully oxidized NZVI
as this is the more likely form of the material for ecological exposures. Some of
these surface coatings and functionalizations have been shown to increase migra-
tion distances in the environment as well as potentially decrease NZVI’s toxicity.
Furthermore, exposure and ecotoxicity testing should ideally be conducted in
ecosystem-like settings given the fact that NZVI is directly injected into environ-
mental matrices under normal use conditions. Therefore, further work is needed
to better understand realistic exposure scenarios of NZVI including the applica-
tion of different surface coatings and within ecosystem-like settings.

• Second, more research is needed on NZVI’s potential for persistency and
bioaccumulation in the environment. As there are different forms of NZVI
developed and deployed, including bimetallic NZVI, a better understanding of
the potential for these various forms of NZVI to persist and potentially
bioaccumulate in the environment is critical to understanding the long-term
effects of this emerging technology. To date, very little is known regarding
NZVI’s potential for persistency and bioaccumulation based on publically avail-
able literature.

• Third, basic research on NZVI nanoparticles should be supplemented by transla-
tion research that establishes simulation, modeling, standard test methodologies,
reference materials, and other enabling capabilities. The Center for the Environ-
mental Implication on Nanotechnology (CEINT) housed at Duke University
provides an interesting model for this translational research, in that established
mesocosm studies have been set up in order to provide more realistic exposure
scenarios to understand the fate, transformation, and behavior of engineered
nanomaterials in the environment which may be coupled with ongoing risk
modeling analyses. In addition, CEINT’s sister organization CEIN (Center for
Environmental Implications of Nanotechnology, housed at University of Califor-
nia) as well as international research consortia such as NanoReg (http://nanoreg.
eu/) are significant sources of information regarding, e.g., production volumes,
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reference materials, toxicity test protocols, and related aspects regarding environ-
mental and regulatory testing of engineered nanomaterials.

• The continued support of databases and data sources such as the Nanomaterial
Registry (https://www.nanomaterialregistry.org/) is, therefore, also extremely
important in order to ensure that large data sets are maintained and expanded
upon, given the fact that several assessment and decision analysis frameworks
and tools are hampered by the lack of information pertaining to engineered
nanomaterials such as NZVI. Therefore, it is recommended that the continued
support and commitment to maintaining large data sets and data sources relevant
to understanding NZVI’s physicochemical properties, its behavior in the envi-
ronment, as well as potential impacts on health and ecosystem receptors is
ensured.

• Finally, and perhaps most importantly, it is recommended that public participa-
tion should play a greater role in ensuring that NZVI is developed and used in the
most sustainable manner. It has been documented that despite the fact that NZVI
has already been deployed in several countries, there has been relatively little or
no public participation or citizen engagement activities to date. It also well known
that public acceptance of technology is a significant factor in order to ensure
sustainable outcomes, and therefore it is recommended that the public and other
stakeholder groups are more actively involved in decision-making regarding the
development and use of NZVI as an environmental remediation option.
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Chapter 16
State of Knowledge and Future Needs
for NZVI Applications in Subsurface
Remediation

Gregory V. Lowry and Tanapon Phenrat

Abstract This final chapter summarizes the key lessons learned from a large
number of laboratory-scale, intermediate-scale, and well-documented field-scale
experiments using NZVI for in situ remediation presented in this book. The goal is
to provide guidance to site managers and remediation professionals who are con-
sidering the use of NZVI for in situ treatment of a contaminant source zone,
particularly those containing dense nonaqueous phase liquids or reducible heavy
metals, as these are the most prevalent types of sites for application of NZVI. It also
provides guidance on site conditions where NZVI treatment may be a viable option
in terms of reactivity with contaminants of concern, reactive lifetime, and particle
deliverability. The chapter also highlights the importance of NZVI characteristics to
provide longer reactive lifetimes, viable injection methods for emplacing NZVI in
the desired location in the subsurface, and detailed site characterizations as well as
suitable laboratory feasibility studies. Future research needs for more effective NZVI
applications in subsurface remediation, including a better understanding of com-
bined NZVI-monitored natural recovery or bioremediation strategies and more
detailed performance evaluations, are also discussed.
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16.1 Introduction

