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tendency to interact, adsorb, and react with other atoms or
molecules in order to achieve surface stabilization.” For ex-
ample, carbon nanotubes have been widely reported to ex-
hibit an extremely high storage capacity for hydrogen and may
serve as an ideal material for fuel cells, energy storage, and
transmission.’

New discoveries on nanomaterials are being reported at an
ever-increasing rate. Generally speaking, gold is considered to
be a rather stable and inert substance. However, nano-gold par-
ticles (<10 nm) exhibit very high affinity for many functional-
ized species including amino and nucleic acids and have been
used as molecular delivery carriers. When functionalized with
oligonucleotides, gold nanoparticles can act as intracellular gene
regulation agents for the control of protein expression in cells.®
Moreover, titania nanoparticles have far better chemical stability,
optical properties, and higher photochemical reactivity than their
conventional microscale counterparts.’ It has been suggested
that titania nanoparticles are more suitable for photoelectrical
energy conversion and photocatalysis. At the nanoscale, the en-
ergy and electronic properties of materials are discrete rather
than existent in a continuum as is the case for bulk materials.?
The quantum size effect of nanomaterials has found many in-
teresting applications, notably in electronics, information stor-
age, and also in nanosensors. The quantum size effect even
allows detection of single molecules and/or single biological
cells.

Interestingly, nanoscale materials also exist ubiquitously in
the natural environment. Biomolecues such as DNAs and pro-
teins have characteristic dimension(s) in the nano domain (1—
100 nm). The particle sizes of natural materials, such as viruses,
smog aerosols, and weathered minerals such as iron oxides and
silicates, are often on the nanoscale or have nanoscale compo-
nents. Engineered nanomaterials have found increasing envi-
ronmental applications.'? '3 For example, nanomaterials with
promising sorptive and reactive properties have been used in
water and air purification, hazardous waste treatment, and en-
vironmental remediation. This trend points to a considerable
increase in the rate of usage of nanomaterials in environmen-
tal technologies. According to recent technical market research
conducted by BCC Research, the total global market for nan-
otechnology in environment remediation in 2003 was minuscule
at $2.8 million. Nonetheless, it escalated rapidly to $4.8 million
in 2004 and $11.2 million in 2005. With increasing concern for
environmental quality and improvements on performance and
public acceptance of nanotechnology, it is estimated that the
market for nanomaterials in environmental remediation market-
place alone could reach $2.4 billion by 2010.'4

In this article, recent research in the utilization of zero-valent
iron (ZVI) nanoparticles for treatment of contaminated soils and
groundwater is highlighted. Moreover, the synthesis and char-
acterization of ZVI nanoparticles are discussed and examples
provided regarding the treatment of both organic and inorganic
contaminants. Issues related to fate and transport of nanoparti-
cles in the environment are also addressed.
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FIG. 1. The core-shell model of zero-valent iron nanoparticles.
The core consists of mainly zero-valent iron and provides the
reducing power for reactions with environmental contaminants.
The shell is largely iron oxides/hydroxides formed from the ox-
idation of zero-valent iron. The shell provides sites for chemical
complex formation (e.g., chemosorption).

2. IRON NANOPARTICLES FOR ENVIRONMENTAL
REMEDIATION

The nanoparticles (<100 nm) discussed in this contribution
are zero-valent iron (ZVI) particles and exhibit a typical core-
shell structure as illustrated in Figure 1. The core consists pri-
marily of zero-valent or metallic iron while the mixed valent [i.e.,
Fe(II) and Fe(I1I)] oxide shell is formed as a result of oxidation
of the metallic iron. Iron typically exists in the environment as
iron(II)- and iron(III)-oxides, and as such, ZVIis a manufactured
material. Thus far, applications of ZVI have focused primarily
on the electron-donating properties of ZVI. Under ambient con-
ditions, ZVI is fairly reactive in water and can serve as an ex-
cellent electron donor, which makes it a versatile remediation
material.'?

The use of ZVI as a remediation agent in groundwater treat-
ment started in early 1990s when granular ZVI was first em-
ployed in permeable reactive barrier (PRBs) systems.'® '° In
a PRB structure, groundwater flows passively through an engi-
neered iron wall while contaminants are precipitated, adsorbed,
or transformed in contact with the ZVI surface. Over 100 such
PRB structures have been constructed in the U.S. since the early
1990s. Although PRBs containing ZVI powders may serve as
useful in-situ remedies for some sites, important challenges still
exist for this technology that may limit its practical application.
For example, a large amount (e.g., tons) of iron powder is usually
needed even for a modest PRB structure. Costs associated with
the PRB construction, especially for deep aquifers, remains too
high for many potential users of the technology. Another impor-
tant limitation is the relative lack of flexibility after a PRB is
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installed. Relocation or major modifications to the PRB infras-
tructure is often impractical.

