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The removal of As(V), one of the most poisonous
groundwater pollutants, by synthetic nanoscale zero-
valent iron (NZVI) was studied. Batch experiments were
performed to investigate the influence of pH, adsorption
kinetics, sorption mechanism, and anionic effects. Field
emission scanning electron microscopy (FE-SEM), high-
resolution transmission electron microscopy (HR-TEM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and Mössbauer spectroscopy were used to
characterize the particle size, surface morphology, and
corrosion layer formation on pristine NZVI and As(V)-treated
NZVI. The HR-TEM study of pristine NZVI showed a core-
shell-like structure, where more than 90% of the nano-
particles were under 30 nm in diameter. Mössbauer
spectroscopy further confirmed its structure in which 19%
were in zero-valent state with a coat of 81% iron oxides.
The XRD results showed that As(V)-treated NZVI was gradually
converted into magnetite/maghemite corrosion products
over 90 days. The XPS study confirmed that 25% As(V) was
reduced to As(III) by NZVI after 90 days. As(V) adsorption
kinetics were rapid and occurred within minutes following
a pseudo-first-order rate expression with observed reaction
rate constants (kobs) of 0.02-0.71 min-1 at various NZVI
concentrations. Laser light scattering analysis confirmed
that NZVI-As(V) forms an inner-sphere surface complexation.
The effects of competing anions revealed that HCO3

-, H4-
SiO4

0, and H2PO4
2- are potential interfering agents in

the As(V) adsorption reaction. Our results suggest that
NZVI is a suitable candidate for As(V) remediation.

Introduction
Recognized as a highly toxic element, arsenic (As) is abundant
in our environment with both natural and anthropogenic
sources (1). It is present in a variety of forms, organic and
inorganic, and oxidation states, in which the valances depend
on the pH and redox conditions (1, 2). Arsenic contamination
has aroused attention due to groundwater levels in many
parts of the world at much higher concentrations than the

World Health Organization (WHO) guideline of 10 µg/L (3).
This situation has become more serious due to increasing
groundwater consumption in many countries such as Bang-
ladesh, West Bengal (India), and Nepal in the Indo region
due to resource pressures from growing populations as well
as surface water contamination (1, 4).

The predominant forms of arsenic in groundwater and
surface water are the inorganic species arsenate [As(V)] and
arsenite [As(III)]. The As(V) species exists as oxyanions
(H2AsO4

1- and HAsO4
2-) at neutral pH, whereas the As(III)

species remains protonated as H3AsO3
0 at pH below 9.2 (5,

6). Moreover, the formation of As(III) species is favored in
soil and groundwater with low redox potential whereas
As(V) exists at a redox potential above 100 mV and in an
oxidizing environment (6).

Recently, zero-valent iron (ZVI) has become one of the
most common adsorbents for the rapid removal of As(III)
and As(V) in the subsurface environment (7-13). Signifi-
cantly, the reactivity of ZVI has recently been improved by
the development of smaller sized, zero-valent iron, i.e.,
nanoscale zero-valent iron (NZVI). Its application to remove
varieties of pollutants has been demonstrated with haloge-
nated hydrocarbons such as TCE, PCE (14-17), carbon
tetrachloride (18), anions (e.g., NO3

-, Cr2O7
2-), heavy metals

(e.g., Ni2+, Hg2+), radio-nuclides (19), As(III) (20) and organic
compounds such as benzoic acid (21). Hence, it has been
proposed to use this material as a colloidal reactive barrier
for in situ groundwater remediation (22, 23).

In this paper, we report our investigation of As(V)
remediation using NZVI studied by different spectroscopic
and microscopic techniques. Furthermore, we confirmed the
finding that As(V) can be reduced into As(III) by NZVI. Time-
resolved study using field emission scanning electron
microscopy (FE-SEM), X-ray photoelectron spectroscopy
(XPS), Mössbauer spectrometry, and X-ray diffraction (XRD)
showed structural, morphological, and chemical changes of
As(V) and NZVI up to 3 months. The main objectives of our
research are (i) to characterize NZVI and its reaction products
before and after their reaction with As(V), (ii) to delineate
the kinetics of As(V) sorption, (iii) to understand the sorption
mechanisms by combining different microscopic and spec-
troscopic studies, (iv) to investigate the anionic competitive
effects, and (v) to test the potential of NZVI for As(V) removal
using field-collected groundwater from Bangladesh and West
Bengal (India).