The application of NZVI for in situ remediation of groundwater pollutants is
becoming a mature remediation technology. There are ~77 documented pilot and
full-scale demonstration sites where NZVI was used as part of the remediation
technology, primarily for chlorinated solvents (see Chap. 1) (Bardos et al. 2015;
NanoRem 2018). Significant progress has been made in understanding how envi-
ronmental conditions affect reactivity (Chaps. 3 and 4), how to emplace NZVI in situ
where it is needed (Chap. 6), and how to leverage the complex, coupled interactions
between NZVI and bioremediation (Chap. 10). Performance expectations are
becoming clear, depending on the type of contaminant, site conditions, and injection
methods (Chaps. 7 and 8). Despite these advances, the “windows of opportunity” for
NZVI in a remediation plan are not always clear. This chapter summarizes some of
the key lessons learned from a large number of laboratory, intermediate-scale, and
well-documented field-scale experiments using NZVI for in situ remediation that are
summarized in this book. Figure 16.1 illustrates the relationship between various
factors discussed in this chapter as well as the windows of opportunity for successful
in situ remediation using NZVI. The goal is to provide guidance to site managers and
remediation professionals who are considering the use of NZVI for in situ treatment
of a contaminant source zone, particularly those containing dense nonaqueous phase
liquids (DNAPL) or reducible heavy metals as these are the most prevalent types of
sites for application of NZVI. It also provides guidance on site conditions where
NZVI treatment may be a viable option and highlights the need for NZVI having
sufficient selectivity for contaminants over water to provide longer reactive life-
times, viable injection methods for emplacing NZVI in the desired location in the
subsurface, and additional research that is needed to develop better combined NZVI-
monitored natural recovery (MNR) strategies. The health and safety as well as the
regulatory implications of using NZVI at a site were discussed in detail in Chap. 15
and are not elaborated further in this chapter.

16.2 Conceptual Model for Subsurface Remediation
Using NZVI

The basic conceptual model for remediation using NZVI is shown in Fig. 16.2 and
described in more detail in Chap. 7. Here we consider an injected mass of NZVI that
is distributed in the subsurface within and downgradient of the source. The injected
NZVI lowers the redox potential in and directly downgradient of the injected NZVI.
The NZVI reduces the contaminants or other reducible compounds that adsorb to the
NZVI surface. Both dissolved Fe2+ and H2 are released into the pore water sur-
rounding the NZVI.
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16.3 Considerations About the Types of NZVI Available
for Remediation

An important consideration of any project is what type of NZVI to use. While
different methods have been proposed to synthesize NZVI at scales and costs
required for viable commercial application (Chap. 2), the most dominant categories
of NZVI include (1) those synthesized on site using borohydride or other suitable
reductants and injected immediately; (2) those that are manufactured as Fe0/Fe-oxide

Fig. 16.1 Relationships between various factors discussed in this chapter as well as the windows of
opportunity for successful in situ remediation using NZVI
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core-shell particles, shipped to the remediation site, and dispersed in water prior to
injection (e.g., Nanofer Star™); and (3) supported NZVI products, typically
supported on a carbon material (e.g., Carbo-Iron™). The supported NZVI products
are engineered to be more mobile in the subsurface, and pilot field-scale studies with
these materials indicate that they are indeed more easily injected into the subsurface,
but transport distances in the field are still on the order of only a few meters (see
summary of transport distances in Chap. 1) (Bardos et al. 2015; Mackenzie et al.
2016). Noticeably, polymers, such as carboxymethyl cellulose (CMC), are required
for enhanced deliverability of all three kinds of NZVI. There are newer types of
NZVI products being developed, e.g., sulfidized NZVI that may potentially over-
come the limitation of NZVI’s poor selectivity for the contaminant over water.
However, the benefits of this approach have primarily been observed in laboratory
studies, and more field trials are needed to quantify the benefits of this approach for
increasing the reactive lifetime of the materials. Moreover, it is unclear if sulfidation
increases transport and injectability in the subsurface. The sulfidized NZVI was
thoroughly discussed in Chap. 9. Thus, we focus our attention here on these three
main categories of NZVI.

Fig. 16.2 Conceptual model for NZVI injection into and just downgradient from a DNAPL
source area. Injected NZVI forms a reactive barrier that degrades the organic compound dissolved
in the pore water. A lower mass of contaminant in the source, lower pore water concentrations, and
stimulated biodegradation can all lead to lower concentration in downgradient wells
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The desired reactive properties of the NZVI product used will depend on the goals
of the remediation. If the remediation goal is to provide long-term reactivity with the
DNAPL contamination as it dissolves or as it back-diffuses from a clay lens or other
low hydraulic conductivity sources, then high selectivity for the contaminant and a
long reactive lifetime are desirable because both back-diffusion and DNAPL disso-
lution are slow processes. A higher selectivity and reactive lifetime will decrease the
number of NZVI injections required to achieve the remediation goals. A longer
reactive lifetime could be accomplished using a NZVI that has a much lower
reactivity with the contaminant of interest than many of the NZVI products that
are discussed in the literature or that are commercially available (as discussed in
Chap. 1, the average abiotic reactive lifetime of NZVI in field-scale applications is
211 � 134 days). Many studies have aimed at increasing the reaction rates of NZVI
with contaminants, but this is not likely to be essential for good performance in the
field where groundwater flows are slow or where the degradation rate of the
contaminant is controlled by the rate of dissolution of DNAPL. In this regard, it
may be desirable to use larger NZVI particles (e.g., several hundred nanometers in
size) rather than the very small and highly reactive NZVI that is typically produced
and studied (see good examples using Nanofer 25S vs. Nanofer Star (Stejskal et al.
2017) or using NZVI with micron-sized ZVI (Mueller et al. 2012) in Chap. 1). There
is not likely to be a “one-size-fits-all” solution. Rather, the optimal NZVI particle
size will ultimately be a trade-off between the required rate of reaction, the material’s
reactive lifetime, and ability to emplace the NZVI into the subsurface at the site.

