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Abstract One of the major obstacles to zerovalent
iron nanoparticles (nZVI) application in soil and
groundwater remediation is the limited transport, espe-
cially in low-permeability soils. In this study, direct
current (constant potential of 5.0 V) was used to en-
hance polymer-coated nZVI mobility in different po-
rous media, including a bed of glass beads and kaolin
clay. The tests were conducted using a modified elec-
trophoretic cell and with nZVI concentrations typical
of field applications (4 g L−1). Experimental results
indicate that the use of direct current can enhance the
transport of the polymer-modified nanoparticles when
compared with natural diffusion in low permeability or

surface neutral porous medium. The applied electric
field appeared to enhance the oxidation–reduction po-
tential, creating a synergistic effect of nZVI usage with
electrokinetics. Aggregation of the nanoparticles, ob-
served near the injection point, remained unresolved.
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1 Introduction

Zerovalent iron nanoparticles (nZVI) are a convenient and
emergent remediation technology that could provide cost-
effective solutions to soil and groundwater contamination
(USEPA 2011). These nanoparticles have large surface
areas for rapid uptake and transformation of a large number
of environmental contaminants (Masciangioli and Zhang
2003; Li et al. 2006). Nanoparticles provide more flexibil-
ity for in situ applications than granular iron and can
remain reactive for extended periods of time (>4–8 weeks)
(Zhang 2003), showing characteristics of both iron oxides
(sorbent) and metallic iron (reductant) (Sun et al. 2006). In
field applications, the nanoparticle–water slurry has been
injected under pressure and/or by gravity into the contam-
inated plume where treatment is needed; alternatively,
nZVI can be transported by the flow of groundwater.
However, in low porosity clay-rich media, it is challenging
to achieve a uniform distribution of the slurry for effective
remediation. Moreover, due to the relatively high ionic
strength of most groundwater, favorable for colloidal
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aggregation, bare nZVI has very limited mobility in the
subsurface (Phenrat et al. 2007; Yang et al. 2007; Kanel
et al. 2008; Bennett et al. 2010; He et al. 2010; Comba
et al. 2011).

It is possible to use electric fields to effectively move
nanoparticles through the soil. Some work has already
been done to test this possibility, such as the one
conducted by Pamukcu et al. (2008), in which
polymer-coated nanoparticles were transported in kaolin
by electrophoresis. Jones et al. (2010) also found that
nZVI could be transported through fine-grained sand
with rates comparable to those predicted by electroki-
netic (EK) theory. More recently, modified or emulsified
nZVI have been tested together with EK to treat
dinitrotoluene (Reddy et al. 2011), trichloroethylene
(Yang and Yeh 2011), and pentachlorophenol (Reddy
and Karri 2009; Yuan et al. 2012) in spiked kaolin.
Experiments with coarse and fine sand and sodium
carboxymethyl cellulose stabilized nZVI showed that
the electrophoretic enhancement in transport compared
to diffusion was proportional to the applied current
(Chowdhury et al. 2012).

The work presented here shows the advantages of
direct electric current to overcome nZVI transport lim-
itation while enhancing its activation in low permeabil-
ity soils. Integrating both technologies, the role of
direct electric current would be quite the opposite of
the traditional one; instead of aiming at getting the
contaminants out, it is used to get nZVI into the soil
for in situ transformation and subsequent destruction of
the contaminants. Bench-scale EK experiments in a
modified electrophoretic cell were performed to inves-
tigate if the direct current enhances the transport and
transformation of polymer-coated nZVI (Lin et al.
2010; Jiemvarangkul et al. 2011). A methodological
and analytical approach including expeditious tech-
niques to measure pH, electrical conductivity, oxida-
tion–reduction potential (ORP), and iron content for
determining the fate of nZVI in the soil was also
developed and tested.

