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Highlights:

Ca. 150 m® iron oxide suspension was injected into a contaminated aquifer for the
immobilization of toxic heavy metals.

The injected nanoparticles formed a permeable adsorption barrier of ca. 21 mx9mx 3 m
in the aquifer not changing the hydraulic conductivity.

Downstream concentrations of dissolved heavy metals were strongly reduced due to the
insertion of the iron oxide adsorption barrier.

Low pH (<6) and high metal content of the aquifer materials (several hundreds of mg/kg)
influenced the adsorption of dissolved heavy metals to the b7irier. Nevertheless, reduction
of the toxic metal concentrations was observed at all pH conuan:nns.

Iron oxide nanoparticles have a great potential for remedia.‘on )f contaminated sites and
such adsorption barriers immobilize a wide range of he vy metals.



Abstract

Remediation of heavy metal-contaminated aquifers is a challenging process because they cannot
be degraded by microorganisms. Together with the usually limited effectiveness of technologies
applied today for treatment of heavy metal contaminated groundwater, this creates a need for new
remediation technologies. We therefore developed a new treatment, in which permeable
adsorption barriers are established in situ in aquifers by the injection of colloidal iron oxides.
These adsorption barriers aim at the immobilization of heavy metals in aquifers groundwater,
which was assessed in a large-scale field study in a brownfield site

Colloidal iron oxide (goethite) nanoparticles were used to install an 1.y situ adsorption barrier in a
very heterogeneous, contaminated aquifer of a brownfield in Asturias, Spain. The groundwater
contained high concentrations of heavy metals with up to 2. mg/L zinc, 1.3 mg/L lead, 40 mg/L
copper, 0.1 mg/L nickel and other minor heavy metal po:'utzints below 1 mg/L. High amounts of
zinc (>900 mg/kg), lead (>2000 mg/kg), nickel (>13° mg/kg) were also present in the sediment.
Ca. 1500 kg of goethite nanoparticles of 461 + 2:36 1.1 diameter were injected at low pressure (<
0.6 bar) into the aquifer through nine scree.*2d (njection wells. For each injection well, a radius of

influence of at least 2.5 m was achieveu ‘within 8 hours, creating an in situ barrier of 22 x 3 x 9 m.

Despite the extremely high heavy meta’ contamination and the strong heterogeneity of the
aquifer, successful immobilizaticn ~f contaminants was observed in the tested area. The
contaminant concentrations we,~ sc-ongly reduced immediately after the injection and the
abatement of the heavy m~i.'s cuntinued for a total post-injection monitoring period of 189 days.
The iron oxide particies Ve, found to adsorb heavy metals even at pH-values between 4 and 6,
where low adsorption would have been expected. The study demonstrated the applicability of
iron oxide nanoparticles for installing adsorption barriers for containment of heavy metals in

contaminated groundwater under real conditions.
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Introduction

Heavy metals and metalloid contaminations such as Zn, As, Pb, Cu are of particular importance
for groundwater resources since their high toxicity can cause infections and diseases even at low
concentrations (Marcovecchio; et al., 2007). However, heavy metal ions are non-degradable and
thus very persistent and mobile in the environment posing severe threats for both ecosystems and

human health.

Besides locally enhanced concentrations from geogenic sources, heavy metals are extensively
released into the environment as a result of industrial activities suc, as plating, ceramics and
glass production, mining and battery manufacturing, as well as from “ertilizers for agricultural
purposes and accidental oil spills from tankers (Uwamariya, 7 01:). Hence, heavy metals and
metalloids are present in groundwater and soil of a significa,"t number of contaminated sites.
According to a report by the European Commission, mo, » than 30% of around 2.8 million
potentially contaminated sites across Europe conta’ “eavy metals as main pollutants in both soil
and groundwater (Paya Perez and Rodriguez EL'emu, 2018). However, up until 2015 only ca.

58,000 of these contaminated sites were re.nec.ated.

The most applied technology for the remu ‘al of heavy metals from groundwater is Pump & Treat
where contaminated groundwater is purnpad into above-ground installations and treated by either
chemical precipitation, or reverse .~mosis, adsorption, ion exchange, or electrochemical
deposition. The clean water is . mimonly reinjected into the ground (Al-Saad et al., 2012;
Barakat, 2011) or discharr,c. 1, sewage systems or surface water bodies, depending on national
legislative frameworks «na . csidual contamination levels after treatments. Typically, the Pump &
Treat method requires the nstallation of large facilities on site and investments or operation costs
in the Million-Euro range, which are limiting factors for remediation efforts. Hence, in many
cases in-depth remediation is economically not feasible due to e.g. low concentrations of
contaminants, location in urban or sealed areas prohibiting constructions or installations for water

treatments, or limited financial resources of the responsible for clean-up.