If the remediation goal is to rapidly lower the redox potential in the subsurface or
to relatively quickly lower contaminant concentrations in the pore water of a source
zone to promote biodegradation, then injecting small, highly reactive NZVI would
likely achieve this goal. It should be noted that there is not yet any compelling field
evidence that NZVI injected into a source area containing free-phase DANPL results
in mixing of NZVI with DNAPL and rapid degradation of entrapped DNAPL. It is
more likely that the injected NZVI is serving as a reactive barrier for contaminants
that are dissolving into the pore water. Regardless of the conceptual model, it is
important to recognize that the reactive lifetime of the smallest NZVI particles will be
as short as a few hours, days, or potentially weeks depending on the concentration
injected and the influx of oxidant in the groundwater (target contaminant or other
oxidants like dissolved O2 or nitrate) entering the reactive NZVI zone. For achieving
long-term reducing conditions in the subsurface, it may be desirable to inject a
mixture of NZVI particle sizes such that you rapidly achieve reducing conditions
with the smallest, most reactive particles and then provide long-term reducing
conditions and reactivity with contaminants with the larger, less reactive particles
in the mixture (see an example using Nanofer 25S and Nanofer Star (Stejskal et al.
2017) in Chap. 1). Co-injection of a mixture of particle sizes or consecutive injections
of small and then large particles will depend on the properties of the mixed disper-
sion, the aquifer source zone, and the costs associated with multiple injections vs. a
single injection. There is limited data available on the trade-offs between the different
methods of injection and the effect of NZVI particle size distribution on injection and
movement in the subsurface at the field scale. This currently prevents optimization of
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injection strategies that maximize remediation performance and minimize costs other
than those conduced on site in pilot- and full-scale demonstrations.

16.4 Conditions Favorable to an NZVI-Based Remedy

NZVI is typically considered a source-zone treatment strategy. However, injection
of NZVI into a DNAPL source effectively creates a reactive barrier where contam-
inants must dissolve (if DNAPL is present) or desorb (if back-diffusion is controlling
the release) prior to reacting with the NZVI. The emplacement of NZVI into or near a
DNAPL source did not enhance NAPL dissolution in laboratory studies (Fagerlund
et al. 2012). Similarly, emplacement of NZVI around a tight source area, e.g.,
DNAPL or metals entrapped in a clay lens, would not be expected to significantly
enhance mass transfer from that source into the groundwater. Practically speaking, in
conditions where the rate of flux of contaminants away from the source area by
groundwater flow is faster than the dissolution rate, the emplacement of NZVI at that
interface would not be expected to increase the diffusion rate out of the low
hydraulic conductivity lens. In laboratory studies, the NZVI directly at the
DNAPL-water interface was rapidly oxidized, while the remaining NZVI that is
emplaced farther away from the DNAPL-NZVI interface, even a few cm, served as a
reactive barrier for the dissolved DNAPL components being released from the
DNAPL (Fagerlund et al. 2012). This means that performance expectations for
emplaced NZVI in an unconsolidated porous medium can, in part, be informed
from lessons learned with in situ reactive barrier technologies (e.g., PRBs with ZVI).
Keeping this conceptual model in mind, some guidance can be provided for identi-
fying those sites that are favorable for NZVI treatment and those that are not.
Favorable sites are those with relatively high contaminant concentrations (hence
their use in source areas rather than for treating contaminant plumes), with limited
intrusion of competing oxidant in upgradient water, with limited buffer capacity and
neutral to slightly basic pH, and that are easily biostimulated through a reduction in
redox potential. Rationales for these guidelines are discussed below.