2 Experimental

2.1 Chemicals

Deionized (DI) water purged with ultra purified grade
nitrogen gas (N2) was used in all experiments. The
purging was continued for at least 1 h so that the

dissolved oxygen would fall to a level below 20 %.
nZVI were prepared though the reduction of FeSO4

7H2O (Fisher Chemicals) by sodium borohydride
(HydrifinTM). The polymer coating of the nanoparticles
was done using two different methods. For high con-
centration suspensions, bare nanoparticles were pre-
pared and coated with polyacrylic acid, sodium
salt—PAA Mw ∼2,100 (Polysciences, Inc.) at 30 %
following Jiemvarangkul et al. (2011). For the transport
experiments, the freshly prepared suspension had a con-
centration of 4 g L−1 of nZVI, made using the one-step
procedure described by Kanel et al. (2008). The particle
size distribution of the nanoparticles had a mean value
of particle diameter 62.66±39.6 nm and the median size
was 60.2 nm (Jiemvarangkul 2012).

The electrolyte solution of 1 mM NaCl (Sigma
Ultra) used in the electrode chambers was deoxygen-
ated with N2 for a minimum of 1 h before use.

2.2 Expedite Methods

Suspensions of different concentrations of PAA-nZVI
(0, 0.0001, 0.001, 0.01, 0.1, 0.2, 0.5, 1, 2.5, 5, 10, 10,
and 50 g L−1) were prepared with 0.1 and 0.001 M
solutions of NaCl with deionized water. Initially, the
ORP, pH, and conductivity of these PAA-nZVI sus-
pensions were measured with OAKTON bench-top
meters at time steps of 0, 4, 12, 24, and 48 h. This data
was used to generate calibration curves of relative
nZVI concentration and reactivity. All the measure-
ment probes (pH, conductivity, and ORP) were
recalibrated before each measurement.

2.3 Electrophoretic Cell

A commercially available electrophoretic cell (EP)
(Econo-Submarine Gel Unit, model SGE-020), originally
designed for molecular separation, was modified to un-
dertake these experiments (Fig. 1). The cell is a rectan-
gular translucent box with a square (20 cm×20 cm) sam-
ple tray. There are two liquid chambers on each side of
the sample tray (to hold the electrolyte reservoirs) and a
lid that covers the whole apparatus. The standard cell is
equipped with platinum working electrodes. Auxiliary
electrodes and a reference electrode were added to the
system for this experiment. The modified EP cell allowed
direct measurement of the redox potential (ORP) in the
test medium by use of 0.25-mm diameter platinum wire
electrodes (auxiliary electrodes) fixed in the base plate of
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the sample tray at equal intervals (3 cm) with conductive
glue. Redox potential measurements were made in the
wire electrodes, using an Ag/AgCl reference electrode
(Accumet) with 4.0 M KCl solution (Fig. 1). The auxil-
iary electrodes were labeled as E1–E5 starting from the
anode electrode side of the tray (Fig. 1). An OAKTON
pH probe (model WD-35805-18) was used for pH mea-
surements in the test medium. Compressed fiberglass
wool pads saturated and immersed in the electrolyte
solutions on both sides of the tray were used to help
transport the migrating ions from the electrolyte into the
test medium and vice versa. The levels of the electrolyte
liquids in the anode and cathode chambers were kept
slightly below that of the test medium in the sample tray
to avoid flooding, hence prevent preferential transport of
nZVI through a water pool at the top. The experimental
setup also includes a power supply, wiring, and a
multimeter (Fluke 179).

2.4 Direct Current Enhanced Transport Experiments

Different porosity and surface reactivity test media,
ranging from glass beads (with diameter less than
1 mm, previously sieved) to white Georgia kaolinite
clay (>2 μm) were used in the enhanced transport
experiments. Table 1 shows the various parameters of
the experiments conducted in this study. A kaolin clay,
previously characterized by Pamukcu et al. (2004), was
used in this study. It was prepared to a final water
content of 60 %, and the mixture had bulk mass density
of 1.63 g cm−3 (Pamukcu et al. 2004).