The nanoscale iron (nZVI) technology discussed herein can
be regarded as an extension of the ZVI technology.?’ 2? In some
cases, it may serve as an alternative to the conventional ZVI
PRBs. For other sites, the nZVI process can complement (or
supplement) the fixed PRBs. For example, nZVI injections can
be used to address the heavily contaminated source area or other
“hot spots” whereas ZVI PRB functions as barrier to contain the
dispersion of contaminants. Because of their small size, nanopar-
ticle slurries in water can be injected under pressure and/or even
by gravity flow to the contaminated area and under certain con-
ditions remain in suspension and flow with water for extended
periods of time. An in-situ treatment zone may thus be formed.
Alternatively, iron nanoparticles also can be used in some ex-situ
applications.

Over the past decade, extensive studies have demonstrated
that ZVI nanoparticles are effective for the treatment of many
pollutants commonly identified in groundwater, including per-
chloroethene (PCE) and trichloroethene (TCE), carbon tetra-
chloride (CT), nitrate, energetic munitions such as TNT and
RDX, legacy organohalogen pesticides such as lindane and
DDT, as well as heavy metals like chromium and lead.!0:21 35
Dozens of pilot and large-scale in-situ applications have also
been conducted and demonstrated that rapid in-situ remedia-
tion with nZVI can be achieved.?!"*¢ 37 Examples of some re-
cent field applications using ZVI nanoparticles are presented in
Table 1.

2.1 Synthesis of Iron Nanoparticles

Robust methods for large-scale and cost-effective production
of nanomaterials are essential to the growth of nanotechnology.
Environmental applications often require usage of considerable
quantities of treatment reagents and/or amendments for the re-
mediation of huge volumes of contaminated water and soil. Un-
like many industrial applications, environmental technologies
often exhibit relatively low market values. Therefore, the appli-
cation of these technologies can be particularly sensitive to the
costs of nanomaterials. This may have been the main factor for
the relatively slow adaptation of some environmental nanotech-
nologies.

There are two general strategies in terms of nanoparticle syn-
thesis: top-down and bottom-up approaches. The former starts
with large size (i.e., granular or microscale) materials with the
generation of nanoparticles by mechanical and/or chemical steps
including milling, etching, and/or machining. The latter ap-
proach entails the “growth” of nanostructures atom-by-atom or
molecule-by-molecule via chemical synthesis, self-assembling,
positional assembling, and so on.

Both approaches have been successfully applied in the prepa-
ration of nZVI nanoparticles. For example, ZVI nanoparticles
have been fabricated by vacuum sputtering,*® synthesized from
the reduction of goethite and hematite particles with hydrogen
gas at elevated temperatures (e.g., 200-600 C),*° by decompo-
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TABLE 1
ZVI nanoparticles for site remediation—A list of recent
projects
Site Location
Phoenix—Goodyear Airport Phoenix, AZ
(Unidynamics)
Defense Contractor Site CA
Jacksonville dry cleaner sites, pilot ~ FL
tests using nZVI (several sites)
State Lead Site ID
Groveland Wells Superfund Site Groveland, MA
Aberdeen site MD
Sierra Army Depot NV
Pharmaceutical plant. Pilot test Research Triangle
Park, NC
Industrial Site Edison, NJ
Picattiny Arsenal Dover, NJ
Shieldalloy plant NJ
Manufacturing Site Passaic, NJ
Klockner Road Site Hamilton Township, NJ

Manufacturing Plant

Naval Air Engineering Station

Confidential site. Pilot test

Confidential site. Pilot test

Nease superfund site, Pilot test

Former Electronics Manufacturing
Plant

Rock Hill, pharmaceutical plant, full
scale using nZVI

Memphis Defense Depot

Grand Plaza Drycleaning Site

Industrial plant, pilot tests using
nZVlI

Public domain, pilot test using nZVI

Solvent manufacturing plant, pilot
test using nZVI

Industrial plant, pilot test using nZVI

Industrial plant, pilot test using nZVI

Industrial plant, pilot test using nZVI

Brownfields, pilot test using nZVI

Trenton, NJ

Lakehurst, NJ
Winslow Township, NJ
Rochester, NY

OH

PA

SC
TN

Dallas, TX
Ontario, Canada

Quebec, Canada
Czech Republic
Czech Republic
Germany

Italy
Slovakia

This table is partially based information provided by Marti Otto (U.S.