Here, we demonstrate a new technology to mitigate the spreading of heavy metal contaminations
by installing an in situ permeable adsorption barrier using iron oxide nanoparticles
(Braunschweig et al., 2013; Khin et al., 2012; Saha et al., 2013; Skjolding et al., 2016). The

concept includes that colloidal nanoparticles can be introduced into aquifers through injection



wells, where, due to their minute size, they can spread in the subsurface with the pumped water.
Once they reached the target radius of influence, they should aggregate and subsequently deposit
at the surface of the aquifer matrix.

Iron oxides are naturally present in aquifers, have low toxicity, and pose no danger to the
environment or the operators (Cabellos et al., 2018; Gonzalez-Andreés et al., 2017). Moreover
iron oxide nanoparticles offer larger surface areas in comparison to bulk iron oxide, which in turn
increases the adsorption sites for heavy metals (Waychunas et al., 2005). Unlike other iron-based
nanomaterials, such as nano-zerovalent iron (nZV1) (Saleh et al., 2206; Tiraferri et al., 2008;
Tosco et al., 2014), iron oxide nanoparticles can remain colloidal - the injection fluids.
Consequently, they form stable suspensions and do not clog thz nur2s of the aquifer matrix
during injection due to coagulation or corrosion, which allnws 2 injection at low pressure thus
avoiding a potential fracking of the underground. Contac:t w'th electrolytes, e.g. groundwater,
induces the aggregation of the iron oxide colloids, whira ca.> be exploited to specifically tune the
propagation of the colloids through the aquifer d'irx.g taeir injection (Bianco et al., 2017;
Tiraferri et al., 2017; Tosco et al., 2012). Tkenr finiie and controllable mobility and their gentle
injection makes colloidal iron oxides particui.ly suitable for groundwater remediation at field-

scale.

Iron oxides and in particular goeth'te \ v-FreOOH) are known to adsorb many metal(loid)s such as
arsenate, Zn®*, Pb®*, Cu®*, and o."ers from contaminated water (Abdus-Salam and Adekola,
2005; Mohapatra et al., 2010, Mcntalvo and Smolders, 2019; Rodda et al., 1993). The affinity of
goethite towards heav:' mi~tals is pH-dependent (Abdus-Salam and Adekola, 2005; Al-Saad et al.,
2012; Montalvo and Smol:lers, 2019) and is strongest at neutral to slightly alkaline pH-values. At
neutral pH-values, heavy metals still dissolve in water and are transported with groundwater, but
also strongly adsorb to goethite nanoparticles. In contrast, the electrostatic attraction between
goethite and metal ions decreases at acidic pH, while the solubility of metal ions decreases at

strong alkaline conditions.

This study presents a field test of injecting colloidal iron oxides for the installation of an in situ
adsorption barrier for immobilizing heavy metals in contaminated groundwater. The objectives of
the study were (i) to evaluate the use of goethite colloids for implementing a stable and
permeable in situ adsorption barrier for heavy metals; and (ii) to determine the efficiency of these

nanoparticles in removing mobile heavy metal contamination from groundwater.



Methodology

Site description

The Nitrastur site is an abandoned 20 ha flat brownfield, located near Langreo, Asturias,
Northern Spain. Historically, it was used over 48 years (1950 — 1998) for the production of
nitrogen-based products, such as fertilizers. The whole site area is covered by a layer of
madeground (177,000 m?), with a variable thickness between 2 m and 9 m. The madeground
materials include slag from furnaces, wastes from coal-washing and partially burned pyrites,
pyrite ashes — which are typically rich in heavy metals — as well as :anstruction debris.
Underneath the madeground, there is a 3-6 m thick layer of quatc rna y alluvial deposits of sandy,
silty gravels with boulders which define the unconfined and f oro.'s aquifer of the site. Beneath
the aquifer, there is a less permeable, very hard slate and sai.stone layer from the Carboniferous,
acting as an aquitard (Wcisto et al., 2016). The groundw.ter {evel is located close to the contact
area between the madeground and the alluvial mate.i. Is, ca. 2-3 m below the surface (Figure 1).
The groundwater flows with an average velocity of .. m/day towards an adjacent perennial

river.

The main source of contamination on the .ite is the madeground (Fedje et al., 2017; Wcisto et al.,
2016); its high levels of heavy metals 7or the pyrite ashes leach into the groundwater and
become mobilized by rainwater secnage and groundwater fluctuation. According to Gallego et al.
(2016), who performed a seque.™tia: extraction of the madeground, Zn, Pb, and Cu are the most
mobile heavy metals leack...> 1.0 the underlying aquifer (Wcisto et al., 2016). In the test area,
the electrical conductivii wus relatively low (923-2670 uS/cm) and the oxidation-reduction

potential of about +400 i.,v indicated oxic conditions.
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Figure 1. Conceptual model of the Nistratur site in Nort>2rn Spain. The red arrows show the

