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Abstract The use of nanoscale zero-valent iron
(nZV]) for in situ remediation of a wide scale of
environmental pollutants is increasing. Bench and
field pilot studies have recorded successful cleanup of
many pollutants using nZVI and other iron-mediated
nanoparticles. However, a major question remains
unanswered: what is the long-term environmental fate
of the iron nanoparticles used for remediation? We
aged three types of commercial nZVI in different
aqueous media, including a groundwater sample,
under aerobic and anaerobic conditions for 28 days,
and found that the bulk of the nZVI injected into
polluted sites will end up in the sediment phase of the
aquifer. This is mainly due to aggregation-induced
sedimentation of the nZVI and the insoluble iron
oxides formed when nZVI undergoes corrosion. Iron
concentrations >500 g/kg were detected in sediment,
a loading level of iron that may potentially affect some
organisms and also reduce the permeability of aqui-
fers. Dissolved and suspended iron concentrations
initially surged when nZVI was applied, but iron
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decreased steadily in the supernatant and suspended
sediment as the bulk of the iron partitioned into the
sediment. Solution and surface chemistry of the iron
species showed that nZVI remains reactive for more
than 1 month, and that the reactivity of iron and its
transformations are governed by environmental fac-
tors, including the presence of different ions, ionic
strength, natural organic matter, and pH.
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Introduction

The goal of environmental remediation is to remove
or control pollutants in soil, sediments, groundwater,
and surface water to reduce the human and ecological
risk posed by hazardous waste sites (Karn et al. 2009;
Holland 2011). Pollutants and their sources are
diverse in nature, and consequently several remedia-
tion methods have emerged over the years (Francis
and Dodge 1998; Kirchner et al. 2011; Rodgers and
Bunce 2001). Remedial actions are frequently energy
intensive and expensive and can also produce their
own contaminations and impacts (Karn et al. 2009;
Holland 2011). As a result, practitioners seek more
environmentally, socially, and economically sustain-
able methods for pollution cleanup (Holland 2011).
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Nanoremediation has recently emerged as a cleanup
method that appears to reduce costs, improve effec-
tiveness, and generate fewer hazardous by-products
(Karn et al. 2009; Simon 1997; Xi et al. 2011; Zhang
2003; Crane and Scott 2012).

Nanoremediation, the use of nanomaterials for
environmental pollutants cleanup, is based on the
ability of certain nanomaterials to either react with the
pollutant of concern or create an enabling environment
for its transformation into less toxic or nontoxic forms
(Karn et al. 2009; Ponder et al. 2000; O’Carroll et al.
2012; Mueller et al. 2012; Pan and Xing 2012).
Nanoremediation can also occur via adsorption of the
pollutants (e.g., heavy metals) to the nanoparticles,
thereby immobilizing them (Ponder et al. 2000;
Theron et al. 2008; Tratnyek and Johnson 2006;
Zhang 2003). For many problematic pollutants, such
as chlorinated organic compounds, nanoremediation
may be a viable, efficient, and cost effective alterna-
tive to traditional in situ remediation technologies,
such as pump-and-treat, chemical oxidation, and
bioremediation (Karn et al. 2009; Otto et al. 2008).
Relative to more conventional methods, nanoremedi-
ation also has the potential to decrease the overall
remediation timeframe, due to the higher reactivity of
nanomaterials, and can eliminate the need for treat-
ment and disposal of contaminated soil since it can be
applied in situ (Karn et al. 2009; Zhang 2003). In
particular, nanoscale zero-valent iron (nZVI) has been
proposed or applied for the remediation of a wide array
of common environmental contaminants such as
chlorinated organic solvents (Amir and Lee 2011; Li
et al. 2006; Tee et al. 2009; Zhang et al. 2011; Zhang
and Elliott 2006; Wei et al. 2012), organochlorine
pesticides (Joo and Zhao 2008; Zhang and Elliott
2006), polychlorinated biphenyls (He and Zhao 2005),
organic dyes (Fan et al. 2009; Xi et al. 2011), and
heavy metals such as arsenic, mercury, zinc, lead, and
chromium ions (Kanel et al. 2006; Ponder et al. 2000;
Zhang and Elliott 2006; Yan et al. 2010; Yan et al.
2012). The use of nZVI to remediate pollutants has
gained increasing attention in recent years, primarily
due of its wide application options, high degree of
reactivity (Chang and Kang 2009; Karn et al. 2009;
Grieger et al. 2010) and perceived environmentally
benign characteristics (Xi et al. 2011; Zhang 2003).

While many studies have shown the effectiveness
of nZVI in pollution remediation, only a few studies
have investigated the potential impact the use of this
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technology may have on the both the physical
environment and the biological systems at the point
of application and its surroundings (Sun et al. 2006,
2007; Zhang and Elliott 2006). Studies have shown
that nZVI and its oxide can have toxic effects on a
variety of life forms (Auffan et al. 2008; Keller et al.
2012; Chen et al. 2011b; Wang et al. 2011). As such, it
is essential to understand the nature and rate of
transformation that occur to nZVI particles and the
environment into which they are applied. In addition,
the surface and chemical properties of nZVI change
significantly over time with solution chemistry and
environmental conditions (Li et al. 2006). This implies
that their effect on the environment and the ecosystem
may also change with time. The aggregation and
sedimentation rates of different concentrations of
nZVI have been monitored on a short term basis
(within a few hours) (Phenrat et al. 2007). However,
there has been no long-term study of nZVI aggregation
and how nZVTI and its oxidation products may partition
between the supernatant and sediment phases when
injected into the aquifer. Also, there is currently
almost no data on the potential persistency of nZVI
and its transformation products (Grieger et al. 2010).

