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Abstract: Arsenic contamination of groundwater occurs due to both geogenic and anthropogenic
processes. Conventional arsenic remediation techniques require extraction of groundwater into
pump-and-treat systems, which are expensive and require long operational times. Hence, there is
a need for cost-effective remediation. In this study, we assessed and validated the in situ remediation
of arsenic contamination in groundwater resources using permeable reactive barriers (PRBs) made
of injectable, colloidal iron oxide nanoparticles in the laboratory and in field-scale pilot tests. Sand-
packed, flow-through column studies were used in order to assess the sorption behavior of the iron
oxide nanoparticles using field materials (sand, groundwater) in the laboratory. The breakthrough
curves were analyzed using a reactive transport model considering linear and nonlinear adsorption
isotherms and were fitted best with a chemical nonequilibrium consideration. The results were
used to design a pilot-scale field test. The injected 28 m3 of nanoparticles (ca. 280 kg dry weight
of iron oxide) were successfully delivered to the aquifer via an injection well. No mobile iron
was detected downstream, confirming that a stable in situ barrier was formed that did not move
with the groundwater flow. Arsenic concentrations in groundwater were reduced to the aimed
50% of the background value, despite the relatively short contact time between arsenic and the iron
oxide in the barrier, due to the high flow velocity of 1.21 m/day. We compared the results of the
laboratory and field tests and concluded that the single-parameter models based on retardation factor
and/or adsorption capacity fail to predict the longevity of the barrier and the evolution of arsenic
breakthrough with time, most likely because they do not consider the chemical nonequilibrium
effects. Therefore, we propose that upscaling the laboratory findings to field design must be carried
out with care and be coupled with detailed reactive transport models.

Keywords: arsenic; permeable reactive barrier (PRB); groundwater; in situ remediation; iron
oxide nanoparticles

1. Introduction

Arsenic is a toxic heavy metalloid that can pose a variety of health risks to humans,
such as skin problems and effects on the urinary or respiratory tracts [1,2]. The World Health
Organization (WHO) includes arsenic as one of the ten chemicals of major public health
concern and recommends a provisional limit for arsenic concentration of 10 µg/L [3,4]
in drinking water supply resources. Arsenic contamination in water resources has been
reported in different countries over the world [5], including Thailand [3], Croatia [6],
India [7], Bangladesh [8], Mongolia and China [9,10], Mexico [11–13], the USA [14], and
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Germany [15]. Therefore, there is a serious need to improve suitable technologies for
treatment of arsenic-polluted water resources [16].

The metalloid arsenic occurs in more than 245 minerals [11,12] and shows distinct
mobility in the environment [16]. Arsenic pollution may occur naturally from geological
processes such as the weathering of rocks, volcanic emissions, and geothermal activities, or
as a result of anthropogenic activities such as the production of semiconductors and the
use of agricultural supplements such as pesticides and herbicides, or mining activities [17].
Arsenic can be found in a variety of forms in nature, of which, inorganic forms such as
arsenate [As(V)] and arsenite [As (III)] are the most prevalent in groundwater [18,19]. As(V)
is more mobile and toxic than As(III) and is more prevalent in anoxic waters at pH values
between 6 and 8 [3,20–23]. Several technologies are used to remove arsenic from water
including coagulation/filtration [24], membrane filtration [25], reverse osmosis, activated
alumina, lime softening, adsorption [26], flushing with solvents and surfactant, steam
treatment, phytoremediation, or ion exchange [27]. These techniques are used typically ex
situ and in Pump&Treat systems, and require continuous extraction of groundwater during
the entire remediation action, which could last several decades. This leads to extremely
high operation and maintenance costs to keep arsenic levels below the recommended
threshold values. In recent years, in situ remediation techniques using nanoparticles have
been shown to be effective in removing contaminants from groundwater and at the same
time reducing the costs of remediation actions [28–31]. In this approach, the reactive and/or
adsorptive nanoparticles are injected into a plume of contaminant, where they spread and
form a permeable reactive barrier (PRB) [28]. The nanoparticles cover the surface of sand
grains in the aquifer and immobilize pollutants from the mobile phase (i.e., groundwater)
through adsorption. Natural groundwater flow brings the contaminants into the PRB
where they are removed from the water, and clean water leaves the PRB downstream.
The PRB approach has many advantages over ex situ approaches, including avoiding
aboveground infrastructure, reducing operation and maintenance costs, and applicability
for deeper aquifers.