Higher concentrations of contaminants, i.e., source zones, can be more efficient
with respect to utilizing the reducing power of the NZVI for reduction of the
contaminant over water. Given the relatively low selectivity of NZVI toward the
contaminants, most of the reducing power (electrons) are used to reduce constit-
uents other than the contaminants, primarily water to form H2. Laboratory studies
using TCE clearly indicated that higher contaminant concentrations favored the
reaction with TCE over water (Liu et al. 2007). Strategies around the problem have
included the use of carbon supports (such as Carbo-Iron colloids) to concentrate
the contaminants near the NZVI or to make the NZVI more selective by doping it
with sulfur (Fan et al. 2013, 2016). While these improvements are important recent
advances, they do not yet provide sufficient selectivity to make NZVI work
effectively as a long-lived reactive in situ barrier, so use in source zones remains
the most attractive choice.
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It is important to remember that NZVI is a reactant that is consumed in the
reaction and not a catalyst. Thus, reactions with water and the continued influx of
water with reductant demands will significantly impact the reactive lifetime of the
emplaced NZVI. In field tests with Nanofer Star, reactive lifetimes for the NZVI
ranged from 1 to 2 months (88% and 92% of the Fe0 consumed, respectively). In
one case, ~30% of the Fe0 remained after 5 months (Bardos et al. 2015). Sites with
significant recharge of aerated water or with NO3 will dramatically shorten the
reactive lifetime of the injected NZVI. Both dissolved O2 and NO3

� have been
shown to be highly reactive with NZVI, and both require a significant number of
electrons to reach their fully reduced products (H2O requires 4e�/mol and NH3

requires 8e�/mol) (Liu et al. 2007). This can be more than is required for TCE
reduction to acetylene (4e�/mol) and ethane (6e�/mol). Significant influx of
oxidants that react with NZVI or that are not reactive but would prevent the pore
water from achieving strong reducing conditions would negatively impact NZVI
performance. Thus, the site hydrology should be assessed to address any perennial
inflow of oxidants to yield the best remediation performance. In particular, deep
aquifers in arid regions with thick vadose zones or fractured media with significant
and rapid surface water recharge will likely require a means of controlling these
inflows of oxidant.

The water pH can also greatly affect the reactive lifetime of NZVI (Liu et al.
2007). Lower-pH waters lead to aggressive corrosion and formation of H2. The will
decrease the reactive lifetime of the emplaced NZVI. However, the corrosion of
NZVI also leads to formation of OH� and a resulting increase in pH of the pore water
over time. If the groundwater is relatively poorly buffered, the pH of the pore water
in the reactive zone relatively quickly becomes buffered by the Fe0/H20 redox couple
which is ~10. This slows the corrosion rate of the NZVI with water but does not
appreciably slow the desired reaction with contaminants like PCE (Kim et al. 2017).
Thus, waters that are neutral pH or higher and that are poorly buffered are good
candidates for NZVI applications.

16.5 Strategies for Injection

The injection of the NZVI and its final distribution in the source zone will determine
the success of the remediation strategy. Unfortunately, one of the most difficult
aspects of an NZVI-based subsurface remediation strategy is designing the injection
strategy. Therefore, the other criterion for a favorable site for NZVI is that the porous
medium must be amenable to injection of NZVI.

The ultimate distribution of NZVI into a specific formation cannot easily be
predicted using bench-scale and intermediate-scale testing of injections, even
using site-specific soils. Stability against aggregation, i.e., a highly stable NZVI
suspension, does not guarantee good mobility in porous media. Simple filtration
models are not good indicators for the distribution of NZVI in the subsurface. More
complex models have been developed (see Chap. 6) (Phenrat et al. 2010a;
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Babakhani et al. 2015; Bardos et al. 2015; Chowdhury et al. 2015), but these models
must be calibrated for each site and each NZVI type and must take into account the
heterogeneity of the site and potential confounding factors (e.g., the presence of fine
– e.g., clay – particles). Methods need to be developed to determine the effective
parameters of these models at the application scales. Evaluations of injectability
have to be piloted at the site of interest (Bennett et al. 2010; Johnson et al. 2013;
Busch et al. 2015; Chowdhury et al. 2015).

Most field injections have used either gravity-fed injections into wells or pres-
surized (direct push) injections using a Geoprobe® (see Chaps. 1, 7, 8). These
injection strategies are appropriate for unconsolidated media with reasonable
hydraulic conductivity (e.g., sands or sandy loams), fractured media, or consolidated
media that must first be fractured to introduce the NZVI in a controlled manner.
However, a porous medium is an excellent filter, and all field cases have shown that
injected NZVI particles are readily filtered near the injection location. Based on the
field data collected thus far (Table 1.6 in Chap. 1), the average travel distance of
NZVI in pilot- or field-scale applications is 2.84 � 1.60 m. For this reason,
expectations of travel distances using current injection methods should be kept
modest, less than 1–2 m (Bardos et al. 2015). Note that the “extent” of the transport
is often reported using different metrics. The concentration of NZVI away from the
injection source declines exponentially. So a transport distance where the injection
concentration has decreased to 1/2 of the injected amount may be ~1 m, but the
“extent” of the plume of injected NZVI may be much farther if one defines the
transport distance where the NZVI concentration decreases to 0.05 or 0.01 of 0.001
of the injected NZVI concentration. The latter does not represent the location where
the bulk of the iron (10–15 g/L) has been emplaced, which is the location where the
required reducing conditions and reactive barriers are actually emplaced. Thus, the
lack of effective injection strategies is still a significant barrier to effective imple-
mentation of NZVI.