The final pastes with different percentages of kaolin
and glass beads were transferred to the tray of the
electrophoretic cell and spread uniformly over the wire
electrodes to an approximate thickness of 2 mm. PAA-
nZVI were delivered using a syringe to inject 2 mL of
its homogenized suspension through a tube and spread-
ing it into a precut channel into the clay paste between
the electrode ports E2 and E3 (Fig. 1).

A constant potential of 5.0 V was applied across the
working electrodes for 48 h. This low potential was
selected to remain within the linear range of the power
supply used and also to prevent excessive gas genera-
tion. The constant potential of 5 V resulted in a current
density in the range of 1.12 to 7.24×10−4 mA cm−2. The
cell was kept in a dark location to prevent iron photo-
oxidation. Two sets of control experiments were
conducted for each mixture under the same conditions,
one without direct current application, and another with
current but without the injection of PAA-nZVI.

Measurements were taken periodically at the follow-
ing times: 0.25, 0.50, 0.75, 1, 2, 3, 5, 6, 7, 10, 12, 15, 24,
27, 32, 36, and 48 h. At each measurement, time volt-
age, current, ORP, and pHweremonitored. At the end of
each test, aqueous samples were collected from the
electrode chambers, and composite solid samples were
collected above the auxiliary wire electrodes E1-E5. The
nZVI injection point was not sampled. The solid and
aqueous samples were analyzed for total iron and fer-
rous iron concentrations. The iron was extracted from
the matrix with the sodium dithionite-citrate-
bicarbonate method (Mehra and Jackson 1960). The
iron analyses were conducted using a PerkinElmer

Fig. 1 Schematic diagram
of the modified electropho-
retic cell test setup
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AAnalyst 200 flame atomic absorption spectroscopy
and a Hach DR 2800 spectrophotometer (UV).

3 Results and Discussion

3.1 Expedited Methods

The PAA-nZVI concentrations in DI water showed good
fits to the linear regression analysis for conductivity for all,
except for the measurements made at 12 h (Fig. 2). These
curves did not change with the concentration of PAA-
nZVI for either of the two concentrations of NaCl (0.001
and 0.1 M) in the suspension because the conductivity of
NaCl completely masked the nZVI present. Hence, the
conductivity could not be used as an expedite method to
assess the distribution trends of the iron nanoparticles in
the enhanced transport experiments.

There was no clear fit for the pH calibration curves in
any of the tested suspensions, as the pH valuesmeasured
at different concentrations of PAA-nZVI were identical
and did not show meaningful changes in time (Fig. 3).

Since ORP measurements have been widely used as
an indirect method to assess the results of injection of
nZVI for groundwater remediation (Elliott and Zhang
2001; Henn and Waddill 2006; O’Hara et al. 2006), it
was expected that these values could be used as a
reliable indicator of nZVI concentration in the transport

experiments. It was challenging to obtain stable values
of the ORP for the suspensions tested, with some read-
ings taking more than 30 min. The results showed that
ORP decreased with increasing concentration of nZVI.
The relationships between these variables were highly
nonlinear, suggesting a complex response function that
cannot be used reliably as a calibration curve (Fig. 4).

Examining the ORP variations in Fig. 4, the results for
nZVI concentrations lower than 0.1 g L−1 suggest an
approximately linear relationship (with R2>0.90), consis-
tent with a Nernstian dependence of this parameter on
nZVI concentration. However, at higher concentrations,
the ORP becomes relatively independent of the nZVI
concentration. Both observations are consistent with the
results of Shi et al. (2011) that used rotating disk electrodes
in nZVI suspensions to assess the effects of nanoparticles
onORP. These researchers found that the response of ORP
electrodes to suspensions of nZVI is not a simple function
of iron nanoparticles concentration. At high concentrations
of nZVI, ORP is dominated by direct interaction between
the electrode and the nanoparticles, but this response is
nonlinear and saturates with increased coverage of the
electrode surface with adsorbed particles (Shi et al.
2011). At low nZVI concentrations, in aqueous suspen-
sions, the measured ORP is a mixture of contributions that
includes adsorbed nZVI and the dissolved H2 and the Fe