Experimental Methods
Materials and Chemicals. The chemical reagents used in
the study (NaAsO2, Na2HAsO4‚7H2O, HCl, NaOH, NaH2PO4,

KI, and NaBH4) were reagent grade obtained from Aldrich
Chemical Co. or Fluka Chemical Co. In some experiments,
groundwater from Bangladesh (24) and West Bengal (India)
(pH, total alkalinity, dissolved organic carbon, sulfate, and
phosphate of the groundwater were 6.5, 319.7 mg/L, 1.0 mg/
L, 8.5 mg/L ,and 0.09 mg/L, respectively) were used. NZVI
were synthesized as described in our previous report (20).
The pristine NZVI and As(V)-treated NZVI material were
characterized by high-resolution transmission electron mi-
croscopy (HR-TEM), XRD, field emission SEM (FE-SEM),
Mössbauer spectroscopy, XPS, laser light scattering, and the
Brunauer-Emmett-Teller (BET) equation. Philips CM 20
was used for HR-TEM with an accelerated voltage of 200
keV. Mössbauer spectra were carried out at 4.2, 77, and 300
K using a spectrometer with a triangular waveform and a
source of 57Co (50 mCi). The hyperfine parameters (Hhf,
hyperfine field; IS, isomer shift; QS, quadrupolar splitting;
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2ε, quadrupolar shift; line width at half-height; %, ratio of
each component; standard deviations: (0.02 mm s-1 and
(3%) were refined using a least-squares fitting procedure in
the MOSFIT program (25). XPS analysis was performed on
a Physical Electronics 5500/5600 ESCA system with mono-
chromatic Al KR radiation (1486.7 eV) as X-ray source. Further
details about other analytical methods and procedures for
As(V) adsorption/desorption studies can be found in our
previous report (20).

Results and Discussion
Microscopic and Spectroscopic Studies. HR-TEM was used
to investigate the morphology and size distribution of pristine
NZVI. Figure 1 shows clearly two distinct layers as a core-
shell-like, structural domain, where the shell (thickness of
∼10 nm) is probably due to iron oxide(s) while the core (∼20
nm diameter) is attributed to Fe0. Statistical calculation by
histogram established from the TEM images confirmed that
>92% of the nanoparticles were under 30 nm diameter (Figure
1b). However, they formed a chainlike, aggregated structure
because of the natural tendency to remain in the more
thermodynamically stable state (26) during oxidation and
corrosion to Fe(III) oxide/hydroxide.

To test the longevity of the colloidal reactive barrier
material, the NZVI was reacted with 20 mL of 100 mg L-1

As(V) for different time periods (0, 7, 30, 60, and 90 days).
The reaction products were collected by freeze-drying, and
were analyzed in powder mode by microscopic and spec-
troscopic techniques. The morphological appearances of the
pristine NZVI and As(V)-treated NZVI shown by FE-SEM
are presented in Figure 2. The images show different surface
textures and pore sizes according to the time of adsorption/
precipitation of As(V) onto NZVI. Pristine NZVI has a pore
size of 20 nm and a specific surface area of 25 m2/g, as
measured by BET. The SEM image shows that ∼90% of the
pristine NZVI (round shape attached on hexagonal iron oxide)

were initially within the ∼1-50 nm size range (Figure 2a).
The appearance of the slightly larger size in the SEM image
than in the HR-TEM image is due to the difference in
resolution of the two independent analytical techniques.
However, the morphology of these NZVI changed further
during the 7-day reaction (Figure 2b), as evidenced by the
appearance of magnetite/maghemite and lepidocrocite and
by the disappearance of the Fe0 peak with increased
amorphous region (Figure 3b), in comparison with that of
pristine NZVI (Figure 3a) as shown in XRD.