passage of heavy r: etal.
Installation of the barrier

The technology demonstration was conduct~.a .1 a ~a. 22 m x 35 m area of the site, where the
thickness of the madeground layer was lowes. (2-3m). The adsorption barrier was installed with
nine injection wells that were placed in twc lines perpendicular to the groundwater flow
direction, to maximize the efficiency/ (Ftoure 2a, 2b). The distance between the injection wells
was 4 m, allowing an overlap of anc meter considering a radius of influence of 2.5 m for each
well. The injection wells had a u*anieter of 76 mm (3 inches) and were screened from ca. 1 m
below the water table, at .5 M wvelow surface, down to the bottom of the aquifer at 6.5 m below

surface, to avoid intrusiu.> 01 the iron oxides into the unsaturated zone (Figure 2).
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Figure 2: Installation of the in situ ads~*nu2n barrier on the brownfield. a) Schematic top view of
the injection wells, the groundw~te. monitoring wells and the expected adsorption barrier.
Injection was carried out in IW L o, the first day, followed by IW5 and IW7 (second day), IW2
and IW4 (fourth day), and IW3 cna IW9 (fifth day). The destabilizing agent was injected into P3,
P4, and P5 on the third dy. Vell P12 was drilled after the injection of the nanoparticles and was
used only for analysis 7t sediment. b) Location of the test area for implementing the in situ
adsorption barrier. GW stands for groundwater. ¢) Schematic representation of the installed
injection and monitoring wells. P1-11 depicts the schematic design of the monitoring wells P1
through P11, IW1-9 of injection wells IW1 through IW9, and MCW of multi-level monitoring
wells MCW1 through 4.

Furthermore, 11 regularly screened monitoring wells and 4 multichannel wells (MCW) with 3

channels each were installed for groundwater monitoring (Figure 2a and 2c¢). The multichannel
wells provided vertical profiles of the heavy metal concentrations and the migration of the iron
oxide colloids during the injection inside (MCW 1 and MCW 2) and downstream of the barrier



(MCW3 and MCW4). Two upstream (P1 and P2) and nine downstream regular monitoring wells
(P3-P11) were installed to assess the heavy metal removal by the adsorption barrier and to
identify putative migration of colloids.

Slug tests using a cylindrical slug with a diameter of 2.5 cm and length of 100.0 cm were carried
out in all nine injection wells before installing the adsorption barrier. The hydraulic conductivity
of the aquifer was found to be 5.08 + 4.53 x 10 * m/s. During a pilot study on the site (data not
shown) it was found that the conductivity of the aquifer varies strongly with depth, showing a
highly permeable layer in the bottom part of the aquifer, and less ¢ anductive materials in the
upper part, close to the madeground. The existence of a higher co=2icvity layer at the bottom of
the aquifer was also confirmed by the monitoring data registerz~ u.rng our iron oxide injection
(see below). A faster breakthrough of the colloid suspensicii wos observed already after 1 hr in
the deepest sampling ports of MCW1 and MCW2 at 6 n — ¢ 3 m depths compared to the two

upper ports, although it was expected after 5 hrs.
Production and injection of the iron oxide na: opau ticles

The suspensions of colloidal goethite were s, ithesized and coated with humic acids at the
University of Duisburg-Essen according > Meckenstock and Bosch (2014). These humic acid-
coated goethite colloids have been prev otisly shown to successfully immobilize heavy metals in
laboratory experiments (Montalvo >nd smolders, 2019; Montalvo et al., 2018) and to be mobile
in similar porous media (Biance e 2l., 2017; Tiraferri et al., 2017). The colloid suspension was
produced with a goethite co.ter .t of ca. 100 g/L, a humic acid content of 6 g/L for stabilization of
the suspended particles, "nu & pH of 9-10 and remained stably colloidal during storage in 1200 L
Intermediate Bulk Contz....ers (IBCs) for several months. However, for the present study, the 15

m? suspension was freshly produced and shipped to the site within one week from production.

The colloid suspension was analyzed with X-ray diffraction and Fourier-transform infrared
spectroscopy, which revealed that the nanoparticles consisted solely of low-crystalline goethite
(see supplementary materials S1 to S3). The hydrodynamic diameters of the colloids were
measured with dynamic light scattering (Nano ZS, Malvern Instruments), revealing an average
size of dy = 461 + 266 nm. N,-physisorption (Autosorb 1; Quantachrome) was evaluated with
BET isotherms and revealed an average specific surface area of 161.0 + 0.2 m?/g (min/max-
deviation from duplicate analysis).



On the site, the colloids were diluted 1:10 with municipal water and injected with packers into the
injection wells at a flowrate of ca. 30 + 6 L/min. Prior to each injection, ca. 1 m® of water was
injected into each well in order to reduce the direct contact between groundwater and the iron
oxide suspension, which would trigger aggregation and thus deposition of the colloids (Bianco et
al., 2017). Considering the relatively shallow water table, we injected only into two parallel wells
per day to avoid a strong increase of the groundwater table and possible daylighting. The
injection pressure in each well was monitored continuously above the packer at the surface in

order to detect possible pore clogging or fracturing.