Thus, the objective of this study was to (1)
investigate the persistence of different types of nZVI
aged in different aqueous media, and observe the
partitioning of the iron species into the various phases
of the aqueous media, (2) monitor nZVI transforma-
tion (change in surface chemistry) and solution
chemistry as the nZVI ages, and (3) investigate how
aquifer properties such as ionic strength affect these
transformations.

Experimental

Aqueous suspensions of three types of commercial
nZVI, Nanofer STAR (NS), Nanofer 25S (N25S), and
Nanofer 25SS (N25SS) were prepared in NanoPure
water (Barnstead), 10 mM CaCl,, 100 mM CaCl,, and a
groundwater sample (RW) obtained from a remediation
well of a polluted site. Characterization of RW is shown
in Table S3 (Online Resource 1). All the nZVI samples
were obtained from NANO IRON (Czech Republic) and
preserved in a 4 °C constant-temperature room before
the experiment. NS is an air-stable nZVI powder,
consisting of Fe? surface stabilized nanoparticles. N25S
is an aqueous dispersion of nZVI coated with
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polyethylene glycol sorbitan monostearate, a surfactant.
N25SS was received as an aqueous dispersion of NS,
which was further treated by shear-mixing. Iron oxides
shells are usually formed on exposure of the Fe’ to
aqueous media or air (Sun et al. 2006; Yan et al. 2010).
The primary nZVI particles are 20—-100 nm in diameter,
with surface area of 20-25 m*/g, and a particle density
of 1,150-1,250 kg/m3, as reported by the manufacturer.
The three nZVI samples were characterized by nano-
particles tracking analysis (NTA, NanoSight LM 10-HS)
and X-ray diffraction (XRD, Bruker D8 Advance). The
XRD scans were evaluated using Bruker DIFFRACP"
EVA software. For the NTA measurements, 100 mg/L
stock suspension of each nZVI was sonicated in a water
bath (Branson 1310, Danbury, CT) for 30 min. The
stock was then diluted to 10 mg/L using nitrogen-
purged NanoPure water and the pH was adjusted to 7.0
with phosphate buffer (Fisher Scientific) before mea-
surement. Scanning electron microscopy (SEM, FEI
XL30 Sirion) and BET surface area analysis (Microm-
eritics TriStar 3000 porosimeter) of NS dry powder were
also done. SEM and BET surface area analysis were not
done for N25S and N25SS because they were received
in aqueous form and drying them for the analyses would
substantially alter their morphology.

We prepared a fresh aqueous suspension of NS just
before this study while N25S and N25SS stocks were
diluted to the desired concentration—as would be
done in an in situ remediation project (Zhang and
Elliott 2006). Each suspension had a volume of
500 mL with nZVI concentration of 3 g/L. (except
for two RW controls). nZVI concentrations commonly
used for pollution remediation are 1-30 g/L (Li et al.
2006; Sun et al. 2007; Zhang 2003; Jiemvarangkul
et al. 2011; Mueller et al. 2012; Wei et al. 2012).

Two sets of each nZVI were suspended in each
aqueous media—one set for aerobic and another for
anaerobic conditions. Each suspension was sonicated at
40 amps for 1.5 min with a Misonix Sonicator S-4000
(QSonica LLC, Newtown, CT) and then adjusted to
~pH 7.0 using 0.1 M NaOH and HCI. The pH of the
RW suspensions was not adjusted. From each of the
500 mL suspensions, seven 30 mL aliquots were made
and kept in the same condition as the original stock.
These 30 mL aliquots were sampled sequentially (Days
0,1,2,4,7, 14, and 28) to monitor the chemistry of each
condition. The original larger stock suspensions
remained undisturbed and were used to monitor the
partitioning of iron species between the supernatant and

the sediment phases. The experiments were conducted
under well-aerated conditions for the aerobic experi-
ment, and with an ultra-high grade nitrogen gas blanket
within a glove box for the anaerobic conditions.

Total iron concentrations ([Fe],.;) were analyzed via
ICP-AES (iCAP 6300, Thermo Scientific) using the
Fe2395 line. NIST-traceable standard solutions for iron
(Fluka Analytical) were used to generate calibration
curves ranging from 0.05 to 100 mg/L. Zeta ({)
potential, hydrodynamic size, count rate, and conduc-
tivity of the nZVI suspensions were monitored with a
Zetasizer Nano-ZS90 (Malvern, UK) using folded
capillary cells. Each data point obtained with the
Zetasizer was an average of three repetitions of 10 or
more runs each. Sample pH and oxidation-reduction
potential (ORP) were monitored with HACH HQ 40d
portable meter. Temperature was monitored using a
Dual Thermometer TYPE K (Fisher Scientific). To
determine [Fe]y in the sediment, a known mass of
sediment from a given sample was digested in 5 mL
nitric acid at 80 °C for 60 min in a Precision Reciprocal
Shaking bath (Thermo Scientific). The digested sample
was then poured into a 50 mL volumetric flask and the
volume was made up with NanoPure water. 10 mL of
the diluted samples were then analyzed via ICP-AES
and the result corrected for the dilutions. To determine
the total iron concentration in the supernatant phase,
3 mL of the samples’ supernatant was carefully pipetted
into 10 K Amicon® Ultra-4 centrifugal filter tubes
(Millipore, Ireland) and centrifuged at 8,000 rpm for
20 min (RC 5B Plus, Sorvall, Newtown, CT). 1 mL of
the filtrate was digested in 1 mL of nitric acid and then
diluted with 8 mL NanoPure water before ICP-AES
analysis. The filtrand, collected in the filter unit of the
Amicon® tubes, was also digested and analyzed via ICP-
AES to determine [Fe], in the suspended sediment
phase. To determine the ferrous ion concentration in the
supernatant, 250 pL of sample was diluted in 24.75 mL
of nitrogen-purged NanoPure water and then analyzed
with a HACH DR/890 Colorimeter, using HACH
Ferrous iron reagent powder pillows.