II

species that arise from corrosion of nZVI (Shi et al. 2011).
Hence, the changes in ORP at low concentrations of nZVI

Table 1 Enhanced transport experimental program and conditions

Test Matrix Moisture PAAnZVI Average Average Notes
Number content added voltage current

(%) (mL) (V) (mA)

1 Kaolin 60 2 5.043 0.27 Enhanced transport of nZVI

2 Kaolin 60 2 – – Diffusion control test

3 Kaolin 60 – 4.918 0.24 Control test without nZVI

4 50 % glass beads 30 2 5.022 0.13 Enhanced transport

and 50 % kaolin of nZVI

5 50 % glass beads 30 2 – – Diffusion control

and 50 % kaolin test

6 75 % glass beads 30 2 5.097 0.10 Enhanced transport

and 25 % kaolin of nZVI

7 75 % glass beads 30 2 – – Diffusion control

and 25 % kaolin test

8 100 % glass beads 20 2 5.110 0.27 Enhanced transport of nZVI

9 100 % glass beads 20 2 – – Diffusion control test

10 100 % glass beads 20 – 5.248 0 10 Control test without nZVI
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(<0.1 g L−1) may be a viable method to track the relative
spatial and temporal distribution of nZVI in controlled
experiments.

3.2 Enhanced Transport of PAA-nZVI

3.2.1 Oxidation–Reduction Potential

The redox measurements in the kaolin during the ex-
periments show the trend of oxidizing to reducing
conditions from the anode towards the cathode when

direct current is applied (Fig. 5). In general, the pres-
ence of clay appear to push the ORP up to more
oxidizing conditions, while over time, the ORP values
decreased, favoring reducing conditions in all samples.
In the experiments with more percentage of glass
beads, and in particular in the experiment with 100 %
glass beads, there is an accentuated drop in the ORP
values in the electrodes E1, E2, and E3 due to the
injection and fast electrophoretic transport of PAA-
nZVI in the absence of clay. The system attains equi-
librium with more or less uniform and constant ORP

Fig. 2 Calibration curves for conductivity in deionized water

Fig. 3 pH values measured
in the PAA-nZVI solution
with 0.001 M NaCl
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after 15 h. In contrast, the presence of clay introduces a
delay in ORP reduction possibly due to competing
processes with iron reactivity such as sorption and
electroosmotic transport of nZVI.

In the diffusion control experiments, the ORP values
measured in all the electrodes (E1 to E5) showed little
variation and are characteristic of oxidizing conditions
(Fig. 6). In the glass beads experiment, the influence of
the PAA-nZVI injection in both E2 and E3 is evident
with a difference of more than 100 mV when compared
to E1 and E4. In the experiments that included kaolin,

this drop in ORP was not significant. Compared to the
spatial and temporal distribution of ORP in the diffusion
tests, the electric field enhance the spending of the nZVI
through faster transport and activation, while presence
of clay delay both processes.

3.2.2 pH

The initial pH in the different experiments varied from
4.05 to 4.85 when kaolin was present and from 5.40 to

Fig. 4 ORP values mea-
sured in the PAA-nZVI so-
lution with 0.1 M NaCl

Fig. 5 ORP values measured at the auxiliary electrodes during the enhanced transport of nZVI tests in the different porous materials
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7.19 in the experiments with 100 % glass beads
(Fig. 7). This pH is favorable to the nZVI oxidation.
Other researchers have observed that low pH increases
deposition of nZVI in clay, as well as nZVI aggregation
(Kim et al. 2012). Therefore, the initial conditions in
the matrix were not advantageous to the mobility of
PAA-nZVI. The pH values measured during the exper-
iments showed some fluctuation, with values between
3 and 5.52, when some percentage of kaolin existed in
the matrix. The typical profile of a pH front increasing
from the anode to the cathode in electrokinetic treat-
ments was not observed in these tests (Fig. 7). This
outcome can be attributed to the low values of current
density applied, the absence of the physical conditions
for fast transport of H+ and OH− from the electrode
compartments into the media, and possibly the pres-
ence of iron that kept the pH low at the cathode side.
Only in the experimental setups with 100 % glass
beads was the effect on pH from the injection of the
PAA-nZVI noticed, particularly in E2, E3, and E4,
where pH values higher than 8 were measured.