However, not all materials used in ex situ treatment can be adapted to in situ PRB
treatment systems. According to Krok et al. [32], a substance must have special charac-
teristics to be applicable for in situ remediation. It must be prepared in submicron or
nanoscale colloidal form, so it can travel through small pores of the aquifer and reach
a desired radius of influence (ROI) around the injection well. The colloids must remain
as stable suspension and must not form aggregates; otherwise, they clog the pores. The
substance must be nontoxic and nonharmful to micro-organisms and meiofauna in the
aquifer. Most importantly, the substance used in PRBs must be adsorptive to provide
a long-standing sink for contaminants [33]. Iron-based nanoparticles such as nZVI (nano
zero-valent iron) and iron oxides (Goethite: α-FeOOH) have been proven efficient in the
laboratory for removal of arsenic from contaminated groundwaters in batch and column
studies [33–35]. In the case of nZVI, however, upscaling to the field is challenging. nZVI
particles tend to aggregate, and their mobility in aquifers is limited [36,37]. Hence, large
ROIs can be achieved only with high-pressure injection and fracking. In addition, nZVI
is highly reactive and quickly oxidizes in water, resulting in the formation of hydrogen
bubbles blocking pore space, which in turn diverts the groundwater flow away from
PRB [38]. On the other hand, iron oxides such as Goethite (α-FeOOH) are abundant in
aquifers and have low toxicity [39,40]. Goethite is the most stable iron oxyhydroxides and
is produced by low-temperature oxidation of iron salts, most commonly iron sulfides. It
has been shown that Goethite and Goethite-coated sand can effectively remove arsenic and
mixtures of metals from aqueous media [34,35,41], constituting simple and inexpensive
adsorbents for the removal of multiple pollutants [42]. Furthermore, Goethite nanoparticles
have been shown to meet the abovementioned criteria for PRBs both in laboratory and
field settings, forming homogeneous PRBS with ROIs larger than 2.5 m [29,32,34,43]. The
previous field trials, however, focused on the removal of metal cations (Zn, Cu, Pd, . . . )
from contaminated groundwater in industrial sites with high contamination levels in the
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mg/L range, while for arsenic the threshold values are typically much lower (10–50 µg/L).
Montalvo and colleagues showed that the iron oxide nanoparticles used in this study reach
this threshold both in batch and sand-packed columns [34,35].

This study aims to verify the applicability of iron oxide nanoparticles for remediating
arsenic-contaminated drinking water resources using field materials and via field pilot
testing. Therefore, the investigation carried out to assess the effectiveness and possible use
of iron oxide PRBs for arsenic removal was divided into a laboratory and a field segment,
coupled with reactive transport modeling. In the laboratory segment, the adsorption be-
havior of iron oxide nanoparticles was quantitatively assessed using groundwater and soil
from an arsenic-contaminated aquifer. Reactive transport modelling was used to determine
the effective parameters. In the field investigation segment, the iron oxide particles were
injected into an aquifer to form a PRB. The arsenic concentrations downstream of the
PRB were monitored for 210 days and the results were compared to the laboratory-driven
predictions and modeling.

2. Methodology

This research was conducted in three segments, including laboratory testing, modeling,
and field application. For the laboratory testing before field application, groundwater
and soil samples were taken into the laboratory to obtain the site-specific adsorption
capacity and adsorption behavior. Briefly, for both laboratory and field tests, Goethite
nanoparticle batches of ca. 100 g/L were produced and diluted to the desired concentration
before each test. The colloidal iron oxide nanoparticles used in this study were similar to
those used in previous laboratory and field applications reported in [29,32]. In brief, the
particles were synthesized following a modification of the method according to [44]. The
particles consisted of Goethite as exclusive iron-(oxyhydr)oxide phase and were coated
with humic acids for stabilization against aggregation (hydrodynamic size: 200–800 nm).
The dispersions were stable for several months after synthesis. The stock dispersion had
a Goethite content of ca. 100 ± 12 g per L and a pH of ca. 9.2. Previous studies showed
that the iron oxide nanoparticles used in this study can adsorb >30 mg As per gram of
Goethite nanoparticle both in batch and sand-packed columns using quartz sand [34,35].
Parameters affecting the mobility of these nanoparticles, and hence the expected radius
of influence around the injection point, have been studied by [41,45]. Pilot [46] and field
applications [29,32] showed that a radius of influence of >2.5 m can be achieved under real
conditions in highly polluted industrial sites, and efficient removal of heavy metals was
observed. The nanoparticles themselves contained no traces of arsenic.