Similar phenomena were observed in the time-resolved
XRD result of As(III)-treated NZVI for 7 days (20). Interestingly,
the amorphous region had almost disappeared at 30 days
and sharp crystalline peaks of lepidocrocite and magnetite/
maghemite are seen (Figure 3c). After 60 days, the main
corrosion products were magnetite/maghemite, whereas the
lepidocrocite had completely disappeared (Figure 3d). The
same trend is evident in the 90-day product but, interestingly,
the amorphous phase at 15-35 (2-theta) has been increased
(Figure 3e). The SEM picture clearly shows the growth of
chainlike aggregates on the 60-day samples (Figure 2c), and
these aggregates became more distinct in the 90-day sample
(Figure 2d). However, in case of As(III)-treated NZVI, only
round-shape aggregated particles were seen even after 60
days (20). However, XRD presented a new peak at 82 (2-theta
degree) in the 60-90-day samples (Figure 3d,e), which may
be attributed to As(V) adsorbed Fe0, which was not observed
in the case of As(III)-treated NZVI (20).

To understand the dynamic characteristics over time of
NZVI in the presence of As(V), Mössbauer spectroscopy was
conducted. Figure 4 presents a comparison of the Mössbauer
spectra of ZVI (Kanto Chemical Company, Japan), NZVI and
As(V)-treated NZVI. ZVI (Figure 4a) showed a single magnetic
component corresponding to Fe0. The hyperfine parameters
were nicely consistent with those of the body centered, cubic
phase of metallic Fe (bcc-Fe). No satellite lines were
observed, indicating that the quantity of iron oxide was quite
small (<2% taking into account the detection limit). For the
pristine NZVI (Figure 4b) a quite complex hyperfine structure
is seen. At least five components are distinguishable: the
magnetic sextet with narrow lines corresponds to that of Fe0

(∼19% in terms of Fe nuclei), two quadruple components
which are due to Fe3+ and Fe2+ species, and two magnetic
components. Taking the previous results into consideration
(27, 28), the Mössbauer spectra suggested the presence of
disordered ferric oxide and/or superparamagnetic ferric oxide
on the surface due to the passivation of metallic Fe, with a
broad distribution of thicknesses. The pink and cyan colored
components corresponded to magnetically blocked and
superparamagnetic Fe oxide particles, respectively. In ad-
dition, there was a divalent Fe quadruple component (green
colored) which can be assigned to Fe(OH)2. Similar results
were observed during the synthesis of NZVI, where 28% of
Fe0 was coated with 72% of iron oxide in the presence of
oxygen (27).

Similarly for the 7-day sample (Figure 4c), a quadruple
component and a magnetic sextet with broadened lines were
observed, which were attributed to ferric species. It is
important to emphasize that the metallic Fe (Fe0) phase did
not exceed 1% at this stage. The quadruple doublet was
unambiguously attributed to the lepidocrocite (∼30%) while
the sextet was assigned to a mixture of maghemite. For the
90-day sample (Figure 4d), there was a prevailing sextet with
rather narrow lines, which unambiguously corresponded to
metallic Fe (∼42%) and a quadruple doublet in the central
part; the hyperfine parameters did not strongly differ from
those of lepidocrocite. This increase in Fe0 content cor-
roborated with the XRD results (Figure 3), where a new Fe0

peak was observed after 60 days of reaction. In this study,
we have quantified, for the first time, the different forms of

FIGURE 1. TEM image of pristine NZVI (a) and its Histogram (b).
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Fe present in As(V)-treated NZVI, and have confirmed the
change over time of the percentage of zero-valent state iron.

Similarly, to test the valence state of As, NZVI treated
with As(V) at different reaction times of 1, 7, 60, and 90 days
were analyzed by XPS in powder mode (Figure 5). Until 60
days, only As(V) was detected, but notably in the 90-day
sample, 25% of As(III) was identified due to the reduction of
As(V). Similar results were reported in closed batch reactors
during the reduction of As(V) by micron ZVI due to the
formation of Fe(II) and Fe(III), or the formation of H2 gas,
which may have reduced the redox potential of the solution
favoring As(V) reduction (8, 29). On the other hand, very
little or no reduction of As(V) by ZVI has also been reported
in the case of opened reactors (10).

As(V) Removal. The effect of pH (3-11) on the adsorption
of As (V) (1 mgL-1) on NZVI (0.1 g/L) was studied (Figure 6).
The 100% sorption of AsT (total arsenic) at pH 3-7 was

decreased to ∼84.7% at pH 9 and ∼37.9% at pH 11. This
shows that NZVI is effective in acidic and neutral pH, which
is analogous to our previous report on the sorption of As(III)
by NZVI (20). Similarly, this trend of a pH dependence of
As(V) was also observed during As removal by different iron

FIGURE 2. SEM images of (a) pristine NZVI, and (b), (c), and (d) are 100 mg/L As (V) adsorbed on 50 g/L NZVI in 0.01 M NaCl at pH 7, 25
°C, for 7, 60, and 90 days, respectively.