Normally, due to the electrolysis of water in the
electrode compartments that produce H+ ions at the
anode and OH− ions at the cathode, the final solution
pH values would approach values around 2 and 12,
respectively. The values observed in the experiments
(Fig. 8) varied between 2.71 and 11.03 and are

consistent with those electrochemical reactions of wa-
ter electrolysis. In the diffusion experiments, a small
decrease in the pH in both anode and cathode compart-
ment was observed. A possible explanation is the in-
crease in H+ in solution due to the oxidation of Fe0.

3.2.3 Iron-Enhanced Transport

Since PAA-coated nanoparticles have negative zeta
potential and tend to electrophoretically transport to-
wards the anode (Yang et al. 2008), some of the earlier
preliminary experiments were conducted with the in-
jection point located near the cathode (results not
shown). In those experiments, it was observed that
the electroosmotic flow (EOF) was counterbalancing
the electrophoretic transport of the nZVI. This is con-
sistent with the predictions of Jones et al. (2010) that
the EOF rates will increase, due to the large apparent
zeta potentials existent in natural clays, counteracting
electrophoresis and reducing the overall migration rate
of nZVI when compared with diffusion. Other re-
searchers also tested different injection points in elec-
trokinetic experiments to enhance nZVI transport.
Experimental results showed that the cathode reservoir
was the most unsuitable injection spot, due to the
alkaline environment that promotes the formation of
iron oxides at the surface on nZVI (Yang et al. 2008;

Fig. 6 ORP values measured in the electrodes during the diffusion tests in the different porous materials
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Yang and Yeh 2011). On the other hand, it was also
found that corrosion on nZVI was higher when injected
in the anode compartment, due to increased dissolved
oxygen and lower pH (Chang and Cheng 2006;

Chowdhury et al. 2012). Based on the observations of
the preliminary tests conducted and the results avail-
able in the literature, the injection point used in the
experiments was selected in the central area of the EP

Fig. 7 Variation of pH in the matrices tested during the experiments

Fig. 8 Variation of pH in the cathode and anode compartments during the enhanced transport experiments
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cell (between E2 and E3), to avoid rapid corrosion of
the nZVI by extreme pH conditions and be able to
discern the controlling transport mechanism of the
nanoparticles (i.e., electrophoresis towards the anode
or electroosmosis towards the cathode).

Figure 9 shows the total iron distribution in the
electrophoretic cell at the end of the experiments and
compares the direct current enhanced transport with
diffusion. In general, there are higher concentrations
of iron across the test bed when direct current is ap-
plied. It is also clear that higher concentrations near the
cathode (E5) are only obtained when the matrix has
higher percentage of kaolin, reflecting the importance
of EOF. In all the experiments with glass beads, there is
a very well-defined peak of concentration at E3 (i.e.,
practically the injection point). This is potentially due
to the aggregation or fast corrosion of the iron
nanoparticles, or to both phenomena. It has been pre-
viously shown that at high particle concentrations (1–
6 g L−1), there is a higher tendency for agglomeration
(Phenrat et al. 2009). When nZVI aggregate and form
agglomerations larger than the soil pores, their trans-
port becomes restricted (Reddy et al. 2011). There can
also be changes to the mobility of nZVI due to volu-
metric expansion with corrosion. The volume of cor-
rosion products (Fe hydroxide or oxide) is larger than

that of the original metal (Fe0), and these products are
likely to contribute to porosity loss and also promote
particle agglomeration (Noubactep et al. 2012).