2.1. Laboratory Test

In order to simulate the aquifer condition, sorption experiments in duplicates were
carried out in Plexiglas columns packed with aquifer materials (total volume 23.5 mL,
length of column 30 mm, porosity 0.34). Then, the sand-packed columns were flushed with
groundwater from bottom to top. One pore volume (PV~8 mL) of iron oxide nanoparticle
suspension at the concentration of ca. 5 g Goethite per liter was injected into the column
using a peristaltic pump (Ismatec ICP8, Cole-Parmer, Wertheim, Germany) at a flowrate of
1 mL/min. Then, the pump was turned off to allow the iron oxide nanoparticles to deposit
and cover the grain surface and form a permeable barrier. After 24 h, arsenic-containing
groundwater was pumped through to the column at a flow rate of 1 mL/min, equivalent
to a flow velocity of ca. 0.375 cm/min. The column effluent was collected using an au-
tosampler (Omnicoll, Lambda, Brno, CZ) at ca. 3 PV intervals. The collected samples were
analyzed using ICP-MS analysis (X-Series II, Thermo Fisher Scientific, Waltham, MA, USA).
Prior to analysis, the samples were treated with HCl (37%, AnalaR NORMAPUR; VWR
Prolabo, Darmstadt, Germany) and H2O2 (30%, Rotipuran; Carl Roth GmbH + Co KG,
Karlsruhe, Germany) to completely dissolve any iron oxide nanoparticles that may have
been potentially discharged from the column. In addition, the pH (Sentix 41; WTW,
Weilheim, Germany) and electric conductivity (TetraCon 325; WTW, Weilheim, Germany)
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were measured in untreated groundwater samples. A similar experiment without the addi-
tion of iron oxide nanoparticles was also performed and considered as a negative control.

2.2. Modeling

The adsorption column was modeled using a linear system form of the advection-
dispersion equation (ADE) [47]. A two-site model with first-order kinetics was used to
explain the adsorption of arsenic in Goethite-coated sands following [34,48]. This model
assumes an equilibrium state at a fraction (f ) of Goethite-coated sand, while nonequilibrium
exists at the rest of the adsorption sites [49]. Using these assumptions, the ADE becomes:

ε
∂c
∂t

+ q
∂c
∂x

+ f ρb
∂S1

∂t
+ αρb

∂S2

∂t
= εD

∂2c
∂x2 (1)

where ε is the porosity of the medium [–], q is the Darcy velocity [L T−1], c is the species
concentration in the mobile phase [M L−3], α is the first-order kinetic rate coefficient [T−1],
ρb is the bulk density of the solid matrix [M L−3], and D is the dispersion coefficient
[L2 T−1]. S1 and S2 are the concentrations in the solid phase at sites 1 and 2, for which,
linear and nonlinear (Langmuir, Freundlich) isotherm models were considered:

S =
KDcβ

1 + bcβ
(2)

where b, β, and KD are adsorption parameters. When β = 1, the above equation becomes
the Langmuir isotherm; when b = 0, the equation becomes the Freundlich isotherm; and
when both β = 1 and b = 0, it leads to a linear adsorption isotherm.

To obtain the in situ, site-specific adsorption nonequilibrium parameters (α, f, KD,
and either b or β, depending on adsorption isotherm), the experimental arsenic break-
through results of the transport experiments were modeled using this model and using
HYDRUS-1D [50]. Kinetic parameters were estimated from inverse data fitting and were
compared to literature data.

Then, a simple one-dimensional linear model with a length of 10 m was built to
simulate the field conditions in forward simulation mode. The obtained fitted parameters
were applied to the first part (7.2 m) of the model where an adsorptive barrier using one
injection point is installed (see below). No adsorption was assumed for the following 2.8 m.
Breakthrough of arsenic at the downstream section (end of the model) was recorded and
was then compared to real field data.