Results and discussion
nZVI characterization

The NTA analysis showed that the nZVI particles are
polydispersed, with the highest polydispersity and
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sizes observed for NS (Online Resource Fig. S1). The
mean hydrodynamic diameter of N25S, N25SS, and
NS were 164 & 86, 176 £ 96, and 414 + 162 nm,
respectively. This shows that shear-mixing reduced
particle aggregates of N25SS slurry (compared to NS).
Polydispersity of the nZVI samples was also con-
firmed by SEM imaging. A typical SEM micrograph is
shown in Fig. S2 (Online Resource). nZVI particles
are mostly spherical with some irregular-shaped
particles. The BET surface area of dry NS particles
was 17.542 4+ 0.061 m2/g, while the micropore area
was determined to be 1.832 m%g. The XRD scans
showed that the nZVI samples are mostly Fe’ with
some iron oxides (Online Resource Fig. S3). The
peaks at 20 = 44.7°,65.02°, and 82.3 were assigned to
Fe’. Secondary peaks represent iron oxides. The
magnetite and maghemite peaks are not easily distin-
guished by XRD because their cubic lattice parameters
are very similar (Rojas et al. 2004). Peaks for
FeO(OH), Fe,03, and hydrated iron oxides were also
observed. NS dry powder had very low amount of iron
oxide.

Average particle diameter and count rate

We observed the largest particle sizes at the start of the
experiments in both aerobic and anaerobic conditions
(Table 1). This is mainly due to rapid aggregation
caused by low electrostatic repulsion and magnetic
attraction (Karn et al. 2009; O’Carroll et al. 2012).
Magnetic attraction depends on the particle size to the
sixth power (Phenrat et al. 2008). In the CaCl, and RW
suspensions, aggregation was further promoted by
screening of electrostatic repulsion by the cations (Li
et al. 2006), thereby increasing the size and density of
the nZVI and iron oxide particles in the supernatant of
all the samples. Steric repulsion does not seem to
improve the stability of N25S compared to NS and
N25SS at the particle and electrolyte concentrations
considered in this study. Other studies have observed
significant aggregation in polymer-modified nZVI
(Phenrat et al. 2010). However, previous work with
bare nZ VI indicated that the surfactant in N25S plays a
major role in stabilizing the original particles at other
conditions (Keller et al. 2012). Most of the particles
measured were in the micrometer range on Day 0. The
largest hydrodynamic particle sizes were observed in
the RW suspensions on Day 0 while NanoPure water
suspensions were generally the lowest in size. Due to
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size and density, the movement of micrometer-scale
metal particles is largely controlled by gravity-
induced sedimentation (Karn et al. 2009). nZVI and
iron oxide particles have been shown to aggregate into
clusters that are large enough to be affected by gravity
within a couple of minutes (Phenrat et al. 2007;
O’Carroll et al. 2012; Zhu et al. 2012). Gelation has
also been reported in nZVI by other studies, in which
nZVI form large networks of fractal aggregates, which
further enhances gravitational sedimentation (Chang
and Kang 2009; Phenrat et al. 2007).

As the larger aggregates settled out, progressively
smaller particle sizes were observed in the supernatant
over time. Reduction in particle size over time is also
due to the oxidation of nZVI particles in the superna-
tant to soluble iron oxides. Aggregation rate may
increase or decrease with time depending on the
species of iron oxide formed and their magnetic
properties (Phenrat et al. 2007). The hydrodynamic
size of N25S and N25SS in NanoPure water was stable
throughout the period of the experiment after the
suspensions equilibrated but we observed no stability
at higher ionic strength. The presence, species and
concentration of groundwater cations in the remedi-
ation sites is expected to affect the stability and
aggregation of the nZVI particles being applied (Saleh
et al. 2008; Sun et al. 2007). Unlike N25SS, due to its
large initial size and thus increased magnetic attrac-
tion, NS was not stable in any of the conditions,
including NanoPure water. The hydrodynamic diam-
eter of NS varied up to 3.6 pm throughout the study in
all the conditions. This agrees with SEM, which
showed that NS primarily exists as micron-sized
aggregates (Online Resource Fig. S2), and would need
to be dispersed before use for remediation. The
instability of NS in any of the conditions studied
underscores the role of initial particle size and
pretreatment in nZVI stability and their overall
behavior when they are introduced into the environ-
ment for pollution remediation (Karn et al. 2009;
Mueller et al. 2012; Pan and Xing 2012).