16.6 Characterization of NZVI Emplacement

There are limited characterization data for the extent of the injected NZVI plume in
the field, making it difficult to know what has been achieved in field sites. Although
geochemical analysis of soil and water samples and visual observation of black
NZVI dispersion in such samples can be conducted to directly determine the extent
of NZVI emplacement, the spatial resolution of such data is very limited and cannot
provide a complete picture of the subsurface distribution of NZVI. Moreover,
sample collection and chemical analysis are time-consuming and not suitable for
real-time monitoring of field activities like NZVI injection. Similarly, although in
situ magnetic susceptibility measurements can be used to detect NZVI at ~0.5 g/L
(Bardos et al. 2015), these must be deployed in selected monitoring wells, making
them unable to deliver a complete subsurface distribution of NZVI.
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For this reason, a geophysical technique, such as induced-polarization
(IP) imaging (also known as complex electrical conductivity (CC) imaging), appears
to be a good candidate for subsurface delineation of NZVI distribution. Furthermore,
this nonintrusive technique can monitor continuous change in the subsurface during
the NZVI injection. This approach uses four electrode impedance measurements in a
time-domain manner, using a square wave with on and off times. Two electrodes are
used to inject an electrical current while the other two to measure the resulting
voltage. The IP measurement is interpreted using the ratio of the recorded voltage to
the injected current amplitude (resistance) and the measurement of the voltage
decay, once the current is switched off (chargeability).

The IP result can be reported in terms of the magnitude of complex electrical
conductivity (|σ|) and the phase of complex electrical conductivity (ϕ). The
magnitude (|σ|) of the complex electrical conductivity is primarily controlled by
the electrical conductivity of the fluid (σf), the porosity, and the connectivity of the
pore space. On the other hand, the phase of the complex electrical conductivity (ϕ)
is solely related to surface conductivity (i.e., interface polarization effects)
governed by electrochemical processes at the interface between mineral grains
and pore fluid. Consequently, the distribution of the injected NZVI affects the
surface conductivity of the subsurface, which is detected by the phase of the
complex electrical conductivity (ϕ). In the laboratory, Joyce et al. (2012) demon-
strated that the increase of ZVI concentration in a packed sand column contributed
to the increase of ϕ. Similarly, for injected guar gum-coated micron-sized ZVI
(MZVI) in a pilot-scale demonstration, Flores Orozco et al. (2015) reported the
change of ϕ (25% change) as a result of the ZVI emplacement. Interestingly, they
found this change is less than bare ZVI, presumably due to the presence of an
adsorbed guar gum layer on MZVI, which hinders electronic conduction and
electrode polarization processes (Flores Orozco et al. 2015). Nevertheless, this
IP approach can still sufficiently provide a spatial distribution of injected MZVN
and NZVI (Fig. 16.3) for remediation monitoring purposes.

Fig. 16.3 Relative change of the phase of complex electrical conductivity (ϕ) at different times
during and after GG-MZVI injection (the baseline (t0) images and those obtained for data collected
during (t1�t5) and after (t6) the injection). The vertical line and black crosses indicate the
respective positions of the injection point; black dots represent the electrodes placed at the surface;
the solid horizontal line indicates the position of the groundwater level, and the dashed horizontal
lines indicate the upper and lower limits of the aquitard (clayey-sandy materials). (Reprinted with
permission from Flores Orozco et al. (2015). Copyright (2015) American Chemical Society)
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16.7 Measuring the Remediation Performance of NZVI
in the Field and Managing Expectations

Assessing the performance of NZVI in the field is challenging, but it is necessary to
assess its potential as an effective remediation tool. Most performance data are based
on the ability of NZVI treatment to decrease contaminant concentrations in moni-
toring wells downgradient from the source. Measurements of the reduction of mass
of contaminant in the source area cannot be easily determined. Better tools and
additional performance monitoring could provide the lines of evidence required to
understand why NZVI treatment is successful or unsuccessful at a remediation site.
These tools will have to differentiate between the desired effects from a lower
contaminant mass in the source zone and contaminant degradation in a reactive
barrier, with other possible factors that can influence contaminant concentrations in
downgradient well. Degradation may also be a result of enhanced biodegradation
occurring in the anaerobic or anoxic zone created by the NZVI. However, the lower
mass flux from the source may also be due to changes in the formation permeability
in the “reactive zone.” If injection results in a lower hydraulic conductivity than the
surrounding area, water may flow around the source and reactive zones. This lower
water flux into the source zone can lead to a lower mass emission of contaminants
from the source to the downgradient monitoring wells. While this is not the intention
of the injected NZVI, it may lead to the desired effect of lower downgradient
concentrations of contaminants. This has been shown to happen in quasi-2D flow
experiments (Fig. 16.4), but the impacts of injection on the subsurface flow field and
mass emission from the source are not commonly determined in field testing.