2.3. Field Application
2.3.1. Testing Site Area

The testing area (shown by the red box in Figure 1) is located at 36◦34′59′′ northern
latitude and 47◦15′44′′ 50◦ eastern longitude in northwest Iran, near the Takht-e Soleymān,
an archaeological site, and the city of Takab. The geology of the site includes alteration of
marl and red sandstone. Various types of surficial quaternary sediment deposits (creamy
white to light grey travertine) are present. Most common are unconsolidated stream
alluvium and slope wash that resulted from hot springs activity during the Quaternary
period. Arsenic-antimony-gold ores are prominent in the area with a mining history going
back hundreds of years. Ancient and recent gold mine activities are one of the main sources
of soil and water pollution. In addition, some metal(loid) contamination in the area is
related to thermal and hot springs that are remnants of Quaternary volcanism. The hot
springs originated from the circulation of meteoric water into the underlying layers, which
subsequently rose to the surface.
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Figure 1. Top view of (a) the groundwater flow direction map of the site, and (b) the location of
injection well and monitoring well in the testing area. The testing area is marked by the red square in
the top part of Figure 1A. The springs are shown in green, and available observation wells are in red.

The groundwater flow direction in the testing area was to the northeast. The aquifer
contains mainly coarse and medium sands with traces of silt and clays and an effective
porosity of 15%. The water table was approximately 6.5 m below ground level, and the
hydraulic gradient was about 6 percent. The aquifer of the testing area of the PRB contained
coarse-grained sediments with high hydraulic conductivity of 3.5 × 10−5 m/s (determined
by slug testing). This area is also affected by the groundwater divide line (Figure 1A), which
has increased the groundwater velocity. The Darcy flux of ca. 0.18 m/day was calculated
based on the measured hydraulic gradient and local hydraulic conductivities.

Arsenic concentrations were relatively stable during the year, with ca. 110 µg/L
across the testing area. Barium and magnesium were other major elements found in the
groundwater (Tables 1 and 2). Analysis of sediment samples revealed high sediment-bound
concentrations of arsenic, barium, and especially manganese. Previous studies indicated
the role of sediment-bound metals on the performance of PRBs and their effects on the
lifetime of the installed barriers [29]. The sediment-bound metals compete with the metals
in solution for the adsorption sites, and hence reduce the effective adsorption capacity of
the iron oxides.

Table 1. Observed background metal concentrations in groundwater and aquifer sand.

Water/Sand As Ba Cu Mn Zn Al

Groundwater (µg/L) 110 112 <1 <1 6 120
Sand (mg/kg) 98 487 36 2299 98 6%
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Table 2. Observed background physicochemical properties of the groundwater in the testing area.

Parameter/Ion
Concentration

Temperature
(◦C) pH Conductivity

(µS/cm)
K

(mg/L)
Na

(mg/L)
Mg

(mg/L)
Ca

(mg/L)

Average (std. deviation) 15.40 (7.41) 7.46 (0.44) 611 (351) 0.12 (0.2) 0.53 (0.92) 2.60 (2.10) 6.02 (7.42)
Min–Max 9.50–36.00 6.64–8.18 236–1284 (0.01–0.71) 0.04–3.11 0.28–8.48 1.55–30.05

2.3.2. Field Testing and Monitoring

The objective of the pilot field test was to quantitatively validate the application of iron
oxide nanoparticles for in situ immobilization of arsenic in an in situ adsorption barrier.
The remediation target was planned to be a 50%-reduction of the arsenic concentration in
the groundwater. Since the size of the barrier was small compared to the total aquifer size,
full remediation of the contaminated site was not a goal of this pilot test.

For implementing the in situ absorptive barrier, the iron oxide nanoparticle disper-
sion must be injected into the water-saturated aquifer. A pilot test was performed with
one 12.5 m deep injection well cased with a 76 mm diameter slotted PVC pipe. A moni-
toring well (Figure 1b) was located 6 m downstream of the injection point to evaluate the
efficiency of the adsorptive barrier. Furthermore, a natural spring was located ca. 15 m
downstream of the barrier and was periodically sampled and analyzed.

Ca. 3000 L of concentrated iron oxide nanoparticles dispersion (ca. 100 g/L) were
produced and transported from Germany to the site with a truck. During the injection, the
concentrate was diluted on the site with tap water and a total of 28 m3 of the 1:10 diluted
suspension (i.e., 10 g/L) were continuously injected into the saturated zone 8 m to 12.5 m
below ground. The top of the groundwater surface was sealed with a pressure packer
to ensure the delivery of the nanoparticles to the target depths. A pressure pump with
an estimated flow rate of up to 18 L/min was used for injecting at low pressure (below
1.5 bar) to avoid hydraulic fracturing and/or daylighting.