During, before and after injection, groundwater samples (200 mL <1, were collected from 24
wells: 11 monitoring wells (P1-11), 9 injection wells (IW1-9) 2nu % multichannel wells (MCW1-
4). In addition, soil samples from well IW5 were analyzed 1) uctzrmine the iron content of the
sediment in various depths. An additional well (P12) w=s a1 lled ca. two months after the
application and the iron content was compared to the or.e beore injection to determine the
spreading and the deposition of the nanoparticles.

Analysis of groundwater

Heavy metal concentrations in the grounu “ater samples were analyzed with ICP-MS (X-Series
I1, ThermoFisher Scientific). Prior to ar al'/sis, the samples were treated with HCI (37%, AnalaR
NORMAPUR; VWR Prolabo) aru Y,0; (30%, Rotipuran; Carl Roth GmbH + Co KG) to
completely dissolve potentially nceurring ferric oxide nanoparticles. In addition, the pH (Sentix
41; WTW) and electric con.. e vity (TetraCon 325; WTW) were measured in untreated

groundwater samples.

The sediment samples from IW5 and P12 were dried (105 °C; ED 53; Binder), sieved (<2 mm)
and grinded in a planetary mill (45 min; PM 100 CM; Retsch). Tablets were prepared with
homogenized sediment samples and Hoechst wax C micropowder (Merck) in a 1:6 mass ratio and
the samples analyzed using wavelength dispersive X-ray fluorescence (WDXRF; PW 2400;
Philips). The iron content of the sediment samples was also determined according to the
dithionite-citrate-bicarbonate extraction protocol (Mehra and Jackson, 1958) and served as

indicator to trace the propagation of goethite nanoparticles after injection.



Results

Injection of the ferric oxide colloids for installation of the permeable adsorption barrier

The injection was started in IW1 on day 0. On the next day (day +1) the injection was followed
by injecting in IW5 and IW7 simultaneously. At the end of this day, traces of brownish iron oxide
fluid were observed in the downstream wells P3, P4, and P5 as well as in the deepest port of
MCWa3 (Figures 3b and 3d), indicating the presence of a high conductivity layer at the lower part
of the aquifer. In order to prevent downstream migration of the nanoparticles, the NanoTune
approach developed at Politecnico di Torino was applied by equall.” injecting a total volume of
ca. 26,700 L of a destabilizing blocking agent (LmM CacCl, in w iter, according to Tiraferri et al.
(2017)) into P3, P4, and P5 (Bianco et al., 2017). The iron ox de \1jection was resumed on day
+3 by injecting nanoparticles into IW2 and IW4, continuea .V IW6 and IW8 on day +4, and IW3
and IW9 on day +5. No visible traces of goethite colloiu. were found in the other downstream
wells. Throughout the application, the injection pre.s ire remained between 0.4 and 0.6 bars for
all the wells and no daylighting occurred. The d:-taiicu properties of the suspension are shown in
Table S9 (supplementary materials). Withi.» th first two weeks after the injection of the goethite
nanoparticles, the pH in the wells retun.~d to their pre-injection values with the exception of
some of the wells located in the acidic a'c” {IW2, IW3, IW4, IW5, P7, and P8), in which the pH
varied between 3 and 7 in comparison *0 pre-inejction values of 2-4 (Figures S4a-b). The
injection of the blocking agent a.™ noc alter the pH in the wells P3, P4, and P5. No significant
increase in mobile organic ca hor was also observed (Figure S8 supplementary materials), which
indicates that the hum’~ acid vsere not released from the goethite nanoparticles during the

monitoring period.

Slug tests were carried out in all the injection wells immediately (day +6) and ca. one year (day
+325) after the injection. The measured values were 2.63 + 0.76 x 10 m/s and 4.52 + 4.31 x 10™
m/s, respectively. The lower values immediately after the injection were presumably due to the
presence of the still suspended particles in the wellbore. Nevertheless, the hydraulic conductivity
of the aquifer returned to the pre-injection conditions (5.08 + 4.53 x 10 ** m/s) and was not

affected by the injection.

One week after the injection, the iron concentrations returned to their initial pre-injection values

in all wells, indicating that the colloids were deposited at the matrix surfaces within less than one



week after the injection and were not continuously exported from the barrier with the
groundwater flow (Figure 3). Two months after the injection, a sediment core was drilled 2 m
away from IWS5, at P12 in the central region of the barrier, to monitor the distribution of the iron
oxides (Figure 2a). Even at 2 m distance from the injection well, the iron content in the sediment
was increased by, on average, 2,000 mg/kg sediment compared to the background level of the
neighboring sediment core taken during installation of well IW5 before the injection (Figure 4).
This increased iron content showed that the injected colloids did not precipitate only around the
wellbore but were successfully delivered to the intended radius of influence of 2.5 m. An
accumulation of iron oxides was specifically observed from 6 to 6.0 ™M depth where, most likely,
more of the iron oxide colloids was delivered due to the highly ¢ \ndt ctive zone at the bottom of
the aquifer.
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MCW4 (a, b), injection wells (c), and the first two rows of the downstream monitoring wells (d)
as indicator for the mobility or precipitation of the goethite colloids. Day 0 (the red vertical line)
indicates the first day of the injection. The schematic drawing of the multi-channel well indicates

the filter zones at different depths. mbg: meters below ground.
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Monitoring of water chemistry