Similar to size measurements, particle count rates
were relatively constant in NanoPure water, but not in
the CaCl, and RW suspensions. NS was not stable in any
condition. The count rates for N25S and N25SS were
one order of magnitude larger in NanoPure water
compared to the other media, indicating higher suspen-
sion stability at low ionic strength. In general the count
rate was lowest in the 100 mM CaCl, solution and
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Table 1 Hydrodynamic diameter (nm) of aqueous suspensions of nZVI particles in aerobic and anaerobic conditions observed over

a period of 28 days

Days NanoPure water 10 mM CaCl, 100 mM CaCl, RW NanoPure water 10 mM CaCl, 100 mM CaCl, RW
N25S in aerobic condition (nm) N25S in anaerobic condition (nm)
0 2757.00 4336.67 3044.67 4153.00 944.10 3190.33 3398.67 7442.00
1 173.63 996.93 2317.67 1103.67 175.90 1932.67 1723.33 2550.33
2 187.33 1122.67 1212.50 1524.67 169.97 2529.67 2190.33 2713.00
4 161.60 1654.75 1.17 738.58  177.33 3123.00 ND 3537.00
7 176.10 ND ND 859.73  165.53 381.80 0.33 134.78
14 285.03 ND ND ND 180.90 ND ND ND
28 170.60 173.50 ND 177.50  146.40 ND ND ND
N25SS in aerobic condition (nm) N25SS in anaerobic condition (nm)
0 2512.33 396.10 2969.67 4302.67 608.93 2778.50 3185.00 3801.67
1 247.23 711.75 1493.67 6646.67 237.27 2302.67 3974.33 2745.00
2 222.80 771.90 1890.00 5016.00 212.77 2085.33 3514.67 3502.00
4 222.90 1689.00 799.37 0.68 206.80 2109.33 2919.33 2134.33
7 219.63 2437.00 ND ND 239.23 3225.00 1451.40 2207.33
14 179.43 ND ND ND 181.17 1826.00 929.55 3326.33
28 155.30 ND 50.05 97.28 168.20 ND ND ND
NS in aerobic condition (nm) NS in anaerobic condition (nm)
0 1864.33 1760.50 2469.67 3601.33 1003.33 2018.00 2813.00 3039.67
1 755.77 485.20 2160.33 97490  658.23 861.00 1755.00 1549.00
2 965.27 0.00 2496.00 241.70 67393 ND 1915.00 461.18
4 ND 1004.40 14.60 ND 1268.67 72.75 1618.83 ND
7 2056.00 8.16 ND ND 6204.00 28.86 ND 1429.67
14 ND ND ND ND ND ND 1052.25 ND
28 ND 1120.60 377.60 1066.83 ND ND ND 18.98
ND not detected
highest in NanoPure water (Fig. 1). Other suspended pH

materials (different from nZVI) present in the ground-
water sample may have contributed to the count rate we
observed in RW, especially at the start of the exper-
iment. In NanoPure water, the nZVI listed in increasing
supernatant count rate are NS < N25S < N25SS. As
shown in Online Resource Table S1, the count rate range
observed in NS was 0.9-20.5 kilocounts per second
(kcps) while N25SS and N25S were 1.0-234.6 and
1.0-133.0 keps, respectively. The count rates in the
anaerobic conditions were slightly higher than in the
aerobic conditions. In most of the conditions, the highest
count rate was observed within 48 h and count rate
decreased steadily thereafter, exceptin NanoPure water.
Aggregation (and thus sedimentation) occurs because
van der Waals and magnetic attraction are stronger than
the electrostatic and steric repulsions.

nZVI is able to react with dissolved oxygen in water
and to an extent with water as shown in Eqs. (1) and
(2) below (Karn et al. 2009; Sun et al. 2006; Zhang
2003; Zhang and Elliott 2006):

2Fel) + 4H[, ) + Oaug — 2Fels) + 2H,0)

(aq)
(1)
0 2 _
Fe(s) + 2H20(aq) - Fe(;v + H2(g) + ZOH(aq)
(2)
2 3
4Fe(y) + 4H(g + Osaq) = 4Fe(,) + 2H,0y)
(3)

In aerobic condition (1), nZVI is oxidized to ferrous
iron and protons are consumed in the process. This
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Fig. 1 The mean count rate (in kilo counts per second, kcps) obtained for nZVI particles (N25S, N25SS, and NS) aged for 28 days in
aerobic and anaerobic conditions in NanoPure water (NP), 10 mM CaCl, (10 mM), 100 mM CacCl, (100 mM), and groundwater (RW)

reaction is thermodynamically favorable, with
E°=+ 171V at 25 °C (Zhang and Elliott 2006).
In anaerobic or anoxic condition (2), nZVI reacts with
water to produce ferrous iron, hydrogen gas, and
alkalinity. Ferrous ions are further oxidized to ferric
ions in the presence of oxygen (Eq. 3). These three
reactions increase media pH. At the start of this study,
we adjusted all the suspensions except RW to ~pH 7
to simulate the environmental pH range, but in
NanoPure water the pH increased to 9.4-9.8 within
minutes except for NS, which remained within the
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neutral range. NS has lower surface area for corrosion
(compared to smaller N25SS and N25S) due to its
larger primary particle size, and magnetic attraction.
Previous studies also reported 2-3 U increase in pH
within an hour after nZVI particles were introduced
into distilled water, regardless of the nZVI concentra-
tion (Sun et al. 2006; Zhang 2003). A steady rise in pH
was observed for all three nZVI particles in RW,
which started out at ~pH 7 and reached pH >9. In
fact, by Day 28 the highest pH readings (7.2-9.5) were
observed in the RW conditions. In the RW controls,
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the pH range was 7.1-8.2 for the aerobic condition and
6.4-7.9 for the anaerobic condition—both much lower
than what was observed when nZVI was suspended in
the groundwater. The slower rate of nZVI oxidation in
RW (compared to NanoPure water) may be due to
interaction of natural organic matter (NOM) in the
groundwater with the surface of nZVI particles,
reducing their reactivity (Dries et al. 2005; Giasuddin
et al. 2007). However, the production of reactive
oxygen species (ROS) during nZVI oxidation may
lead to the oxidation of NOM (Matheson and Tratnyek
1994; Joo et al. 2004) and free up the reactive sites of
the particles. As a result, we observed a progressive
increase in pH in RW media over time. The presence
of natural buffers in the environment may prevent a
large pH increase in the environment, but a recent field
study reported a slight increase in pH around the nZVI
injection point (Wei et al. 2012).