The injection was carried out without any problem despite the cold weather during
the application. Small fires were set close to the containers to reduce the risk of freezing the
dispersion. No additional destabilizing agent was used because previous experience [32]
showed that dilution of the nanoparticles in water will cause all nanoparticles to deposit
within a short time (<24 h) [29,43].

Pre- and postapplication groundwater samples were taken from the indicated wells
and were analyzed using ICP-MS to determine the concentration of dissolved metals in
the groundwater.

3. Results and Discussion
3.1. Laboratory Testing Results

To mimic field conditions, adsorption tests were performed with sand-packed columns
with or without iron oxide nanoparticle amendments. Figure 2a shows the relative effluent
concentrations collected at different times, where the effluent arsenic concentrations (Cout)
are normalized to the measured arsenic concentrations in untreated water (Cin = 110 µg/L).
Without nanoparticles, arsenic broke through after 1–2 pore volumes (PVs) indicating that
the natural adsorption capacity of the sand had already been saturated. In iron oxide-
loaded columns, the effluent arsenic concentrations were lower compared to columns
without nanoparticles, and slowly increased with time. Such behavior was also observed
using similar nanoparticles by Montalvo et al. [34], who attributed this observation to
nonequilibrium adsorption conditions.

The maximum site-specific adsorption capacity of the nanoparticles was calculated
as 0.64 mg As/g nanoparticles by integrating the area between the two curves. This
value is much lower than those reported in batch experiments (30 mg As/g nanoparticles,
Montalvo et al. [34]) but is in agreement with observations that the effective adsorption
capacity for arsenic is lower under flow-through conditions due to nonequilibrium [31].
At higher groundwater velocities, the contact time between the nanoparticles and the
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dissolved arsenic is lower, which reduces the adsorption efficiency in comparison to batch
experiments, where enough contact is provided by rigorous shaking over long times.

Figure 2. (a) Breakthrough curves for arsenic at velocity of 0.375 cm/min with and without addition
of Goethite nanoparticles. Inlet concentration (Cin) was 110 µg arsenic per liter. The x-axis shows the
time in pore volumes (PV), where 1 PV equals a contact time of 8 min. (b) Breakthrough curves for
barium, copper, and magnesium during the same experiments. Data points and error bars depict
means and standard deviations of arsenic concentrations from two experiments.

However, one should note the effect of water velocity on the adsorption efficiency.
Montalvo et al. [34] observed that the effective adsorption capacity reduces at higher water
velocities (16.2 mg/g at 0.0625 cm/min compared to 34.1 mg/g at 0.006 cm/min). The
current study was carried out at a velocity of 0.375 cm/min, six times larger than the fastest
velocity reported by [34]. Considering the effect of groundwater velocity, our results are in
line with [34] and indicate the importance of the contact time in nonequilibrium sorption.

Another explanation for reduced adsorption capacity in comparison to batch exper-
iments (ca. 30 mg/g, [34]) is the presence of other metallic ions in the groundwater and
sediment (sand), which compete with arsenic for available sorption sites. Dissolved metals
such as copper, barium, and magnesium compete with arsenic for adsorption sites, where
copper has been shown to have higher affinity toward Goethite than arsenic [35]. Figure 2b
confirms this assumption, where copper is highly retained (Cout/Cin < 0.2) throughout the
experiment. The effluent magnesium concentrations exceeded that of the background value
(2.6 mg/L), which is due to the fact that the injected Goethite-suspension contains traces
of magnesium (1.0 mg/L), which is released from the column. Nevertheless, the outflow
concentrations are below the threshold values of the Water Framework Directive (80 mg/L).
Barium (background concentrations of 112 µg/L) is also adsorbed to Goethite and, as seen
in Figure 2b, almost half of the incoming barium is retained by Goethite nanoparticles.
Hence, we conclude that Goethite removes arsenic and copper more effectively than other
metals, which is in agreement with [35]. In this study, the pH of groundwater (7.46) is
higher than the point of zero charge for Goethite (pHZPH 6.9), and hence, adsorption of
copper and other cations is promoted to the negatively charged Goethite surface, leading to
smaller adsorption capacity for arsenic. Furthermore, previous studies [9] have indicated
that the nanoparticles not only adsorb heavy metals and metalloids from the liquid phase
(groundwater) but also adsorb the metals that are present in the sediment. The adsorption
of metals from sand to the cover layer of iron oxide nanoparticles can be faster than from
water since they are in direct contact with the nanoparticles. Although no further analysis
was carried out in the current study, the effects of sediment-born metals such as barium and
manganese on reducing the maximum adsorption capacity of iron oxides can be significant
and should be considered.