The recent NanoREM project published performance results from a series of
NZVI injections (and other Fe-based materials). These can be found in a series of
bulletins that have been published (http://www.nanorem.eu/Displaynews.aspx?
ID¼938) (NanoRem 2018). These tests included methods to monitor the flow of
injected water (LiCl tracer) and monitoring wells to measure NZVI movement and
redox levels over time (Stejskal et al. 2017). While the injected tracer is a good
indicator of where the injected water migrated as dilution effects, it did little to
indicate where the NZVI had migrated. Extensive monitoring of the concentration of
chlorinated solvents and degradation by-products was also measured over time in
monitoring wells nearby the NZVI injection locations (within 4–6 m). Contaminant
concentrations decreased for a while (277 days) but then rebounded (Chap. 1). Part
of this decrease is attributed to dilution from the injection water, but the formation of
degradation products clearly indicates some degradation is also occurring. Collec-
tion and analysis of the NZVI a year after injection was used to assess the remaining
Fe0 content.

This suite of performance testing for in situ NZVI applications is impressive and
informative and is unusual in its thoroughness. But this level of effort is required for
many more sites to gather performance information to meter expectations of NZVI
performance. However, the question remains as to whether or not these results (and
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similar ones at other NanoREM sites as well as other published sites (see Chap. 1))
represent a “successful” application of NZVI. Concentrations of chlorinated solvents
in monitoring wells remained low for ~277 days, and a significant part of that
decrease was due to reaction with the NZVI. But concentrations then rebounded
when the NZVI reactivity has been exhausted and the redox potential became
oxidizing again. Could additional NZVI be injected into that same location each
year until the source was exhausted and rebound was no longer observed? This
would depend on how the injected NZVI (now oxidized) affected the aquifer
permeability. Performance results from field trials obtained in several NanoREM
pilot-scale tests set a good bar for expectations of performance in the field. Managing
the performance expectations of NZVI at a particular site will require a clear
definition of the metrics of success. A greater number of well-documented NZVI
applications and corresponding remediation performance are needed to continue to
refine these metrics.

Fig. 16.4 (a) NZVI
injected into and behind a
PCE DNAPL source zone
emplaced in large 2D tank
experiment. (b) Flow field
indicated by a green dye
shows that NZVI emplaced
into the source zone lowers
the hydraulic conductivity in
the source zone so that water
flows above the source
rather than through it. The
impact of NZVI injection on
the flow field in pilot-scale
field studies is not
generally reported, but may
be impaced similarly in the
field as in these laboratory
tank studies
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16.7.1 Aquifer Characterization Needs and Limits
of Treatability Studies

As noted in Chaps. 7 and 8, one of the most important factors for successful
application of an NZVI-based remediation strategy is extensive site characterization
data. The water quality (oxidant demand), contaminant distribution, and hydraulic
conductivity field must be well characterized to devise a successful injection strat-
egy. Heterogeneity in the hydraulic conductivity field also significantly impacts
NZVI transport and emplacement. Without sufficient aquifer characterization, it is
difficult to determine how much NZVI to inject, where to inject it, and how often to
inject it or to accurately characterize its remediation performance. The required site
characterization, especially for heterogeneous sites, can gain benefit from advanced
real-time characterization techniques, including the membrane interface probe (MIP)
for source-zone delineation and hydraulic profiling tools (HPT) for estimation of
spatial hydraulic conductivity (Fig. 16.5a). The MIP has a halogen-specific detector
(XSD), which specifically detects chlorinated volatile organic compounds (CVOCs)
(Fig. 16.5b). The detector responses from MIP can be calibrated with field-
contamination data, such as the CVOC concentration in the soil (Fig. 16.5c). Such
a calibrated relationship can be used to convert the MIP detector response (in mV) in
other stations to the contaminant concentration in the soil, which can subsequently
be used to develop a three-dimensional (3D) distribution of CVOCs in the soil for a
site. Similarly, HPT can quantify special hydraulic conductivity down to 0.03 m/day.
The results from multiple HPT stations can be used to develop a 3D distribution of
hydraulic conductivity for a site. These detailed site characterization data can be
combined to develop a conceptual site model, which will be further converted to a
mathematical model for predicting the transport of CVOCs and other nontargeting
oxidants in the subsurface (Fig. 16.5d) at a particular time. This will help design the
location, dimensions, and particle concentration of an appropriate treatment zone
(for source reduction or plume interception) using NZVI.