The overall pH ranges observed in 10 and 100 mM
CaCl, suspensions (6.3-9.0 and 6.0-8.7, respectively)
were significantly lower than in NanoPure water
(6.5-9.8) and RW (7.1-9.5). This may be due to
reduced reactivity of nZVI particles as a result of
surface passivation by Cl™. It has been previously
noted that CI™ reduces surface reactivity of nZVI in
water by forming Fe—Cl™ complexes on the iron
surface, passivating the reactive sites (Sun et al. 2007;
Liu et al. 2007). Groundwater anions such as CI™ and
PO, may serve as ligands because they have atoms
with a lone pair of electrons that can be donated in a
coordinate bond (Cornell and Schwertmann 2003; Liu
et al. 2007; Sun et al. 2006). These ligands may adsorb
to the outer iron oxide surface of nZVI either
specifically (Egs. 4, 5) or non-specifically (Eq. 6)
(Cornell and Schwertmann 2003; Sun et al. 2006):

=FeOH + L~ <> =FeL + OH™ 4)
=(FeOH),+ L~ + =Fe,L" + 20H~ (5)
=FeOH + L~ + H' < =Fe(OH),+ L~ (6)
where the symbols = and L~ represent the iron

surface and anionic ligands, respectively.

Adsorption of ligands also leads to increase in pH
(Egs. 4-6). Increase in solution pH may further reduce
the reactivity of nZVI particles through the formation
of less soluble iron hydroxide-based precipitates on
the surface (Matheson and Tratnyek 1994; Joo et al.
2004). The complete pH measurement data are
presented in Online Resource Table S2.

Zeta potential

Zeta ({) potential of nanoparticles, i.e., their apparent
surface charge, has been shown to strongly depend on
solution pH. As nZVI corrodes, OH™ is produced (or
H* is consumed) and { potential becomes more
negative (Zhang and Elliott 2006). This is also marked
by change in surface characterization as nZVI cor-
rodes. The most negative { potential values were
observed for the N25S and N25SS particles aged in
NanoPure water and RW (Fig. 2). NS was also mostly
(but less) negative in these two media. Following the
pH trend observed in RW and Nanopure water, the {
potential of the nZ VI particles in the RW became more
negative with time while the most negative values in
NanoPure water were observed at the start of the
experiment. The maximum ({ potential values
observed for N25S suspended in water were —30
and —38 mV in aerobic and anaerobic conditions,
respectively. For N25SS suspended in NanoPure
water, maximum { potential values observed were
—36 and —40 mV in aerobic and anaerobic condi-
tions, respectively. There was more spread in the
overall { potential range of NS in both NanoPure water
and RW than for N25S and N25SS. For the CaCl,
suspensions, the { potential values were much less
negative compared to the observation in NanoPure
water and RW. In fact, several positive values of {
potential were observed for NS in CaCl, suspensions.
The divalent cation, Ca2+, screens the electrostatic
charge on the surface of the iron nanoparticles (Li et al.
2006). In general, the trend observed for the nZVI {
potential was: NanoPure water > RW > 10 mM
CaCl, > 100 mM CaCl,. The low { potentials in the
CaCl, and RW suspensions (>—25 mV) implies that
electrostatic repulsions between nZVI particles may
be insignificant in groundwater, leading to aggregation
and stronger attachment to natural mineral surfaces.
These interactions may reduce the mobility and
reactivity of the nZVI in the aquifer thereby increasing
persistence.

Oxidation—reduction potential

The ORP of nZVI depends on (1) deposition of the
particles on the redox electrode, and (2) the reactivity
of nZVI in aqueous media (Shi et al. 2011). As such,
the magnitude of ORP may be indicative of the
aggregation state of nZVI in aqueous systems:
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Aggregated nZVI will sediment and not deposit
significantly on the electrode. Also, aggregation
reduces the surface area on nZVI, affecting the
reactivity of nZVI. The ORP we observed in this
study is indicative of aggregated nZVI particles, since
the ORP measured is mainly due to Fe*™ from nZVI
corrosion (Shi et al. 2011). N25S and N25SS showed
consistently negative ORP in all four aqueous media
throughout the period of the experiment (Fig. 3). In
NanoPure water, ORP as low as —406 mV was
observed in aerobic conditions, while in the anaerobic
condition the lowest ORP measured in NanoPure
water was —398 mV for the three nZVI particles. The
ORPs observed in the CaCl, suspensions and RW
were also very low despite the expected passivation by
the electrolytes. This implies that high level of
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groundwater cations is unlikely to limit the ability of
nZVI particles to create a reducing environment.
nZVI oxidation involves the consumption of oxy-
gen (and other oxidants if present) and the production
of Fe?* and hydrogen, resulting in reducing conditions
in the aqueous media (Sun et al. 2006; Zhang and
Elliott 2006). This reducing condition persists as long
as iron remains reactive and water is available (Sun
et al. 2006). There was evidence of nZVI reactivity
throughout the 28-day period of this study and in
another study we observed reactivity for up to 60 days.
The ORP of NS showed that the as-received dry
nanoparticles were less reactive than the shear-mixed
aqueous N25S and N25SS, releasing the ferrous ions
more slowly. The ORP values observed suggest that
the consumption of oxidants in NS suspensions is
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Fig. 3 Oxidation-reduction potential (ORP) of nZVI suspensions in NanoPure water (NP), 10 mM CaCl, (10 mM), 100 mM CaCl,
(100 mM), and groundwater (RW) in aerobic and anaerobic condition