Before the injection, analysic of « -oundwater samples revealed a strong heterogeneity of the pH
in the test area. While wa er 0* most of the wells showed a neutral pH, some wells (P3, P4, P6 P7,
IW2, IW3, IW4, and IW5, showed pH-values below 5, even reaching values down to pH 3 at
some sampling times (Figure 5). This acidic area was partially buffered by the injection solution
of the ferric oxide colloids (pH ~ 9.5), but the original pH-values recovered in all wells shortly

(less than one week) after the injection (Supplementary info S4a-b).
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Figure 5: Heterogeneity of pH-values and heavy metal concentrations in the test area at 33 days

before injection. The colors indicate pH-values or heavy metal concentrations measured in each



well according to the depicted color scales. Panel a) pH values in the test area, b) Zn, c¢) Cu, and

d) Pb concentrations. The acidic area is shown inside the red ellipse in panel a.

Prior to the injection of the iron oxide colloids, high heavy metal concentrations in the
groundwater were around 25 £+ 17 mg/L for Zn, 40 + 25 mg/L for Cu, and 1.3 £ 2.5 mg/L for Pb
(Figure 5). The highest concentrations were found inside the acidic area, e.g. in P3, P4, P6, and
P7, IW2, IW3, and IW5, where heavy metal concentrations were found to be ca. ten times higher

than in the rest of the wells.

Analysis of the sediment profile, obtained from cores of IW5, shov. -d that high amounts of heavy
metals were present not only in the madeground (0 — 3 m below suricce), but also in all depths of
the aquifer materials (Figure 6). The total metal content of th': aquifer sediment was higher than

1,500 mg/kg in all depths, reaching 7,320 mg/kg just below ‘he groundwater table.
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Figure 6: Depths distribution of the most abundant heavy metals in a sediment core taken at IW 5

before injection of the barrier. The dashed line and the triangle indicate the groundwater table.



Immobilization of heavy metals by the adsorption barrier

Right after the injection on day 0, the heavy metal concentrations of Zn, Cu, and Pb sharply
decreased in all wells (Figure 7 a-f, full data set in supplementary figure S5a-€). Except for a few
data points, the heavy metal concentrations remained below 50% of the background values, even
for the wells located in the acidic area. The concentrations of the dominant pollutants Zn and Cu
were reduced from more than 25 mg/L to below 3 mg/L. In some wells (e.g. P6) more than 90%
of the heavy metals were immobilized from the groundwater. The immobilization of the heavy

metals continued throughout the monitoring period of 189 days aft2r the injection.

In the post-injection sampling on days +35 and +189, an increasc ot .”’n, Cu, and Pb
concentrations was observed in all wells, notably in the acidic. arex (P3, P4, P6, IW3, IW4, IWS5,
Figures 7a-f). This increase is attributed to leaching from tn. madeground layer into the aquifer
as a consequence of rain events (Supplementary materia.. Figure S6). For example, in the weeks
of the last sampling date (day +189) a total precipi*.an of more than 120 L/m? was recorded in
the nearby meteorological station. The leached h2avy netals are more mobile in low pH

conditions; hence the effect is pronounced n tr.e wells located in the acidic area.
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Adsorption of heavy metals