EPA).

sition of iron pentacarbonyl (Fe(CO)s) in organic solvents or in

argon, 0 42

and by electrodeposition of ferrous salts. The gen-

eration of nZVI by the “bottom-up” reduction of ferric (Fe(IIl))
or ferrous (Fe(II)) salts with sodium borohydride has been used

by many research groups:!°

4Fe*  3BH,
6H,

9H,0

4Fe°

3H,BO, 12H

[1]
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A major advantage of this method is its relative simplicity witlicles. For example, He and Zhao used water-soluble starch
the need of only two common reagents and no need for any spe-a potential nanoparticle stabiliZérThe average size of
cial equipment/instrument, it can been done in almost any wetn nanoparticles was reduced to 14.1 nm in diameter. In
chemistry lab. In our laboratory at Lehigh University, we havanother work, Mallouk and co-workers have synthesized car-
used this approach to produce high-quality iron nanoparticlben platelets with 50200 nm in diameter and water soluble
for over ten years. Typically it is achieved by slowly adding 1:polyelectrolyte like poly(acrylic acid) (PAA) as supports and
volume ratio of 0.25 M sodium borohydride into 0.045 M ferridispersant$? Saleh et al. used poly(methacrylic acid)-block-
chloride solution. Nevertheless, there are important health goldy(methyl methacrylate)-block-poly(styrensulfonate) to mod-
safety considerations associated with the borohydride reductifgnthe iron nanoparticle surface. Although the hydrodynamic
approach. The synthesis needs to be conducted in a fume hd@aneter of the modibed particles increased 3050 nm, the col-
as the chemical reactions produce hydrogen gas as a byprododadal stability of the modibed nZVI was enhanc¥d.
Moreover, explosion-resistant mixers should be used to mini- Over the last decade, the costs for ZVI nanoparticles have
mize the possibility of sparks, and so on. The jet-black nanopé&een reduced dramatically (e.g., fror8500/kg to $50D100/kg).
ticle aggregates can be collected by vacuum bltration. Selectgdhe time of the initial Peld demonstration of the nZVItechnol-
images of nZVI are given in Figure 2. ogyin 2001, there were no commercial suppliers of iron nanopar-
Bimetallic iron nanoparticles, in which a second and ofteticles while presently multiple vendor options exist. Still, prices
less reactive metal such as Pd, Ni, Pt, or Ag can be preparedain too high for many applications. Compared to laboratory
simply by soaking the freshly prepared nZVI in a solution of thprepared ZVI particles, the quality and efpcacy of commercially
second metal saf It is believed that the second noble metadvailable nZVI products can be highly variable as inadequate
promotes iron oxidation and may act as a catalyst for electrgnality assurance and quality control and characterization pro-
transfer and hydrogenation. Several studies have demonstratels exist to support the products.
that bimetallic iron nanoparticles (Pd-Fe, Pt-Fe, Ni-Fe, Ag-Fe)
can achieve signibcantly higher degradation rates and prevé®t Characterization of Iron Nanoparticles
or reduce the formation of toxic byproducs*? Only limited work has been published thus far on the surface
The iron nanoparticles are colloidal in nature and exhibitharacterization of ZVI nanoparticles. A detailed knowledge of
a strong tendency to aggregate as well as adhere to the $le- surface properties is vital for understanding the salient re-
faces of natural materials such soil and sediment. Increasigiion mechanisms, kinetics, and intermediate/product probles.
efforts have been directed on the dispersion of iron nanopdihe transport, distribution, and fate of nanopatrticles in the envi-
ronment also depend on these surface properties. However, it is
often not practical to debne an average or typical iron nanopar-
ticle because ZVI nanoparticles produced with different meth-
ods may exhibit widely varying properties. Fundamentally, iron
nanoparticles are reactive species and their surface properties
change rapidly and profoundly over time and solution chem-
istry and with environmental conditions. In practice, the term
OagingO has often been used to describe the observed changes
of iron nanoparticles.

Figure 2 presents the Transmission Electron Microscopy
(TEM) images of iron nanoparticles synthesized using the
sodium borohydride method. The nanoparticles are mostly
spherical in shape and exist as chain-like aggregates. An ac-
cumulative size distribution survey of over 400 nanoparticles
from TEM images suggests that over 80% of the nanoparti-
cles have diameters of less than 100 nm whereas 50% are less
than 60 nm (Figure 3% The average BET surface area is about
30,000935,000 frkg.