Laboratory-based treatability studies are often performed to determine the poten-
tial for NZVI to work at a given site. However, a typical treatability study has some
limitations with respect to what it can indicate for field-scale performance. First, the
treatability study is often a batch reactivity study performed in groundwater collected
from the site. A batch system is not representative of a flow through a system with
perennial inputs of nontarget oxidants or other compounds in groundwater that may
adsorb to or react with the Fe-oxide shell and change its reactivity on longer time
scales. Often the pH increases to 10 in a batch system, and that may not be achieved
in the aquifer under flow conditions. Despite these shortcomings, the laboratory
treatability study at least provides some indication of the reaction rates and degra-
dation products that may be expected at the field site. The uncertainty in these
estimates should be considered in the design of a pilot-scale system.

Many times aquifer solids are often not included in the batch studies with site
groundwater. This is an important oversight that may affect performance in the field
relative to studies in groundwater alone. Aquifer solids, especially those containing
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Fig. 16.5 (a) Hydraulic profiling tools (HPT) in action at a site. (b) Results of a membrane
interface probe (MIP) from four different sensors, electrical conductivity sensor, photo ionization
detector (PID), flame ionization detector (FID), and halogen-specific detector (XSD) (from left to
right); Y-axis is the depth of investigation below ground surface, while the X-axis represents sensor
or detector responses. For PID, FID, and XSD, the larger the response, the higher the concentration
of different kinds of VOCs. (c) A relationship between XSD response (μV) and the 1,2-DCA
concentration in the soil (mg/kg). (d) An example of modeling 1,2-DCA transport in the subsurface
(blue plume) in a hydrogeological domain based on detailed site characterization
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calcite, will often buffer the pH of the system to a much lower value that would be
achieved in the batch test, even at 15 g/L of NZVI. This may affect the estimate of
reactivity and reactive lifetime of the NZVI (Phenrat et al. 2010b). It will also neglect
the potential for microbial degradation of contaminants and formation of unwanted
by-products once a strong reducing environment is achieved. Using water, aquifer
materials, and NZVI loadings anticipated in the field in batch tests will afford the
best estimates for reactivity and potential for biostimulation or (unwanted) passiv-
ation, albeit still potentially different than for a flow through a system. For systems
with higher groundwater flow rates, flow through column systems can be useful to
approximate the length of reactive zone needed to achieve a desired reduction in
concentration. While imperfect, these studies can at least provide some initial
indication of the potential of NZVI to work at the site of interest; e.g., if a 20 m-
long barrier is required to achieve remediation targets, then NZVI is probably not a
good barrier technology.

16.7.2 Determination of Dose for Injection

Estimating the dose of NZVI required to achieve a remediation goal is difficult. This
is because estimating the mass of the target contaminant, the reductant demand from
other constituents in the water and targeting a specific redox potential goal for
achieving the remediation targets are all challenging. Reductant demand will be
site-specific and must be determined. All of these inputs, of course, depend on the
flow rate of the groundwater and the retention time of the groundwater in the reactive
zone. This retention time and the specific reactivity of the contaminant with NZVI in
the system of interest can provide some guidance on the length of a reactive barrier
that is needed to achieve remediation targets (Kim et al. 2017). This barrier length,
along with a good estimate of the depth of the target zone can provide an estimate of
the treatment volume required. There is a general “rule of thumb” that 10–15 g/L of
NZVI in the pore water should provide the decrease in redox potential and adequate
reactivity for in situ remediation. However, this is also site dependent, and it may not
be possible to inject this much NZVI into the pore space. Thus, from the treatment
volume, the porosity of the system, and this rule of thumb, one can estimate an NZVI
mass required for injection to meet remediation targets. Using a NZVI to TCE mass
ratios much greater than the stoichiometric amount (as much as 20:1 for one site
evaluated) has been proposed (Lowry et al. 2012). This is all based on rough
estimates, and more well-documented field trials are still required to better estimate
the NZVI doses required.
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16.7.3 Deployment of Combined Remedies

It may be advantageous to deploy NZVI as part of a combined remedy remediation
strategy. One promising combined remedy is NZVI-promoted bioremediation for
compounds that are amenable to reductive degradation, e.g., CVOCs or metals that
are immobilized upon reduction. NZVI can quickly provide reducing conditions and
maintain them in the field for extended periods under the right aquifer conditions.
The limited number of studies available regarding NZVI-promoted bioremediation
suggests that NZVI can promote the biodegradation of chlorinated solvents in situ
(Wei et al. 2012; Kocur et al. 2015, 2016). They also indicate that NZVI will not
have any long-lasting negative impacts on the subsurface microbial ecology and
therefore its use should not preclude monitored natural attenuation (MNA) as part of
the remediation strategy. Long-term field-pilot studies are still needed to elucidate
the factors that promote long-term MNA after NZVI injection (e.g., injection doses,
the use of biodegradable coatings or co-injected materials, spatial distribution
requirements for enhancing MNA, impacts of NZVI-MNA on aquifer permeability
and groundwater flow). Conditions that shift microbial communities toward those
favorable for contaminant degradation must still be identified. Finally, the efficacy of
treatment and the cost of deployment must be determined relative to other alterna-
tives available, e.g., sugar substrates.