slower and lower than in suspensions of N25S and
N25SS when all three nZVI are aged for a month.
Several bench and field studies have demonstrated
that iron-based nanoparticles can establish low-nega-
tive ORP in water and soil within minutes (Chang and
Kang 2009; Sun et al. 2006; Zhang 2003; Wei et al.
2010) and ORP reduction may be concentration-
dependent (Chang and Kang 2009; Shi et al. 2011; Sun
et al. 2006). In a field study, ORP of —700 mV was
observed after the introduction nZVI into an injection
well with initial ORP of 4-50 to —100 mV (Zhang and
Elliott 2006). The reduction of the groundwater and

soil ORP is very important for the transformation of
many persistent pollutants such as chlorinated organic
compounds and pyrene (Chang and Kang 2009; Zhang
and Elliott 2006; Wei et al. 2010).

Fe concentration in different phases

In addition to the measured concentration of various
iron species, we observed major color changes (mostly
from black to green, and the rusty coloration of Fe™)
in both the supernatant and the upper layer of the
sediment phases of N25S and N25SS. NS remained
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almost completely black up until Day 28 (Online
Resource Fig. S4). Some faint rusty coloration was
observed in the sediment of NS at Day 28. After Day
28, this rusty coloration increased over time. Ferrous
iron in the supernatant and total iron in the superna-
tant, suspended sediment and the sediment phases
were monitored.

Total dissolved (supernatant) Fe concentration

[Feliorar in the supernatant is expected to change as a
result of (1) oxidation of nZVI to soluble iron species;
(2) transformation of soluble iron to insoluble iron
species like FeOOH, and Fe;0y; and (3) aggregation-
induced sedimentation of nZVI and iron oxides (Karn
et al. 2009; Phenrat et al. 2007). In the CaCl,
suspensions, these processes are affected by the
presence of dissolved ions, which may result in
passivation, complexation, and increased aggregation.
nZVI oxidation results in the formation of ferrous iron
(1 and 2), which can then be further oxidized to ferric
iron (Eq. 3), magnetite (Eq. 7), or ferrous hydroxide
(Eq. 8), depending on redox conditions and pH.
Furthermore, ferric iron can undergo hydroxylation
to form ferric hydroxide (Eq. 9). It may also react with
water to form oxyhydroxide (Eq. 10). Ferric hydrox-
ide may lose water to form oxyhydroxide (Eq. 11).
Transformations may also occur between iron hydrox-
ides and magnetite (Egs. 12, 13) (Li et al. 2006; Kanel
et al. 2005).

6Fe’™ + 0, + 6H,0 — 2Fe;0, + 12HT (7)
Fe’* + 20H™ — Fe(OH), (8)
Fe’™ + 30H™ — Fe(OH), (9)
Fe*™ + 2H,0 — FeOOH + 3H" (10)
Fe(OH);+ 3H" — FeOOH + H,O0 (11)
6Fe(OH),+ O, — 2Fe;04 + 6H,0 (12)
4Fe;04 + Oy + 18H,O « 12Fe(OH), (13)

These iron species may be present in the superna-
tant as ions or particulates which may eventually
sediment out. Several studies have reported the
presence of iron oxides such as FeO (Sun et al.
2006), y-Fe>O5 (Li et al. 2006) and Fe3;04 (Li et al.
2006; Phenrat et al. 2007) on the surface of nZVI, with
the oxide layer growing as the nZVI ages (Sun et al.
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2006). We confirmed the presence of FeO(OH),
Fe,0;, y-Fe,03, and Fe;04 on the surface of nZVI
used for this study (Online Resource Fig. S3). The type
of oxide present on the shell of nZVI depends on how
it is produced and the prevalent environmental con-
dition (Li et al. 2006).

The concentrations of soluble iron species
decreased exponentially in most of the conditions
over time (Fig. 4). The soluble iron concentration
observed over time depends on (1) the rate of
oxidation of nZVI to soluble iron species; and (2)
the rate of transformation of the soluble iron to
insoluble species. Both rates are affected by the
surface characteristics of the nZVI particle, nature of
media, pH, availability of oxidants, etc. For instance,
both the oxidation of the nZVI phase and the
transformation of the soluble iron phase are expected
to be slowed by CI™ in the CaCl, suspensions. This
may result in either increase or decrease in soluble iron
concentration depending on reaction rate of both
phases and how much the presence of C1™ impacts the
rates. In general, however, the oxidation rate of nZVI
is expected to decrease with time as the reaction sites
are used up while the formation of insoluble iron
species are favored by the increase in pH and the
availability of reactants. As a result the decrease in
dissolved iron concentration of the supernatant can be
attributed to the formation of insoluble iron oxides
(oxides, hydroxides, and oxyhydroxides), which either
remain suspended or settle out into the sediment phase
of the suspensions. The rate of supernatant iron
reduction appears to be directly proportional to the
initial concentration of soluble iron species detected in
the different suspensions. The nZVI suspensions that
had low soluble iron concentration on Day 0
(<1.0 mg/L) did not vary as much over time while
those with high initial iron concentration (>1.0 mg/L)
decreased exponentially (Fig. 4).