According to the core-shell model, the mixed valence iron
oxide shell is largely insoluble under neutral pH conditions and
may protect the ZVI core from rapid oxidation. The speciation
of the actual oxide layer is complicated due to the lack of long-
range order and its amorphous structures. The composition of
the oxide shell may also depend on the fabrication processes

FIG. 2. TEM images of zero-valent iron nanoparticles synthend environmental conditions. For example, the oxide shell of
sized by the reduction of Feflith NaBH;. -Fe nanopatrticles generated by sputtering consists mainly of
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FIG. 3. An accumulative size distribution of zero-valent iron
nanoparticles. More than 420 nanoparticles were measured from
TEM images.

maghaemite (Y -Fe,O3) or partially oxidized magnetite (Fe;Oy).
Nanoparticles formed via nucleation of metallic vapor also con-
tain y -Fe, O3 and Fe;O4, with richer y -Fe, O3 for smaller parti-
cles due to the higher surface-to-volume ratio and rapid surface
oxidation.*® On the other hand, particles produced by hydro-
gen reduction of goethite and hematite particles reportedly have
only Fe30y in the shell.>***¢ The presence of wustite (FeO) has
also been noted.®® It is not clear from the existing literature
whether variations in the shell structure and composition have
any effect on the iron nanoparticle reactivity, aggregation, and
transport.

Detailed X-ray Photoelectron Spectroscopy (XPS) studies on
the ZVI nanoparticles have been performed in our laboratory.
Figure 4 shows the XPS survey on the Fe2ps/, and Ols regions.
For the Fe2ps/, spectrum, the binding energy of the main peak
was located at ca. 711 eV, which is attributable to ferric iron
[Fe(IID)]. The smaller peak at ca. 707 eV suggests the presence
of the elemental metallic iron. The photoelectron peak of Ols in
Figure 4b can be decomposed into three separate peaks at 529.9
eV, 531.2 eV, and 532.5 eV, representing the binding energies
of oxygenin O> ,OH , and chemically or physically adsorbed
water, respectively. The oxygen species are similar to those on
the surface of iron oxides in water.

Further examination of the peak area ratios of Fe/OH and
OH /O? suggest that the oxide shell is composed of mainly iron
hydroxides or iron oxyhydroxide. As a result of iron oxidation,

Fe? is first formed on the surface:
2Fe O, 2H,0 2Fe¢* 40H [2]
Fe 2H,0 Fe® H, 20H [3]
Fe? can be further oxidized to Fe? :
4Fe*> 4H O, 4Fe® 2H,0 [4]
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FIG. 4. (a) XPS survey on Fe 2ps,, and (b) XPS survey on O 1s
of zero-valent iron nanoparticles. Results suggest that the iron
on the particles surface is extensively oxidized.

Fe’ reacts with OH or H,O and to yield hydroxide or
oxyhydroxide:
Fe’  30H Fe(OH); (5]
Fe* 2H,0 FeOOH 3H [6]

Fe(OH); can also dehydrate to form FeOOH:

Fe(OH); 3H FeOOH H,0 [7]

The results constitute the foundation of the conceptual model
of the nZVI nanoparticle as illustrated in Figure 1. In water,
ZVTI nanoparticles can exhibit metal-like or ligand-like coordi-
nation properties depending on the solution chemistry. At low
pH (<pHgp. 8), iron oxides are positively charged and at-
tract anionic ligands including key environmental species such
as sulfate and phosphate. When the solution pH is above the iso-
electric point, the oxide surface becomes negatively charged and
can form surface complexes with cations (e.g., metal ions). As
described previously, zero valent iron can serve as very effective
electron donors (i.e., reductants). ZVI (Fe? /Fe) has a standard
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reduction potential (E ) of 0.44 V, which is lower than many
metals such as Pb, Cd, Ni, and Cr, as well as many organic
compounds like chlorinated hydrocarbons. These compounds
are thus susceptible to the reduction by ZVI nanoparticles.

Reactions at the nZVI surface involve many steps, for ex-
ample, mass transport of molecules to the surface and electron
transfer (ET) from the ZVI to the surface adsorbed molecules.
Kinetic analysis suggests that for many organic compounds such
as PCE and TCE, the surface reaction or electron transfer is the
dominant factor or the rate limiting step. There are several po-
tential pathways for the electron transfer (ET) to occur: (1) direct
ET from Fe(0) through defects such as pits or pinholes, where
the oxide layer acts as a physical barrier; (2) indirect ET from
Fe(0) through the oxide layer via the oxide conduction band,
impurity bands, or localized bands; or (3) ET from sorbed or
lattice Fe(II) surface site.** In this regard, the iron oxide shell
can appropriately be considered as n-type semiconductor. On
the other hand, we are not aware of direct evidence on the ET
mechanisms at this time.

2.3 Degradation of Organic Contaminants

A substantial portion of the peer-reviewed nZ VT literature has
been limited to the degradation of various organic contaminants
such as chlorinated organic solvents, organochlorine pesticides,
polychlorinated biphenyls (PCBs), and organic dyes. Selected
compounds studied in our laboratory at Lehigh University are
listed in Table 2.