FIGURE 3. X-ray diffraction analysis of pristine NZVI (a) and 100
mg/L As (V) adsorbed on 50 g/L NZVI in 0.01 M NaCl at pH 7, 25 °C,
for 7 days (b), 30 days (c), 60 days (d), and 90 days (e). The peaks
are due to magnetite-maghemite (Fe3O4/γ-Fe2O3) and lepidocrocite
(γ-FeOOH). Peaks are referred to magnetite/maghemite (M) (Fe3O4/
γ-Fe2O3/), lepidocrocite (γ-FeOOH) (L), and NZVI (Fe°).

FIGURE 4. Mo1ssbauer spectrum of ZVI from Kanto Chemical Company
(Japan) (a), pristine NZVI (b) and 100 mg/L As (III) adsorbed on 50
g/L NZVI in 0.01 M NaCl for 7 days (c) and 90 days (d).
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oxides (30) which may be attributed to the ionization of both
adsorbates and adsorbents. As(V) has pK1, pK2, and pK3 values
of 2.2, 7.08, and 11.5, respectively. In the pH range of 2-7,
H2AsO4

- and HAsO4
2- are the predominant species of As

(31), and are presumably the major species being adsorbed.
As the iso-electric point (IEP) of NZVI is pH 7.7 (20), the
NZVI surface exhibits a net positive charge at pH lower than
pH 7.7 and the adsorption of trace anionic As (V) species was
enhanced by columbic interaction. However, as the 0.1 and
1 mg/L concentrations of As(V) were added onto 0.1 g/L
NZVI, the IEP of NZVI was decreased from 7.7 to ∼7.5 and
7.2, respectively, indicating that As(V) might have become
attached on the NZVI corrosion product surface by forming
inner sphere complexes (7, 20, 32).

The identity of the actual reactive surface site for As(V)
removal may change over time, i.e., during the course of the
reaction. The results of time-resolved XRD and Mössbauer
spectroscopy suggested that initially (0-7 days) amorphous
Fe(II)/(III), lepidocrocite, and magnetite (or maghemite) are
the main sites for As(V) adsorption; by the 60-90 day period,
this has changed to magnetite/maghemite with Fe0. This
confirms that the suite of available reactive sites for As(V)
adsorption changes over time. In addition, the layers of As-
(V) adsorbed on NZVI corrosion product films are buried by
successive layers and become occluded from the surrounding
solution in the same manner as that of As(III) sorption on
NZVI (20).

Kinetics of As Adsorption. The As(V) adsorption kinetics
were examined using different concentrations of NZVI in a
50-mL vial with an initial pH of 7 (Figure 7). The removal of
As(V) was fitted to a pseudo-first-order reaction kinetics, as
we reported before (20). The influence of NZVI concentrations
(0.05, 0.25, 0.5, 0.75, 1.0 gL-1) on the rate of adsorption of 1
mgL-1 concentration of As (V) is shown in Figure 7. The figure
shows that about 90% AsT was adsorbed within 7 min (Figure
7 inset) and ∼99.9% within 60 min. Interestingly, As(V)
adsorption was increased with increasing the adsorbent
concentration (0.05 to 1.0 g/L). This corresponds, with the
increase in the adsorbent dose, to the increase in the number
of active sites, which enhances the As(V) adsorption. Hence,
the optimum NZVI concentration of 0.1 g/L, at which arsenic
removal was maximized with minimum NZVI concentration,
was used in all the experiments unless otherwise specified.

Comparison of As Removal by Micron ZVI and NZVI. To
elucidate, in detail, the differences in As removal by micron
ZVI and NZVI, we compiled, in table 2, our results with those
from the literature. It is clearly seen from Table 2 that the
surface area of ZVI increased from 1 to 2 m2/g to 35 m2/g in
8 months (33). On the other hand, the surface area of NZVI

FIGURE 5. X-ray photoelectron spectroscopy of NZVI with 100 mg/L
As (V) adsorbed on 50 g/L NZVI in 0.01 mM NaCl for 7, 60, and
90 days (a). Curve fitting of 90 days As(V)-treated NZVI product led
to two distinct peaks, where 75.31% is As (V) and 24.69% is
As (III) (b).