We estimated the efficiency of the barrier by calculating the contaminant flux and the adsorption
for the injection wells. The cross section area of the installed barrier was ca. 22 m x 3 m
perpendicular to the groundwater flow. In each injection well, 16.5 + 0.7 m® colloid suspension
were injected with an iron oxide concentration of ca. 10 kg/m>. Hence, on average ca. 22.5 kg of
goethite was delivered to each cross section unit area of 1 m?. Previous studies (Montalvo and
Smolders, 2019) found that, under favourable conditions (pH 6.1 to 7.0), the adsorption
capacities of the present goethite colloids in a multi-element systera similar to the groundwater
are 9 g/Kgnanopartictes for Zn and 51 g/Kgnanopartictes for Cu. Therefore, te injected amount of iron
oxides is expected to adsorb 202.5 g Zn and 1,147.5 g Cu per »: it 2russ section area of 1 m?.
Considering average concentrations of 25 mg Zn/L and 40 ing Zw/L in groundwater of the wells
in the acidic area (e.g. IW2 or IW3), a porosity of 25%. inu 1 groundwater flow velocity of 1.1
m/day, the groundwater transported a mass of ca. 6.9 g Zn «d ca. 11 g Cu per day across a unit
cross section area. This means that the amount of i.’ec ed goethite is expected to become
saturated in about 29 days for Zn and 104 d.ys for Zu. Nevertheless, the concentrations of mobile
Znand Cu remained below 1 mg/L in IW2 an'' IW3 until +128 days after the injection (Figure
7d-e). The apparently enhanced longevitv  * the installed barrier could be partially explained by
the pH changes in the injection are? Tt.» HH values of the samples collected from some of the
wells inside the acidic area (IW?7. Iv.'3, IW4, IW5, P7, and P8) were increased from 2-3 to 3-7
(Figures S4a-b). It is known tha. the mobility of metals decreases at alkaline pHs (Chuan et al.,
1996; Krol et al., 2020). F.ow ~ver this trend was not observed for all the wells, especially for
those outside the acidic a.~a. The post-injection pH values remained neutral to slightly acidic
throughout the monitoring period. Nevertheless reduction in heavy metal concentrations was
observed both inside and outside the acidic area. Reduction in metal concentrations was observed
across the pH values, even in P3 and P7, where the pH values remained below 4 after the
injection. Aditionally, seepage water from rainfall events introduced unknown amount of heavy
metals from the madeground layer into the aquifer, causing fluctuations in incoming metal fluxes.
Such fluctuations are also observed in the pre-injection data. Changes in groundwater velocity,
and presence of other iron minerals in the sediment may have influenced the longevity of the
installed barrier, too. In the following 2-3 months the concentrations increased only in the acidic

area, where the injected goethite nanoparticles became saturated. In all other wells, where initial



concentrations were lower, a continuous decrease in heavy metal concentrations was recorded

throughout the monitoring period after injection (189 days).

Discussion

Heavy metal contamination of groundwater is a world-wide problem, but only few technologies
are available for its remediation. The most applied Pump and Treat technology has considerable
disadvantages, such as ineffectiveness at lower heavy metal concentrations or its high costs
(Dolgormaa et al., 2018). Since financial limitations constitute a major drawback for remediation,
there is a strong demand for in situ technologies that are cheaper ar.. 2asier to implement (Karn et
al., 2009; Perelo, 2010). We therefore conducted a demonstratiol sca e experiment to install an in

situ adsorption barrier based on colloidal iron-oxides that can be 11jected into aquifers.

The concept of the in situ adsorption barrier for heavy v eta:s 1s based on three pillars. First, the
injected iron oxide nanoparticles must be perfectly collida: since they have to travel over several
meters in the aquifer without clogging the pore sne-2. “,econd, the particles must be metastable,
that is they must precipitate shortly after the 1ny2ct.an and cover the sediment to become
immobile so the in situ adsorption barrier stay: at the point of injection and particles do not
dislocate with the groundwater flow. Thiru, the iron oxides have to adsorb the heavy metals in the

groundwater below the remediation *aryets.

The colloidal goethite used in th.: study was proven to be ideally injectable into the aquifer. The
constantly low pressure throuho .t the injection confirmed that the colloidal iron oxides in the
suspension did not agr:'or.era e and did not clog the pores around the wellbores. This observation
was confirmed by measuri g the same hydraulic conductivity of the aquifer with slug tests before

and after the injection.

The mobility of the goethite nanoparticles is thus superior compared to other nanomaterials such
as nanoscale Zero Valent Iron (nZV1), which tends to aggregate and block the pores (EPA, 2009;
Kocur et al., 2014; Phenrat et al., 2007). Hence, high pressure is required to push nZV1 into the
sediment (He et al., 2010), which may lead to fracturing of the aquifer and thus uncontrolled and
inhomogeneous spreading of the particles. In contrast, the goethite nanoparticles were effectively
transported over the intended radius of influence, which exceeded 2.5 m at low pressure (<1 bar).
This was confirmed by elevated iron concentrations in the groundwater samples taken from

MCW-1 and MCW-2 during the injection, which are located inside the barrier region (Figures 3c-



d and S7a-b). Iron concentrations were increased only in days +3 and +1, respectively, which
were the exact days that goethite nanoparticles were injected into the nearby wells of IW2 and
IW9, respectively.