The chemical principles underlying the transformation of
halogenated hydrocarbons have been particularly well docu-
mented as those compounds are among the most commonly
detected soil and groundwater pollutants. Metallic iron (Fe®)
serves effectively as an electron donor:

Fe® Fe?  2e [8]

Chlorinated hydrocarbons on the other hand accept the elec-

trons and undergo reductive dechlorination:->!

RClI H 2 RH (I [9]

From a thermodynamic perspective, the coupling of the re-
actions [8] and [9] is often energetically highly favorable:

RCl Fe® H RH Fe Cl [10]

For example, tetrachloroethene (C,Cly), a common solvent,
can be completely reduced to ethane by nZVI in accordance with
the following overall equation:

C,Cl, 5Fe”  6H C,Hg 5Fe?  4Cl [11]

Figure 5 presents an example of a laboratory study on a
mixture of chlorinated hydrocarbons. Six common compounds
including trans-dichloroethene (t-DCE), cis-dichloroethene (c-
DCE), 1,1,1- trichloroethane (1,1,1-TCA), tetrachloroethylene
(PCE), trichloroethylene (TCE), and tetrachloromethane were
investigated. The initial concentration was 10 mg/L for each

X.-Q.LIET AL.

TABLE 2
Common contaminants that can be remediated by iron
nanoparticles
Chlorinated Methanes Trihalomethanes
Carbon tetrachloride (CCly) Bromoform (CHBr3)
Chloroform (CHCI3) Dibromochloromethane
(CHBr,Cl)
Dichloromethane (CH;,Cl,) Dichlorobromomethane
(CHBrCl,)
Chloromethane (CH3Cl)
Chlorinated Benzenes Chlorinated Ethenes

Hexachlorobenzene (CgClg) Tetrachloroethene (C,Cly)

Pentachlorobenzene Trichloroethene (C,HCl3)
(CeHCls)
Tetrachlorobenzenes cis-Dichloroethene
(C6H2C14) (CZHZCIZ)
Trichlorobenzenes trans-Dichloroethene
(CsH3Cl3) (C2H,Clh)
Dichlorobenzenes 1,1-Dichloroethene
(CeHyClp) (C:HCl)
Chlorobenzene (C¢HsCl) Vinyl Chloride (C,H;3Cl)
Pesticides Other Polychlorinated
DDT (C4HyCls) Hydrocarbons
Lindane (C¢HgClg) PCBs
Pentachlorophenol
1,1,1-trichloroethane
Organic Dyes Other Organic Contaminants

Orange II (C;¢H;1N;NaO4S)  N-nitrosodiumethylamine

(NDMA) (C4H;0N>0)

Chrysoidin (C12H13CINy) TNT (C7Hs5N30¢)
Tropaeolin O

(C12H9N2Na058)
Heavy Metals Inorganic Anions

Mercury (Hg? )
Nickel (Ni? )
Cadium (Cd? )
Lead (Pb? )
Chromium (Cr(VI))

Perchlorate (C1O, )
Nitrate (NO; )

of the six compounds and the total nZVI loading was 5 g/L.
As illustrated by the trend illustrated in the gas chromatograms
over the reaction time course, all of the six compounds were
reduced by the ZVI nanoparticles. Within one hour, over 99%
removal of tetrachloroethylene was observed. Greater than 95%
removal efficiency of the 6 compounds was achieved within
120 hours.

The importance of electron donors in the reduction of chlo-
rinated hydrocarbons has received significant attention in the
research and environmental remediation communities. Exten-
sive research on both biological and chemical dechlorination
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FIG. 5. Reactions of iron nanoparticles (5 g/L) with a mixture of chlorinated aliphatic hydrocarbons. Gas chromatograms are shown
in this figure. Six compounds with initial concentration at 10 mg/L are presented: Trans-dichloroethene (t-DCE), cis-dichloroethene
(c-DCE), 1,1,1- trichloroethane (1,1,1-TCA), tetrachloroethylene (PCE), trichloroethylene (TCE), and tetrachloromethane.