Water 2022, 14, 1998 8 of 15

3.2. Modeling Results
3.2.1. Inverse Fitting

Inverse fitting, using a two-site nonequilibrium model and with three adsorption
isotherms, produced very good fits (Figure 3). This is in contrast with findings from [34],
who reported only nonlinear models to correctly describe the adsorption of arsenic to
Goethite. However, those experiments were carried out at much higher arsenic concen-
trations (1000–4500 µg/L), where the nonlinear behavior is expected due to saturation of
adsorption sites. At lower concentrations, the linear segment of Langmuir and Freundlich
isotherms is more pronounced. Kim et al. [48] performed batch adsorption experiments
with concentrations similar to the present study (110 µg/L) and found good fits with linear
and non-linear (Langmuir and Freundlich) isotherms models.

Figure 3. Fitted breakthrough curves using advection–dispersion equation considering two-site nonequi-
librium model and Langmuir (left), Freundlich (middle), and linear (right) adsorption isotherms.

Table 3 summarizes the estimated parameters for the adsorption of arsenic onto
Goethite-coated sand columns. The fitted parameters indicated that all models predicted
only 13–14% of the adsorption sites in the equilibrium state and that nonequilibrium
dominated the adsorption process (similar α). This relatively low fraction in equilibrium
is most likely due to relatively high flow velocity in the column 0.375 cm/min, which
reduces the residence time to reach equilibrium [51] and is in agreement with previous
observations [32,34]. The value of adsorption isotherm coefficient KD depends on the
choice of the adsorption isotherm. For example, for Langmuir isotherms, it combines both
the maximum adsorption efficiency and the affinity parameter [50], the latter represented
here by parameter b. For linear isotherms, the KD parameter represents the distribution
coefficient and usually is used to determine the retardation factor, R = 1 + KDρb/ε, which
explains the relative velocity of water to the velocity of arsenic [47]. Here, a retardation
factor of 165.4 was calculated.

Table 3. Fitted chemical nonequilibrium transport parameters derived from the two-site model for the
breakthrough curves and different adsorption isotherms shown in Figure 3. Parameters highlighted
with * were predefined and not fitted.

Isotherm f [–] α [1/s] KD [m3/kg] b [m3/kg] β [–]

Linear 0.14 5.33 × 10−05 3.28 × 10−02 0 * 1 *
Langmuir 0.13 5.08 × 10−05 3.60 × 10−02 925 1 *
Freundlich 0.13 5.03 × 10−05 1.52 × 10−02 0 * 0.915

Note: Parameters highlighted with * were predefined and not fitted.
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3.2.2. Forward Modeling

Using the fitted adsorption and nonequilibrium parameters, a predictive modeling of
the simple field testing was performed using HYDRUS-1D and three adsorption isotherms
(Figure 4). Simulations predicted earlier breakthroughs using linear isotherms in compar-
ison to nonlinear isotherms for both injection and downstream wells. The rate constant
parameter α is the largest for the linear model among the three adsorption models, which
may lead to faster sorption and faster saturation of the adsorption sites and hence, slightly
faster breakthrough [52]. The difference between the isotherms was more pronounced as
the length of the simulated barrier increased, i.e., in the downstream wells the difference
was larger than in the injection well.

Figure 4. Comparison between observed arsenic concentrations at the injection (IW, black) and
downstream (DW, grey) wells of the pilot site for different adsorption isotherms based on kinetic
parameters from the column data (lines). The data points show the observed arsenic concentrations
during field test.

3.3. Field Testing and Comparison to the Laboratory Data

A total of 28 m3 of 1:10 diluted suspension (i.e., 10 g/L) were injected in the saturated
zone (from 8 m to 12.5 m below ground level) in the injection well continuously. Based
on the volumetric calculations and considering the local porosity of 15%, it was expected
that these nanoparticles form a cylindrical barrier with a radius of 3.6 m under ideal
conditions. Due to the high groundwater flow velocity (1.21 m/day) at the site, the barrier
was probably a bit deformed and elongated in the direction of groundwater flow, and
thinner in the perpendicular direction. The biggest influence on the shape of the barrier,
however, has inhomogeneities in the hydraulic conductivity of the sediment which can
lead to a preferential pumping of the injection fluid into higher conductive layers [46].