However, the injected goethite nanoparticles were clearly metastable and aggregated shortly after
the injection was finished and were deposited at the matrix surfaces, which is a prerequisite to
establish a stationary in situ permeable barrier. Reduction in mobile iron concentrations shortly
after injection indicated that the injected goethite nanoparticles were immobilized (Figure 3c and
S7a-b). The successful delivery of the nanoparticles was verified by the elevated iron content in
the sediments 2 m away from the injection point, proving that the :iec*ed particles were indeed
deposited in the barrier region, i.e. they neither accumulated nz2v v -zilbores nor were transported
with the groundwater. The elevated iron content shown in Figu:z 4 is between 900 and 2100
mg/kg in depth between 4 and 5 meters below surface. This value matches the expected increase
in iron content due to injection of ca. 10 kg/m® of goeth.te 1.2noparticles. At deeper zones,
however, the observed iron concentrations exceede~ th2 expected amount. This is probably due to
preferential flow of the injected goethite nar.op wtic!e suspension into the highly conductive zone
at the bottom of the aquifer. Very high iron cutent in this zone is hence attributed to
accumulation of the goethite nanoparti~'as from the adjacent depth (e.g. 5 to 6 m). This
observation is in agreement with a t~rec .mensional injection study (Velimirovic, 2020), where
the delivery and the fate of simil ir 4 ethite nanoparticles were observed and modelled. In both,
the study by Velimirovic et al., \20£0) and the present study, goethite colloids became immobile
shortly after the injection 2nu~a, forming a stable in situ barrier of the intended radius of
influence. Similar to the . esent study, Velimirovic et al. (2020) also observed preferential
migration of the injected colloids in a highly conductive zone and, hence, deposition of the
colloids according to the distribution of the hydraulic conductivity of the aquifer. Although this
inhomogeneity seems to be a disadvantage of the injection method, it is indeed favorable as more
iron oxide is delivered to the regions through which the contaminated groundwater flows. Hence,
the largest deposition of goethite particles is at the very place of the highest contaminant flux.
This is highly desired since it provides an automated, passive regulation to deposit the adsorbent

exactly where it is needed.

The third requirement is the effectiveness of the barrier. Iron oxides are excellent adsorbents for

heavy metals in general (Al-Saad et al., 2012; Dolgormaa et al., 2018; Shen et al., 2020;



Uwamariya, 2013), and our goethite colloids showed particularly effective absorbance for the
removal of heavy metals from groundwater (Montalvo and Smolders, 2019; Montalvo et al.,
2018). Furthermore, the small size of the iron oxide colloids offers much higher surface area for

adsorption of toxic metals in comparison to bulk iron oxides.

The analysis of the groundwater samples taken after the implementation of the adsorption barrier
showed that the concentrations of the dissolved toxic metals such as Zn, Cu, and Pb were reduced
during the post-injection monitoring period of 189 days. High inflow concentrations of heavy
metals were observed from the madeground layer into the aquifer 7.cross the test area. Baragafio
et al. (2020) conducted controlled flooding experiments in an ups*:~an. well nearby the area of
the pilot study (see Figure 2b) and observed leaching of heavv me.2!s from the madeground layer
into the aquifer. Rainfall events and accordingly occurring < ee.2ye water transports unknown
amounts of heavy metals from the madeground layer to he cquifer and, hence, affect the
observations in the downstream monitoring wells. Desrte v ntinuous inflow of toxic metals from
the overlaying madeground layer (especially on da /s +35 and +189 due to heavy rainfall) and
low pH values in some parts of the tested arza, vhich may lead to partial release of the metals,
concentrations of the toxic metals remained b.'ow 50% of the background values, even at wells
with pH values below 4 (e.g. P3 and P7} ad in some cases more than 90% of the toxic metals

were eliminated from the groundwea*=r ov/2r our monitoring period of 189 days.

Although generally higher disso: ‘ed 11eavy metal concentrations were measured in the wells
located in the acidic area, the noelnite nanoparticles still reduced the concentrations significantly
(Figures 7). For examrle, *he r,oncentrations of Zn measured in monitoring point P7 within the
acidic pH area, decreased ' rom ca. 45 mg/L to ca. 5 mg/L. This was somehow surprising since
most metal cations adsorb to a lesser extent to iron oxides at pH values below 6.0 (Montalvo and
Smolders, 2019; Okazaki et al., 1986). However, the adsorption capacity of the injected iron
oxide must have been sufficiently high to overcome this limitation. At the same time, a reduction
from 7 mg/L to <1 mg/L of Zn was observed in P10, which was located within the neutral pH
area. Nevertheless, the amount of iron oxide nanoparticles required for a similar adsorption
capacity in a barrier is potentially higher compared to an aquifer with neutral pH conditions
(Montalvo and Smolders, 2019).

The current study also presents some projections about the long-term fate of the injected goethite

nanoparticles and of the sorbed metals. Since no mobile iron was detected in the downstream