Dissolution increases bioavailability of metals
(Hogstrand and Wood 1998), presenting a potential
toxicity route. For instance, dissolved Fe*" (especially
at high levels) has demonstrated bactericidal activities
by (1) inducing oxidative stress (Auffan et al. 2008),
and (2) precipitation of ferric hydroxide nanoparticles
in the cytoplasm, leading to cell destruction (Marsalek
et al. 2012). Toxicity due to dissolved iron species will
be most significant right after nZVI injection, when
high levels of the species were determined (Fig. 4).
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Fig. 4 Total dissolved iron concentration ([Fe]y) in the supernatant of nZVI suspensions aged in NanoPure water (NP), 10 mM
CaCl, (10 mM), 100 mM CaCl, (100 mM), and groundwater (RW) in aerobic and anaerobic conditions

Suspended Fe concentration

The suspended sediment iron category includes all the
insoluble iron species that form small particulates.
This includes unoxidized and partially oxidized nZ VI,
and the insoluble iron oxides, hydroxides, and oxyhy-
droxides such as FeO, Fe,03;, FeOOH, and Fe;Oy;
formed as described by Eqs. (7-13). Similar to the
observation in the supernatant total iron, the concen-
tration of the suspended particles decreased exponen-
tially over time except in NanoPure water, in which

particle concentration appeared to be steady for the
period of this study (Fig. 5). The same trend was
observed in the particle size data that was obtained via
DLS—hydrodynamic diameter of particles increased
for the first few days and then decreased sharply in all
the media except in NanoPure water. NS was not
stable in any of the aqueous suspensions, including
NanoPure water. Online Resource Table S3 shows the
Day 1 and Day 28 iron levels measured in
the suspended sediment of all the nZVI conditions.
The average concentration of iron detected in the
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suspended sediment of NanoPure water suspension of
N25S after Day 0 was ~4.5 g/kg, while we observed
~2.5 and ~0.05 g/lkg for N25SS and NS, respec-
tively, in the same condition. As expected, we
observed more sedimentation in the ionic media. For
instance, in the aerobic 10 mM CaCl, condition, iron
concentration in the suspended sediment of N25S
decreased from 0.2 g/kg on Day 1 to 0.004 g/kg on
Day 28. Under the same condition, N25SS decreased
from 0.01 g/kg on Day 1 to undetectable levels on Day
28. While stability was observed in the NanoPure
water after the suspension equilibrated on Day O, the
presence of Ca”" screened the electrostatic repulsion
among the iron particulates, causing them to aggregate
more and sediment. RW had an ionic strength of
~46 mM (Online Resource Table S4). As such, rapid
aggregation was also expected in RW. Sedimentation
of iron particulates is expected to occur in the
subsurface following nZVI injection. Sedimentation
may however be limited by interception/adsorption to
soil moieties and straining of the large aggregates. Wei
and coworkers reported accumulation of iron in the
upper layer of an injection site, which reduced
significantly after a storm event (Wei et al. 2010).
Straining is significant when the ratio of the particle
(nZVI) diameter to porous media grain diameters
exceeds 0.05 (Sakthivadivel 1969; Auset and Keller
2006). Significant straining has been demonstrated
when the ratio is as low as 0.003 (Bradford et al. 2007).
The presence of iron particulates may therefore affect
the soil/aquifer characteristics such as permeability
and transport (Phenrat et al. 2007; Ponder et al. 2000;
Saleh et al. 2007; Schrick et al. 2004; Reddi et al.
2000; Liu et al. 2007; Wei et al. 2010).

Sediment Fe concentration

The sediment phase was the reservoir for nZVIand iron
oxide particulates that settled out of the suspension. In
aerobic conditions, the range of iron detected in the
sediment was 13-540 g/kg while in anaerobic the
range was 33-523 g/kg. The lowest iron concentra-
tions were determined in the sediment on the first day
of the study (Day 0) when the initial settling was still
going on and it remained relatively stable thereafter
(Fig. 6). Although the suspended iron decreased rap-
idly, the reason we did not observe a concurrent rapid
increase in the sediment iron after Day 1 is because the
concentration of iron in sediment was several orders of
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magnitudes higher than concentrations of suspended
particles. In addition, the increase in sediment iron may
not be easy to monitor because the sediment phase is
not evenly spread out and it is difficult to obtain a
representative sample from the deposits. Also, contin-
uous sampling from the sediment phase reduced the
amount of iron in the sediment and caused minor
disturbance that may have further increased the
unevenness of the sediment phase.

We observed that oxidation of nZVI and by-
products also took place in the sediment phase. This
was evidenced by (1) the change in the coloration of
the sediment phase, progressively from the top layer;
and (2) the observed trend in the ferrous iron
concentration monitored in the supernatant (discussed
below). Sedimentation of particulate nZVI and its by-
products to the sediment phase of the aquifer may
increase the local concentration of redox-active iron
species around the injection well, which may signif-
icantly affect the aquifer’s geochemistry, and sedi-
ment biota. Some of the possible effects are discussed
in the implication section.