FIGURE 6. Adsorption of As(V) on NZVI as a function of pH. Reaction
condition: 1 mgL-1 As(V) adsorbed on 0.1 gL-1 NZVI in 0.01M NaCl
for a reaction time of 12 h. Ambient pH ) 6.5 and was adjusted with
1M HCl or NaOH.

FIGURE 7. Effects of NZVI concentration on As (V) adsorption. The
reaction is pseudo first order with respect to the total NZVI
concentration, As (V): 1 mg/L, pH 7, 25 °C. Upper inset shows As(V)
adsorption with respect to time; Initial As (V): 1 mg/L in 0.01 M
NaCl, pH 7, 25 °C.

TABLE 1. Pseudo-First-Order Rate Constants (kobs) and Their
Surface Area Normalized Rate Constants (ksa) for As(V)
Removal by NZVI.a

NZVI (g/L) kobs (min-1) ksa (Lm2min-1) R2

0.05 0.02 0.015 0.83
0.10 0.06 0.025 0.87
0.25 0.38 0.062 0.99
0.5 0.42 0.034 0.99
0.75 0.51 0.028 0.92
1.00 0.71 0.029 0.83

a As(V): 1 mg/L in 0.01 M NaCl at pH 7, 25 °C
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increased from 24.4 m2/g to 37.2 m2/g within 12 h (20).
Furthermore, As was removed by NZVI within minutes,
whereas it took hours to days for micron ZVI (8). However,
the reaction mechanism of As removal was similar in both
cases, i.e., by adsorption and precipitation. Interestingly, for
both adsorbents, oxidation occurred in case of As(III),
whereas reduction took place for As(V) only after two months
in closed batch reactors (8, 20), and there was no reduction
in the case of open batch reactors (29). In addition, the
generation mechanism of the iron oxide precipitates (from
amorphous to crystalline structure) and the aging process
appears to be similar in the case of both NZVI and ZVI. The
study of Su and Puls (8) on the sorption of As(V) by micron
ZVI showed the surface normalized rate constant (ksa) for
As(V) was 35.6, 0.57, 0.44, and 1.15 mL m2 h-1 for the corrosion
products of Fisher, Peerless, Master Builder, and Aldrich,
respectively, for 24 g/L ZVI. In our experiment, the ksa for
As(V) was 900, 1500, 3720, 2040, 1680, and 1740 mL m2 h-1

at 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 g/L NZVI, respectively,
indicating that ksa of NZVI was 1-3 orders of magnitude
higher than that of ZVI (Table 1). This outstanding reactivity
of NZVI was presumed to be due to its much larger surface
area.

Effect of Competing Anions. The effect of individual
anions (HCO3

-, SO4
2-, NO3

-, As(III), Si2+, and PO4
3-) on the

adsorption of As (V) on NZVI was studied (Table 3). The
HCO3

-, SO4
2-, and NO3

- anions did not have a negative effect
on the As(V) uptake up to a 1 mM concentration, whereas
H4SiO4

0 and PO4
3- (1 mM) reduced the uptake from 99.9%

to 39.90, and 30.01%, respectively. However, when the
concentration of anions was increased further to 10 mM, the
adsorption of As (V) on NZVI decreased from 99% to 90, 98,
and 79% for NO3

-, SO4
2- and HCO3

-, respectively. However,
H4SiO4

0 and PO4
3- (10 mM) decreased the sorption of As(V)

to 15.10% and 9.03%, respectively. On the other hand, these
effects differed in the case of As(III) (20). The HCO3

-, SO4
2-,

and NO3
- anions at concentrations up to 10 mM had no

effect on As(III) uptake, whereas H4SiO4
0 and H2PO4

2- reduced
its uptake from 99.9% to 44.94 and 66.3%, respectively (20).
This result is very positive for in situ remediation due to the
coexistence of several anions in groundwater. The decrease

in adsorption in the presence of these anions is due to the
competitive reaction with As (9, 34, 35).