Furthermore, recent development in electromagnetic induction heating of NZVI
may also provide a novel, in situ, combined remedy of thermally enhanced desorp-
tion and reductive dechlorination using NZVI in the future (Phenrat and Kumloet
2016; Phenrat et al. 2016; Srirattana et al. 2017). This should help alleviate the mass
transfer limitation problem from source zone (dense nonaqueous phase liquid)
dissolution (Fagerlund et al. 2012) and desorption of CVOCs from organic matter
in the soil (Zhang et al. 2011), which adversely affects the electron utilization
efficiency of NZVI, time to site closure, and cost-effectiveness of the in situ
remediation using NZVI.

16.7.4 Closing Remarks

The potential use of NZVI for remediating a wide range of groundwater contami-
nants continues to be investigated around the world. New versions of NZVI are
currently being synthesized and tested, e.g., supported NZVI and sulfidized NZVI.
These materials may provide the materials with higher selectivity and improved
injectability needed to make NZVI treatment more versatile and effective. Pilot-scale
studies aimed at improving the injection methods and performance monitoring are
still needed to identify the most promising injection methods for different aquifer
conditions and for demonstrating long-term effectiveness of the method. Finally,
leveraging NZVI’s reducing capacity in combined remedies, particularly with bio-
remediation, is likely to afford the most versatile and cost-effective NZVI-based
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remediation approach. The great versatility of NZVI treatment and its low toxicity
and potential for undesirable side effects make it an important remediation tool.
Greater experience and more successful field demonstrations will increase its appli-
cation as a remediation technology.
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nanoparticle diffusion, 223
NZVI dispersion, 220, 224
and polyelectrolytes, 218, 220–222
transportability of NZVI, 223
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hydrodechlorination, 115, 121
hydrogenolysis, 116
LFERs, 119
NACs, 122
1,2-DCA, 119
particle properties

aging effect, 130, 132
crystallinity, 124, 126
FeB, 126
polymeric surface modification, 126,

127, 129
sorptive support, 129
TCE, 125, 126

PCE, 120
pesticides and dyes, 123, 125
RNIP and HA, 136
steric hindrance, 122
TCE, 136–138

Reductive removal, WMF, 447, 448
Reductive transformation

adversely affect, 115
bimetallic NZVI, 115
chlorinated aromatic hydrocarbon, 120
chlorinated ethene and ethane, 117, 119
chlorinated methane, 115, 116
crystallographic changes, 98
dechlorination reaction, 114
in-situ remediation, 98, 115
nano-effect, 114
organic contaminants, 99
particle size, 114 (see also Reductive

dechlorination)
TeCA and TCE, 114
tetrachloromethane, 98

Remediation technologies, 4, 5
Research and development (R&D)

COC, 9
DNAPL, 9
EZVI, 11
in situ remediation, 6, 9
NZVI

agglomeration, 11, 12
clean-bed filtration theory, 11
CVOCs, 13
DNAPL, 12
Escherichia coli, 11

in situ remediation, 11
LF EMF, 13
NAPL, 10
sulfidation, 13
transport, 11

remediation technologies, 4, 5
timeline, 6, 7
WOS, 3, 6
ZVI, 6

Rhizoremediation, 389
Rhizospheric microorganisms, 388
Ring-opening metathesis polymerization

(ROMP), 72
Risk screening tools, 538, 539

S
Sb K-edge XANES spectra, 451
Scanning electron microscopy (SEM), 499, 500
Scanning transmission electron

microscopy, 365
Scheutjens-Fleer theory, 137
Sedimentation, 59
Self-assembled monolayers (SAM), 72
Self-redox reaction, 498
Sequestration, 170, 173

As(III), 442
As(V), 449
biomass, 171
carbon materials/(bio)chars, 172
and co-precipitation, 437
Cr(VI), 458
Cu(II)/EDTA-Cu(II) and Cr(VI), 438
functional materials, 170
inorganic materials/composites, 173
kinetics of Cr(VI), 459–462
metals, 444
natural materials, 173
oxidative contaminants, 464
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RSA mechanics, 262
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