To form a stable, permeable barrier, it is very important that the injected nanoparticles
remain at the site of injection and are not transported with the groundwater. Therefore, the
iron concentration was measured in the downstream well and spring over four days after
the injection. The maximum iron concentration of 8.5 mg/L was observed at day +1 in
the downstream monitoring well, which was much lower than the injected nanoparticles’
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suspension (ca. 10 g/L) (Figure 5). The iron concentrations dropped strongly on the next
day and returned to the background value of < 1 mg/L on day three after injection, and
then below the detection limit (up to 12 months monitoring, data not shown here). No
increase in iron content was observed in the spring (15 m downstream of the barrier), which
indicated that all injected nanoparticles were deposited near the injection point and were
not transported with the groundwater flow.

Figure 5. Observed iron concentrations in groundwater samples taken from the downstream well.

These results are in agreement with previous laboratory observations with metastable
colloidal iron oxide nanoparticles [32,43], where no mobile iron oxide colloids were observed
after 24 h in batch and column tests. In an earlier field study, Mohammadian et al. [29]
similarly observed no increase in iron content downstream of the barrier after injection
of iron oxide nanoparticles. In their study, the deposition of the nanoparticles near the
injection well and within the radius of influence of 2.5 m was confirmed by taking sediment
cores inside the barrier and measuring the elevated iron concentrations in the sediment.
Hence, despite high groundwater flow velocity, the injected nanoparticles were not washed
away and successfully deposited around the injection well.

Figure 6 shows the observed arsenic concentrations in injection and downstream wells
up to seven months after the injection. The background concentrations remained relatively
constant at 110 µg/L throughout the monitoring period and are shown using the red,
dashed line. This value is higher than the regulatory threshold limits for arsenic, which
are typically between 10 and 50 µg/L [3,4]. As mentioned, the aim of this study was to
reduce the arsenic concentration in the testing area by 50% and quantitatively assess the
performance of the installed barrier. Shortly after the injection, the arsenic concentrations
in both injection and monitoring wells reduced from the original value of ca. 110 µg/L
and stabilized after ca. 10 days around 50–60 µg/L. This ca. 50% reduction in arsenic
concentration continued during almost the entire monitoring period of ca. seven months.
Only in the last sampling point was the arsenic concentration in the injection well higher
(ca. 104 µg/L). Another important observation was that the arsenic concentrations were
almost always higher in the injection well than in the downstream monitoring well. This
might be due to the shorter barrier length which the contaminated groundwater travelled
through to the upstream part of the barrier from the inflow point to the injection well and,
therefore, shorter contact time. The water sampled in the downstream monitoring well
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passed through the entire extension of the barrier and had approximately twice the contact
time compared to the water in the injection well.

Figure 6. Observed arsenic concentrations in the injection and the downstream wells after injection
of the iron oxide nanoparticles. Time 0 indicates the day of the injection.

3.4. Comparing Field Data with Lab Testing and Modeling

We performed laboratory experiments to simulate field conditions and calculate the
performance and dimensions of the intended adsorption barrier in the field. Previous
studies have shown that extrapolating batch adsorption and reaction studies alone are
not sufficient and would introduce considerable uncertainty to the field application. The
effective surface area of the nanoparticles is lower due to aggregation and deposition
on the sediment during in situ application and, therefore, the available adsorption sites
are less compared to batch studies [35,43]. Furthermore, the affinity of pollutants to the
nanoparticles has been reported to be lower in nanoparticles-coated sand in comparison
to the nanoparticles in batch experiments [34]. Therefore, sand-packed column studies
and breakthrough curve analyses are essential to simulate the conditions occurring in
real aquifers, including possible effects of sediments, flow conditions, and contact time.
However, there are several approaches to interpret the breakthrough curves of sand-packed
column studies and extrapolate the results to field applications. In this subsection, we
review these approaches using our data and compare the results to the field observations.