Application for the Removal of As from Groundwater.
Batch studies on the removal of As (Figure 8) were carried
out with groundwater samples obtained from Bangladesh
and West Bengal, India. The total iron concentration of
groundwater from both sources was 10 mg/L. As(V) was
spiked in both samples to obtain an initial As(V) concentration

TABLE 2. Comparison of As Removal by Micron and Nano ZVI

Fe0 type ksa Si Sf experimental condition result summary ref

NZVI 1500 25.0 NZVI: 1 g/L
As(V):1 mg/L
batch study

∼100% As(V)
removal in 10 min

Q

NZVI 690 24.4 37.2 NZVI: 0.1 g/L
As(III):1 mg/L
batch study

∼100% As(III)
removal in 10 min

20

F, P, M, and A
(micron ZVI)

F: 35.6
P: 0.57
M: 0.44 A: 1.15

F: 0.09
P: 2.53
M: 2.33 A: 0.19

ZVI: 24 g/L
As(V)/As(III):
2 mg/L
batch study

As(V) removal
F>P∼M>A
∼100% As(III)
removal in 96 h

8

C, M
(micron ZVI)

C:1.9, M:1.0 C:>1.9
M:>1.0

As(III)/As(V)
column study

95% removal 12

ZVI, C 1.9 37.8 As(III)
column study

As(III) removal for
8 months < 10 µg/L

33

F
(Fe0 -100,
Fe0 -40,
rust -100,
rust -40)a

As(III)/As(V)
batch study

AsT removal(%):
Fe0-100: 88.3;
Fe0-40: 99.8;
rust-100: 62.2;
rust-40: 98.2

7

iron wire 0.1 to 20 mg/L: As(V),
glass electrochemical cell

∼ 100% removal
of As(V)

29

a Different corrosion products, A ) Aldrich, C ) Connelly-GPM, F ) Fisher, M ) Master Builder, P ) Peerless, and Q ) This study; ksa) surface
area normalized rate constant of As reacted with ZVI or NZVI (mLm-2h-1); q ) sorption capacity of As on ZVI or NZVI (mg/g); Si ) surface area
of ZVI or NZVI before reaction with As (m2/g); Sf: final surface area of ZVI or NZVI after reaction with As(m2/g).

TABLE 3. Percentage of As (V) Removal in the Presence of
Competitive Anionsa

percentage uptake of As(V) in the presence of anionb

anions, mM/µM NO3
- c SO4

2- c HCO3
- c H4SiO4

0 c PO4
3- c As (III)d

0.00 99.90 99.90 99.90 99.90 99.90 99.90
0.1 99.90 99.9 99.9 99.90 99.9 99.90
1.0 90.00 98.00 99.00 39.90 30.01 99.90

10.0 90.00 98.00 79.00 15.10 9.03 99.90

a Initial As (V): 1 mg/L, NZVI: 0.1 g/L in 0.01M NaCl, pH: 7, 25 °C.
b Note: Percentage uptake of As(V) in the presence of anions: n ) 3,
average of triplicate results where the standard deviation is less than
5%. c Anions in mM. d Anions in µM.

FIGURE 8. Sorption of As(V) using NZVI for Bangladesh and West
Bengal (India) groundwater samples; As (V): 1 mg/L in 0.01 M NaCl,
NZVI: 0.1 g/L, pH 7, 25 °C.
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of 1 mg/L and its effect was studied using NZVI. As(V) was
removed, with an efficiency reaching 100%, by 0.1, 0.2, and
0.4 g/L NZVI for the spiked DI water, and Bangladesh and
West Bengal groundwater samples, respectively. A high
amount of NZVI was required for complete removal of As(V)
from the real groundwater samples, possibly due to the
presence of dissolved organic carbon, sulfate, and phosphate
in the real groundwater samples. These results confirm that
NZVI could be used for removing As in countries of the Indo
region, where groundwater is severely contaminated by As.
We have presented evidence that As (V) can be removed by
adsorption/precipitation on NZVI (at neutral pH) in a
relatively short time of only several minutes. As(V) strongly
adsorbs on NZVI over a wide pH range, through the
coprecipitation of various iron oxide corrosion products.
Finally, the study results presented here have confirmed the
potential of NZVI as an efficient material for the treatment
of As(V), and one that may be used as a permeable reactive
barrier material for both in situ and ex situ groundwater
remediation.
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