Supernatant ferrous concentration

Fe’* is expected to be one of the first products in the
oxidation series of nZVI. However, Fe*" is only a
transition state since it can be further oxidized to other
forms, mainly Fe’". As such, the amount of Fe®"
detected in the nZVI suspension is proportional to the
rate of nZVI oxidation and indirectly proportional to
the rate of Fe?™ oxidation. For Fe*™ concentration
measurements, we did not separate the suspended iron
particulates from the supernatant. This is expected to
influence the result since insoluble Fe*" species (e.g.,
FeO) may be present in the suspension. However,
insoluble Fe*™ is likely much less reactive than
dissolved Fe*". Also, any nZVI particles present in
the suspended sediment may be oxidized in water to
produce more Fe** during analysis. The highest Fe*™
concentration in all the conditions was measured at
the start of the experiment (Fig. 7). In the CaCl, and
RW suspensions of N25S and N25SS, the concentra-
tion of Fe*™ increased steadily after Day 1, peaked
around Day 2-3 and then decreased. A similar pattern
was observed in NanoPure water, but there was less
variability from Day 1 to 28. The decrease in the Fe*"
concentration by Day 1 indicates that Fe>™ oxidation
exceeded the rate of nZVI oxidation after Day 0.
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The highest Fe*" concentration was detected in the
100 mM CaCl, media for all conditions. The 10 mM
CaCl, media had the next highest concentration in
most of the conditions while the overall least concen-
tration was observed in RW. The high Fe*" in the
CaCl, suspensions can be attributed to the interactions
between the Fe?" and the Cl™. Anions can interact
with Fe?" in different ways, including the formation of
ion pairs (Eq. 14), and complexation or catalysis
(Millero 1985):

Fe’* + Cl1~ — FeCl™" (14)

FeCl* and FeCl, ion pairs are not easily oxidized.
As a result, their formation reduces the oxidation rate

of Fe?* (Millero 1985, 1989). Also, the oxidation of
Fe”" is strongly correlated with solution pH (Millero
1985). As shown earlier, pH was lower in the CaCl,
suspensions. As such, a slower rate of Fe?* oxidation
is expected in these conditions. The pH of the
groundwater sample, RW, increased with time. This
correlates with increasing Fe?" oxidation rate, which
agrees with our observation. Groundwater anions and
pH thus play important roles in the speciation of iron.

The Fe?" concentration measurement provides
evidence for the oxidation of nZVI particles in and/
or from the sediment phase and the lower reactivity of
the particulate NS. We observed a slight increase in
Fe?* concentration around Day 2-3 in most of the
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conditions. This slight increase is due to oxidation of
nZVI particles in the sediment phase or the re-
suspension of nZVI particles from the sediment phase,
which then was oxidized in the supernatant.

For NS we observed significant Fe>™ concentration
at the start of the study, like in the other nZVI particles.
But unlike the other nZVI media, the Fe?* concentra-
tion in NS suspensions dropped abruptly by Day 1 and
remained low throughout this study. The concentra-
tion range observed in NS from Day 2 to 28 was
0-2 mg/L. Compared to the range observed in N25S
(0-56 mg/L) and N25SS (0-83 mg/L), NS was much
less reactive. Additional sampling done (data not
shown) showed that the Fe?* concentration remained
insignificant in the NS media beyond 2 months.
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Conclusions and implications for nZVI-mediated
remediation

Similar to what occurs when the primary particle size
is large, increased aggregation of nZVI and by-
products by groundwater cations decreases the surface
area available for reactivity. Reduced reactivity
implies increased persistence of the iron particulates.
Groundwater anions like C1™, HCO37, and PO427 may
also increase persistence of nZVI by forming coordi-
nate bond with the outer iron oxide layer, thereby
passivating the particles. Anion complexation and
reduced reactivity may result in less negative zeta
potential, more aggregation of the iron particulates,
increased adsorption to the soil clay particles, and
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thus, less availability. All of these processes may
contribute to increased persistence of nZVI and iron
oxides in the soil matrix.

The sudden surge in the concentration of iron in the
sediment beyond the natural levels may have adverse
effects on living organisms there, many of which have
important ecosystem functions. Although nZVTI is not
expected to be universally bactericidal (Kirschling
et al. 2010; Chen et al. 2011a), ROS are produced
during nZVI oxidation (Matheson and Tratnyek 1994;
Joo et al. 2004) and by iron oxide nanoparticles
(Buyukhatipoglu and Clyne 2011; Bennett and Keller
2011). nZVI particles and ferrous iron have been
shown to cause oxidative stress in bacteria (Auffan
et al. 2008), and affect growth of algae, invertebrates,
and fish (Keller et al. 2012; Chen et al. 2011b; El-
Temsah and Joner 2012; Marsalek et al. 2012). These
two iron forms are the dominant species present
immediately after the injection of nZVI into the
ground, and under anaerobic conditions may persist
for a significant amount of time, potentially breaking
through to nearby surface water bodies. As shown in
this study, ferrous iron may also persist depending on
the ionic strength and the pH of the aquifer. Toxicity
has also been demonstrated by iron oxide nanoparti-
cles (Buyukhatipoglu and Clyne 2011; Zhu et al. 2012;

Wang et al. 2011). In addition, the ability of nZVI to
change the solution chemistry may significantly
impact the microbial community around the injection
wells and the radii of influence. This impact may go
beyond to the point of injection as nZVI particles have
been shown to flow with groundwater up to a distance
of 20 m (Li et al. 2006; Sun et al. 2007; Zhang 2003).
Downstream dilution of nZVI and by-products is
however expected to reduce their effects on water
chemistry away from the injection well (Wei et al.
2012). The extent of the change in solution chemistry
has also been shown in this study to depend on the
inherent characteristics of the aquifer in terms of the
ions present, ionic strength, NOM, and pH.

In summary, this study showed that:

e Larger nZVI aggregates tend to be more persistent
due to decreased reactivity;

e Groundwater ions and natural organic materials
may increase the persistence of nZVI in the
subsurface via reduced reactivity and surface
passivation;

e The bulk of nZVI injected into the aquifer will
eventually transform into iron oxide particulates,
which will sediment out or get trapped in soil
pores; and
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e Groundwater chemistry is impacted by nZVI
injection.

This implies that injection of nZVI into the ground
should be preceded by proper evaluation of the
specific site to be able to project the possible changes
the nZVI injection may cause as well how this may
influence the ecosystem.
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