has been published over the last two decades. In general, the
rate of dechlorination increases with the number of chlorine
substituents. For dechlorination with ZVI, three potential trans-
formation mechanisms have been proposed: (1) direct reduction
at the metal surface; (2) reduction by ferrous iron at the surface;
and (3) reduction by hydrogen.>' Ferrous iron, in concert with

certain ligands, can slowly reduce the chlorinated hydrocarbons.
However, electron transfer from ligand ferrous ions through the
nZVI oxide shell is thought to be relatively slow and is proba-
bly not of great consequence. Dissolved hydrogen gas has been
shown of little reactivity in the absence of a suitable catalytic
surface (e.g., Pd).
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The incorporation of a noble or catalytic metal such as Pd,
Ni, Pt, or Ag, can substantially enhance the overall nZVI reac-
tion rate. It has been observed that the surface area normalized
rate constant (Kga) of Fe/Pd nanoparticles for the degradation
of tetrachloromethane is over two orders of magnitude higher
than that of microscale iron particles. The activation energy of
Fe/Pd nanoparticles in the transformation of tetrachloroethy-
lene (PCE) was calculated to be 31.1 kJ/mole, compared to
44.9 kJ/mole for iron nanoparticles.’> The fast reactions gen-
erated by the bimetallic nanoparticles also reduce possibility of
toxic byproduct formation and accumulation.

Although chlorinated aliphatic compounds with 1 or 2 car-
bons have been studied extensively, chlorinated alicyclic and
aromatic compounds have received far less attention. Without
a doubt, chlorinated alicyclic and aromatic compounds feature
more complicated chemical structures, are less aqueous solu-
ble, react more slowly with nZVI, and often generate more
intermediates and byproducts. Limited research indicates that
iron nanoparticles can exhibit fairly high reactivity toward these
compounds even though some researches with micro- and milli-
meter iron particles reported little reactions. Xu et al. evalu-
ated the degradability of hexachlorobenzene (HCB) by Fe/Ag
bimetallic nanoparticles.*> With an initial HCB concentration
of 4 mg/L and an applied loading of 25 g/L nZVI, over 50%
of HCB was reduced from aqueous solution within 30 min-
utes. HCB concentrations were reduced below the detection
limit (<1 pig/L) within approximately 4 days. HCB was gradu-
ally transformed to a series of lesser chlorinated benzenes such
as 1,2,4,5-tetrachlorobenzene, 1,2,4-trichlorobenzene, and 1,4-
dichlorobenzene.

The degradation of lindane (y -hexachlorocyclohexane, Y -
HCH), one of the most widely used organochlorine pesticides
over the timeframe from the 1940s through the 1990s, was inves-
tigated by Elliott.> Experiments conducted with a groundwater
contaminated with lindane (700 pig/L of HCH, a summation
of the 4 environmentally significant HCH isomers identified)
showed that over 95% of the lindane was removed from solution
within 48 hours by 2.2-27.0 g/L. nZVI. In contrast, about 59% of
HCH was remained in solution after 24 hours with 49.0 g/L mi-
croscale iron particles (Figure 6). It is hypothesized that lindane
is reduced via a dihaloelimination reaction to y -TeCCH:

CeHeClg Fe’  CgHeCl, Fe>  2CI [12]

It was further determined that at least 35-65% of the chlorine
initially presented in lindane was converted into chloride. The
reaction followed pseudo first-order rate with the observed rate
constant (kops) in the range of 0.04-0.65 hr L

2.4 Remediation of Inorganic Contaminants

Several recent studies provided valuable insights into key
nZVI properties associated with the potential to transform metal
ions such as Cd, Ni, Zn, As, Cr, Ag, and Pb, as well as notori-
ous inorganic anions like perchlorate and nitrate.>!33 3347 ZVI
nanoparticles can rapidly remove and/or reduce these inorganic
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FIG. 6. Removal of lindane by iron nanoparticles at various
doses over 264 hours of reaction time. Contaminated groundwa-
ter sample from a site in Florida was used in this study. The total
lindane concentration was approximately 1,500 pug/L. Error bars
represent the standard error at the 95% confidence interval.

ions and also have relatively higher capacity than conventional
sorptive media and granular iron particles. As an example, stud-
ies with chromium ore processing residual (COPR) containing
highly concentrated hexavalent chromium show that one gram
of ZVI nanoparticles can reduce and immobilize 65-110 mg
Cr(VI).3*3 In comparison, the capacity for Cr(VI) removal by
microscale ZVI is only 1-3 mg Cr(VI)/g Fe. Furthermore, the
reaction rate with the ZVI nanoparticles is at least 25-30 times
faster.

The work on reductive precipitation of Cr(VI) also confirmed
that the nZ VI reactions are surface-mediated. The initial reaction
can be treated as a pseudo first order reaction in which the rate
constant is normalized to the total surface area of iron. Cr(VI)
is reduced to Cr(IIT), which is then incorporated into the iron
oxide layer as (CriFe; x)(OH); or CrcFe; x(OOH).