The first approach is to calculate the adsorption capacity with the mass balance
approach (area under the breakthrough curves). In the column experiments, the adsorption
capacity of iron oxides was 0.64 mg arsenic per g of nanoparticles under geochemical
conditions similar to the field. Assuming an ideal cylindrical barrier 7.2 m wide and 4.5 high,
and the arsenic concentrations and groundwater flow measured at the site, 641.52 mg
arsenic per day was flowing through the barrier. The total mass of nanoparticles injected
(280 kg) was expected to retain, in total, 179.2 g arsenic. Accordingly, it would take
ca. 279 days until the installed barrier is fully loaded with arsenic.

Another approach for extrapolating laboratory results to the field is based on the
retardation factor. The calculated retardation factor in this study was 165.4. Considering
a groundwater flow velocity of 1.21 m/day and the barrier length of 7.2 m, it would take
ca. tbreakthrough = l

uarsenic
= l

uwater/R
= 981 days before complete saturation of adsorption sites

in the barrier.
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Another approach is to use simplified reactive transport models such as those used
in Section 3.2.2 of this study. Since nonequilibrium effects are also taken into account, the
breakthrough is not sharp. Instead, the simulations showed that breakthrough occurred at
ca. 100 days after injection and then the arsenic concentrations downstream continuously
rose towards the background value. A long-time simulation (data not shown) resulted in
a full saturation of the barrier after > 800 days.

By comparing this information to the observed arsenic concentrations after application
of iron oxide nanoparticles in field testing (Figure 6), we validate their reliability to this case
study. The field-testing data showed a relatively stable postinjection arsenic concentration
of ca. 50–60 µg/L during the monitoring period in both observation points. None of the
used approaches predict this trend exactly, but the reactive transport approach showed
a slight increase in arsenic concentrations after day 25 in the injection well and day 100 in
the downstream well. Generally, the single-parameter approaches (mass balance, retarda-
tion factor) inherently do not provide data about the evolution of concentrations during
monitoring time before the breakthrough. Furthermore, they lack critical information about
the nonequilibrium conditions. The mass balance approach resulted in a shorter barrier
lifetime, which, considering the real field data, seems to be a more reliable approach than
using the retardation factor. At the later phases of the monitoring period, the simulated
data of the reactive transport model seemed to match better to the real field observations.
At the earlier phases, disruptions due to the relatively large volume of the injected suspen-
sion, and hence, transient changes in aquifer conditions, were expected [29]. Furthermore,
the intrusion of arsenic into the downstream well due to bypassing the barrier is very
likely because of the relatively small size of the barrier. Following Krok et al. [32] who
showed that the data from the middle of the barrier are more reliable for calibration and
validation of the models, one can see that the simulation results predict the trend of the
arsenic concentrations to a very good extent, especially at the injection point. An important
point is that in the reactive transport model, we assumed a length of 3.6 m from the inlet to
the injection point of the barrier (i.e., middle of the barrier), while in real field cases, the
actual barrier length before this point might be less due to deformations occurring during
the injection. Hence, the corresponding breakthrough curve will be shifted to an earlier
time and a better match to the field data is expected.

3.5. Environmental Implications

A major aspect of designing an acceptable nanoremediation application for groundwa-
ter treatment, especially to water authorities and end-users, is the toxicity and side effects
of the nanoparticles. The toxicology of the Goethite nanoparticles used in this study has
been studied extensively for their effect on the environment or humans, and no toxic effects
were found [39,40]. In addition, long-term studies have indicated that the adsorption PRBs
installed are stable, and no remobilization or dissolution of iron oxide were observed even
after strong changes in aquifer conditions [29]. The adsorbed pollutants also remain bound
to iron oxide and are very unlikely to release [53], which makes them suitable as a long-term
sink for groundwater contaminants such as arsenic.

4. Summary and Conclusions

Here, we assessed the applicability of nanoremediation for geogenic arsenic-
contaminated groundwater resources via combining laboratory testing, numerical mod-
elling, and a small-scale field test. The current study showed that all linear, Langmuir, and
Freundlich isotherms were able to explain the adsorption behavior of arsenic to Goethite-
coated sand at the concentration range used in this study. However, the results also
showed that nonequilibrium effects must be taken into account while designing a field-
scale nanoremediation application. We showed that the single-parameter extrapolation
approaches, such as retardation factor or mass balance, fail to capture the nonequilibrium
effects and hence may increase uncertainty in designing field applications [32,34]. The
injected barrier decreased the arsenic concentration close to the drinking water threshold
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values, which recommends the use of iron oxide nanoparticles for remediating arsenic-
contaminated groundwater.
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