According to Bahranowski et al. (1993), Fe may be
present in kaolinite as a part of its structure or as
separate Fe-rich phases. Usually, both types of contam-
ination, referred to as “structural” and “nonstructural”,
or “free” iron, coexist in kaolinite. In the former case,
Fe may either substitute for Al in the octahedral
gibbsite [Al(OH)3] sheet or Si in the tetrahedral Si-O
skeleton. In the latter, it belongs to separate Fe-rich phases
such as Fe-bearing micas or iron oxides/oxyhydroxides
(Bahranowski et al. 1993). The lower concentrations of
Fe in the experiment with 100 % of glass beads when
compared to those with kaolin might be explained by Fe
impurities present in the kaolin. In fact, the blank samples
with the same percentages of kaolin and glass beads
showed background iron concentrations directly propor-
tional to the percentage of kaolin present in the matrix.

It was also observed that PAA-nZVI did not move
into the water phase in the electrode chambers, except
for the cathode chamber in the enhanced transport tests
with 100 % kaolin (final concentration of 0.43 mg L−1)
and 100 % glass beads (0.74 mg L−1 in the anode com-
partment and 0.09 mg L−1 in the cathode). This indicates
that EOF was dominant in transporting nZVI in pure clay,

Fig. 9 Total iron distribution on the electrophoretic cell
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while electrophoresis was the only mechanism to transport
nZVI in surface neutral glass beads. In mixed samples, it
appears that EOF and electrophoresis competes,
resulting in prolonged presence of iron in the pores
and potential capture on the clay surfaces. Other exper-
imental results showed that there was greater deposition
of nZVI onto clay minerals compared to similar sized
silica fines due to charge heterogeneity on clay mineral
surfaces (Kim et al. 2012).

3.2.4 Iron Oxidation State

All oxidation–reduction potentials measured in the
electrodes across the electrophoretic cell were
referenced to the normal hydrogen electrode by
subtracting the potential of the Ag/AgCl reference
electrode. These values combined with pH values
allowed the construction of a Pourbaix (Eh–pH) dia-
gram, showing the potential oxidation states of the iron
(Fig. 10). Since predictions from stability diagrams are
only accuratewhen the system approaches thermodynamic
equilibrium in aqueous solutions, the plot is only intended
to give an indication of the dominance of particular Fe
species at the recorded Eh and pH measurements. In this
diagram, all data from diffusion tests form a cluster that
corresponds to the formation of Fe2O3 under oxidizing

conditions (passivity region). Regarding the experiments
with direct current enhanced transport of PAA-nZVI, the
values measured above E1 and E2 electrodes (i.e., nearest
to the anode), during the first 6–7 h of the experiments,
match the Fe2+ area (corrosion region). There is a very
distinct cluster of values measured in the glass beads bed,
where pH values were much higher than in other experi-
ments. These results are consistent with the visual obser-
vations of the iron injected in the cell, since only after 1 h, it
was clearly visible that iron nanoparticles had started to
present an orange color, typical of its oxidation.

4 Conclusions

In this study, very low current densities were used to
enhance the transport of polymer-coated iron nanoparticles
in different porous media, using high nZVI concentrations
typical of field applications. Because of these conditions,
some aggregation of the nanoparticles was observed, par-
ticularly near the injection point. Higher currents should be
tested with these concentrations to check if the enhance-
ment in transport compared to diffusion is proportional to
the applied current as reported by other researchers. The
experimental results show that the electrical field applied to
clay-rich media enhances the ORP creating a synergistic
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effect of nZVI usage with electrokinetics, delaying its
corrosion reaction. This effect was also observed in earlier
studies, where the ORP enhancement was attributed to the
polarization of the diffuse double layer of the clay media.

The transport of polymer-stabilized iron nanoparticles
can be enhanced by the direct current, in low permeability
clay soils, where EOF can be effective in distributing the
particles as well as electrophoretic mobility of the parti-
cles themselves. Further work is necessary for compre-
hensive treatise of the behavior of nZVI in clay-rich soils
under direct current applications, namely the measuring
of the EOF.
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