monitoring wells and after the injection, one concludes that the injected goethite nanoparticles
were bound to the sediment matrix. Hence, the risk of particle-bound transport of pollutants is
negligible. Goethite is one of the most thermodynamically stable iron oxide minerals and
dissolves at ambient conditions only at very low pH, at presence of iron-complexing compounds
(e.g., oxalic acid) or under anoxic conditions, e.g. by reducing agents and/or anerobic microbial
reduction (Schwertmann, 1991). Although a portion of the in situ adsorption barrier was located
in an acidic area, no indication of iron dissolution was observed. Previous studies e.g. (Vermeer
et al., 1999) showed that the addition of the humic acid can enhance the adsorption of heavy
metals to iron oxides. The present study cannot distinguish betweer. :he adsorption of heavy
metals to goethite or humic acid. Nevertheless, the negligible arrihum of humic acid released
suggests that the transport of the toxic heavy metals with hun ic arid is not expected in long term.
Rebound of adsorbed heavy metals from humic acid coatz- y>ethite may occure if the pH of
groundwater drops significantly (Chuan et al., 1996; Vioic e et al., 2010), anoxic conditions
evolve or strong Fe-complexing agents are introdu ce7. The latter two scenarios can be excluded
from the site properties and history. However tr. reduction in the pH values correlates with the
rainfall events and inflow of metal-rich leac>».e from the madeground layer, which, in longer
monitoring times, leads to fluctuations i, 2bserved metal concentrations. Furthermore,
competition among divalent cations fur ac.orption onto humic acid-coated goethite will
eventually result in the release of :~eavy metals with lower affinities. Montalvo and Smolders
(2019) observed that, as more >dscrption sites became occupied with time, Cd and Ni were
released from goethite nan~na,*ivles and became replaced with Cu and Zn. Hence, under
multielement contam’..ctic» conditions remobilization of low affine heavy metals might occur,

and the competition of the present heavy metals for adsorption must be taken into account.

For designing an in situ adsorption barrier for plume treatment, it is also important to consider the
heavy metal content associated with the solid phase in the aquifer. In our case, the heavy metal
content of the sediment accounted for several hundred mg/kg (Figure 6). In chemical equilibrium,
these sediment-associated heavy metals are constantly being released and adsorbed from / to the
sediment with identical reaction rates. After the injection of the iron oxide colloidal particles,
however, the sediment-associated heavy metals will also adsorb to the pristine iron oxides newly
introduced into the aquifer, which likely exhibit a stronger affinity for these metals than the
ambient sediment material (see e.g. Montalvo and Smolders (2019)). Furthermore, injected

goethite colloids are deposited on the surface of the sediment particles, placing them in



immediate proximity to the sediment-associated heavy metals. This promotes a flux of heavy
metals from the sediment to the iron oxides. Consequently, sediment-associated heavy metals
may compete with the mobile, dissolved heavy metals from groundwater for adsorption sites on
the introduced nanoparticles. Nevertheless, even at the extreme heavy metal content of the
sediment at the Nitrastur site, the injected goethite nanoparticles efficiently immobilized the
dissolved heavy metal contaminants. For example, in IW5, where high amounts of sediment-
associated heavy metals were present (Figure 6), the concentrations of dissolved Zn and Cu were
reduced from 20-30 mg/L to lower than 2 mg/L. Therefore, it is important that both the heavy
metal concentration in the groundwater and the content in the sedinicnt must be included in
calculating the adsorption capacities of an in situ barrier. If the h»avy metal content of the
sediment is too high, the lifetime of the in situ barrier will be =ign ficantly reduced. These facts
have to be taken into account in evaluating the technical =~ cconomic feasibility of the in situ

adsorption barrier.

Conclusions and environmental imp''cawons

The present study demonstrates the applica. 'y of colloidal goethite nanoparticles for in situ
immobilization of toxic metals in grounu vater. Ca. 1500 kg of humic-acid goethite nanoparticles
were injected in 150 m? suspension ir.:c a vontaminated aquifer to form a permeable adsorption
barrier of 21 m x 9 m and 3 m thic‘nesc. Results of this demonstration study confirmed previous
micro- and mesoscale studies thau *he colloidal goethite nanoparticles are easily injectable in
aquifers at low pressures. The, f,llow the pattern of hydraulic conductivity of the sediment, and
precipitate within one > tv.2 zays after the injection, without clogging the pore space. In this
way, they form a stable »rd in situ permeable adsorption barrier, which adsorbs and immobilizes
dissolved heavy metals from the contaminant plume. Despite the excessive heavy metal
concentrations in both sediment and groundwater, the heavy metal concentrations in the
groundwater were significantly reduced to less than 50% of the original concentrations after the
injection of the goethite nanoparticles. Immobilization of heavy metals was successfully observed
both inside the barrier domain and further downstream. The goethite colloids provide an
ecologically harmless technology that poses no risk to the environment and to the operators
involved. Hence, ferric oxide colloid-based in situ adsorption barriers provide a new and

competitive option for groundwater remediation.
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Highlights:

® Ca. 150 m® iron oxide suspension was injected into a contaminated aquifer for the
immobilization of toxic heavy metals.

® The injected nanoparticles formed a permeable adsorption barrier of ca. 21 mx9mx 3 m
in the aquifer not changing the hydraulic conductivity.

® Downstream concentrations of dissolved heavy metals were strongly reduced due to the
insertion of the iron oxide adsorption barrier.

® | ow pH (<6) and high metal content of the aquifer materials (several hundreds of mg/kg)
influenced the adsorption of dissolved heavy metals to the bririer. Nevertheless, reduction
of the toxic metal concentrations was observed at all pH conai.nns.

Iron oxide nanoparticles have a great potential for remediation m ~ar.caminated sites and such

adsorption barriers immobilize a wide range of heavy metals.