While reduction is the predominant mechanism for Cr(VI)
removal, both reduction and surface complex formation (sorp-
tion) are observed for Ni(II) removal. The capacity was ex-
perimentally determined to be 0.13 g Ni(II)/g Fe or 4.43 meq
Ni(IT)/g), which is well over 100% higher than the best inor-
ganic sorbents (e.g., zeolites) available. High-resolution X-ray
photoelectron spectroscopy (HR-XPS) reveals that the amount
of reduced Ni(0) at the iron nanoparticle surface increases with
time. At equilibrium, about 50% of Ni(II) is reduced as Ni(0) at
the surface and 50% Ni(II) remains adsorbed at the iron nanopar-
ticle surface (Figure 7). The surface complex is primarily nickel
hydroxide.*’

Iron nanoparticles can also reduce some relatively stable in-
organic compounds such as perchlorate and nitrate. According
to the several studies on the reduction of nitrate by granular
and microscale ZVI particles published thus far the reduction
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duction of perchlorate proceeds according to Equation 14:
CIOS + 4F€+ 8H"  CIS + 4F€* + 4H,0  [14]

In contrast, the reduction by microscale iron particles is negli-
gibly slow. Not surprisingly, the activation energy was calculated
to be 79 kd/mole, indicative that the reduction is limited by the
slow kinetics.

2.5 Transport of the Iron Nanoparticles

Because ZVI nanoparticles are increasingly being used in site
remediation, a critical issue for the future development of the
technology involves nZVI transport, dispersion, and fate in the
subsurface environment. At present, little information is avail-
able on the transport and fate of ZVI nanoparticles in the en-
vironment. In laboratory soil column experiments, the mobility
of pure iron nanoparticles has been observed to be limited due
to the colloidal nature and efbcient bltration mechanisms of
aquifer materials. Data from some recent beld tests indicate that
FIG. 7. Reactions of Ni(ll) with iron nanoparticles. This DgEhe iron nanopgrticle; may migrate °”'.V.a few inches .to a f_ew
ure shows high resolution XPS survey on Ni2pBoth Ni(ll) feet from the point qf injection. The mobility of nanopart|.cles in
and Ni(0) were observed on the nanoparticle surface. Ni init@e subsurfac;e enwror;ment dgpgnds on many factors mc]gdmg
. . . e particle size, solution pH, ionic strength, soil composition,
concentration was 1,000 mg/L. Iron nanopatrticle loading was . 137 44 565 58
5 /L ground water RBow velocity, and so Bﬁ A For ex-

' ample, groundwater usually has relatively high values of ionic
strength, which results in a reduction of the electrostatic repul-
sion among particles and an increase in particle aggregation.
follows pseudo Prst-order kinetics with ammonia being the end Recent research indicates that promising new synthetic meth-
product3054 ods are being developed to produce more mobile ZVI nanopar-

3 ticles without sacribcing signibcant surface reactivity. Mallouk
NOS + 4F + 10H" 4 F&* + NH; + 3H,0O [13] and his group at Penn Statéave successfully synthesized ZVI
nanoparticles on supports, which feature a high density of nega-
The reduction of nitrate by iron nanoparticles is fast even ae charges (dubbed as delivery vehicles) to aid in electrostatic
relatively high pH (e.g., 8010), a range that is known to be irepulsion between nZVI particles and with the predominantly
hibitory to the iron oxidation reactions. For example, Sohn ekgatively surface aquifer materials. These nZVI delivery vehi-
al3® designed repetitive experiments and observed that regfes, including anionic hydrophilic carbon and poly(acrylic acid)
tion rates remained about the same even after exposed to BWA), bind strongly to nZVI, create highly negative surfaces
nitrate solutions for 6 times. It is speculated that in alkaline s¢rus effectively reducing the aggregation among ZVI particles
lutions, the anionic hydroxo species (Fe((ﬁﬂ)or Fe(OHfSX) and reduce the Pltration removal by aquifer materials. Labora-
are dissolved and then precipitated yielding different phasetofy soil column tests with Fe/C, Fe/PAA, and unsupported iron
iron oxide, most likely magnetite (5©®,). The phase transfor- nanoparticles suggest that the anionic surface charges can en-
mation may expose fresh ZVI iron surface to nitrate, resultiftance the transport of iron nanoparticle through soil- and sand-
in a relatively stable reaction rate. packed columns, where as the unsupported iron nanoparticles
Perchlorate is another high proble contaminant in the U.@ggregate and impede the Row of water through the column.
particularly in the western states. It is persistent in the enviroRurther analysis show that the Fe/C and Fe/PAA nanoparticles
ment due to its intrinsic chemical stability. Consequently, ratéswve lower sticking coefbcients.
of natural attention under most cases are very slow. BecauséaNork by Y. P. Sun at Lehigh University on the use of
of its stability in water, only few reductants, such as complex@®ly(vinyl alcohol-co-vinyl acetate-co-itaconic acid) (PV3A) as
of tin(Il), vanadium(ll, 111), molybdenum(lll), titanium(lll), and adispersantalso helped to generate a new class of nZVIwith sub-
ruthenium(lll, IV), have been identiPed as being capable of retantially better subsurface mobility potenti@is illustrated in
ducing perchlorate. Still, the half-lives of perchlorate may randgégure 8, the iron nanoparticles were well dispersed with most
from 0.83 years to up to 11.3 years for these transition met#lthe resulted particles less than 20D30 nm. Further analysis
reductants® In a study by Cao et af! ZVI nanoparticles were using acoustic spectrometry indicated that the dispersed iron
observed to reduce perchlorate to chloride with no observan@moparticles have a mean size at 15.5 nm with 90% of the par-
of the sequential degradation products. The nZVI-mediated tésles smaller than 33.2 nm. The stabilized particles also have
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FIG. 8. Characterization of iron nanoparticles (a—d) dispersed with poly(vinyl alcohol-co-vinyl acetate-co-itaconic acid) (PV3A),
and (e) to (h): pure nanoparticles.
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high reactivity and high stability in terms of suspension (over
6 months). Measurements of &-potential suggest that dispersed
iron nanoparticles have net negative charge at pH 4.5, likely the
result of the dissociation of the carboxylic acid groups within
the PV3A molecules. In comparison, the original or bare iron
nanoparticles have much larger particle size and settle out of so-
lution in less than 10 minutes. The bare iron actually has slight
positive charges in the neutral pH range. This may help to explain
the low mobility of ZVI nanoparticles.

3. CHALLENGES AHEAD

Since the initial field demonstration of the nZVI technol-
ogy in 2001, significant progress has been made in research
and development of iron nanoparticles for soil and groundwater
treatment. New research and development efforts should be di-
rected toward enhancing real-world performance and minimiz-
ing potential economic and environmental risks. The following
sections present some questions, problem, and/or challenges we
have experienced in our laboratory and field work.

Materials chemistry. The synthesis of iron nanoparticles rep-
resents the foundation of this technology. Several nZVI synthetic
methods have been identified but the economics of each is con-
siderably different. The challenge is to scale up the processes
and produce nano iron in large enough quantity such that further
price reductions into the $10-25 per pound range become feasi-
ble. Methods for quality control and assurance (e.g., particle size,
reactivity, surface charge, and mobility) should be established.
Other issues requiring resolution might include optimization or
customization of the ZVI surface properties (hydrophobicity,
charge, functional group, etc.) for efficient subsurface transport
under site-specific conditions and for degradation of targeted
contaminants (e.g., perchlorate, PCBs, DNAPL).

Environmental Chemistry. This work includes the study of
reaction rate, mechanism, and effect of environmental factors
(e.g., pH, ionic strength, competing contaminants) on the trans-
formation of targeted environmental contaminants. As discussed
earlier, the published work so far has been largely limited to 1-
and 2-carbon chlorinated aliphatic compounds. Details on the
reaction mechanisms at the nanoparticle-water interface are still
scarce. More work needs to be focused on exploring the feasi-
bility of using nZVI for the treatment of halogenated aromatic
compounds, PCBs, dioxins, pesticides, and other organic com-
plex pollutants. Remediation of metal contaminated sites also
presents interesting opportunities and challenges.

Geochemistry. This entails the nZVI reactions with both sur-
face and ground water, interactions (sorption, desorption) with
soil and sediment, settling, aggregation, and transport phenom-
ena in porous media. Evaluating the long-term fate of iron
nanoparticles represents another topic worthy of more focused
attention. To date, virtually no studies in this key area have been
published.

Environmental Impact. Thus far, no reports on the ecotoxicity
of low-level ZVI in soil and water have been published in the
peer-reviewed literature. However, it is the authors’ view that
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systematic research on the environmental transport, fate, and
ecotoxicity is needed to overcome increasing concerns and fear
in the environmental use of nanomaterials, and minimize any
unintended impact. To date, the overwhelming proportion of
nZVlIresearch deals with the applications of the technology and
work is needed to adequately assess its implications.

Iron nanoparticles may actually provide a valuable opportu-
nity to demonstrate the positive effect on environmental qual-
ity. Iron is the fifth most used element; only hydrogen, carbon,
oxygen, and calcium were consumed in greater quantities. It has
been found at the active center of many biological molecules and
likely plays an important role in the chemistry of living organ-
isms. It is well documented that iron is an essential constituent
of the blood and tissues. Iron in the body is mostly present as
iron porphyrin or heme proteins, which include hemoglobin in
the blood, myoglobin, and the heme enzymes. The challenge
is to determine eco-and human toxicity of highly reactive ZVI
nanoparticles.
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