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This study evaluates the NO3 removal from groundwater through Heterotrophic Denitrification (HDN) (pro-
moted by the addition of acetate and/or an inoculum rich in denitrifiers) and Abiotic Chemical Nitrate Reduction
(ACNR) (promoted by pulse injection of zerovalent iron nanoparticles (nZVI)). HDN and ACNR were applied,
separately or combined, in packed soil column experiments to complement the scarce research on pulse-injected
nZVI in continuous-flow systems mimicking a Well-based Denitrification Barrier. Together with NO3, the
removal of two common pesticides (dieldrin and lindane) was evaluated. Results showed that total NO3 removal
(>97%) could be achieved by either bioestimulation with acetate (converting NO3 to Ny(g) via HDN) or by
injecting nZVI (removing NO3 via ACNR). In the presence of nZVI, NO3 was partially converted to Ny(g) and to a
lower extent NO3, with unreacted NO3 being likely adsorbed onto Fe-(oxy)hydroxides. Combination of both
HDN and ACNR resulted in even a higher NO3 removal (>99%). Interestingly, nZVI did not seem to pose any
toxic effect on denitrifiers. These results showed that both processes can be alterned or combined to take
advantage of the benefits of each individual process while overcoming their disadvantages if applied alone. With
regard to the target pesticides, the removal was high for dieldrin (>93%) and moderate for lindane (38%), and it
was not due to biodegradation but to adsorption onto soil. When nZVI was applied, the removal increased
(generally >91%) due to chemical degradation by nZVI and/or adsorption onto formed Fe-(oxy)hydroxides.

1. Introduction where CH20 represents a generic biodegradable organic compound.

This can be of a wide variety of forms, from insoluble natural lignocel-

In-situ treatment of groundwater contaminated by nitrate (NO3) and
pesticides has attracted a growing interest in the field of environmental
remediation. One of the most cost-effective methods to remove NO3
from water on a large scale is Heterotrophic Denitrification (HDN),
whereby denitrifying microbes use NO3 as terminal electron acceptor
(which is sequentially reduced to intermediates NO3z, NO(g), N2O(g),
and ultimately to harmless nitrogen gas N»(g)) and an organic substance
as electron donor and energy source (Greenan et al., 2006; Richa et al.,
2022) as described by reaction 1 (Robertson et al., 2008):

4 NO3 + 5 CH,0 — 2 Nx(g) + 5 HCO3 +2 H,0 + HF m

lulosic materials (such as woodchips, straws, reeds, cotton, or agricul-
tural wastes) to more or less purified low-molecular-weight liquid
organic compounds (such as methanol, ethanol, acetate, or glucose)
(Calderer et al., 2010; Costa et al., 2018). More recently, some synthetic
polymers (such as polybutylene succinate (PBS), or polyacrylic acid
(PAA), among others) have been reported to have potential as alterna-
tive providers of organic carbon for HDN (Pang and Wang, 2021).
However, while denitrifying bacteria are ubiquitous in nature (and
therefore expected also in aquifers), labile CH0 is rarely present in
subsurface environments at sufficiently high contents to promote HDN
(Greenan et al., 2006). One technology developed for supplying organic
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carbon into the aquifer (i.e. under a biostimulation scheme) is the
Well-based Denitrification Barriers (WDBs), in which soluble organic
compounds are introduced as aqueous solutions from the surface into
the aquifer through injection wells (Margalef-Marti et al., 2019; Han
et al., 2020). Alternatively, denitrifying microorganisms may also be
introduced (i.e. under a bioagumentation scheme) in order to enhance
HDN (Anderson et al., 2020). HDN has some drawbacks though: the
denitrification rate can be relatively slow, especially in cold temperature
(Anderson et al., 2020), and the external organics input can cause sec-
ondary contamination (e.g. excessive release of DOC and/or NHJ,
excessive production of biomass, generation of undesirable gases such as
CH4 and N3O ...) (Gibert et al., 2008; Hwang et al., 2011; Burbery et al.,
2022).

An alternative for reducing NO3 is through Abiotic Chemical Nitrate
Reduction (ACNR) with zero valent iron (ZVI or Fe®) via the redox re-
actions 2a and 2b (Yang and Lee, 2005):

NO3 + 4 Fe’(s) + 7 HyO — NH{ + 4 Fe*" + 10 OH™ (2a)
2 NO3 + 5 Fe¥(s) + 6 HyO — Ny(g) + 5 Fe?* + 12 OH™ (2b)

ZVlis a highly reactive and excellent electron donor, and among the
advantages of ACNR over HDN are the stronger reduction performance
also at low temperature, the faster kinetics of the reaction, the lower
biomass formation, and the lack of risk of secondary organic carbon
contamination (Aratjo et al., 2016; Liu and Wang, 2019). ZVI for in-situ
treatment of groundwater has traditionally relied on millimetric ZVI
(mmZVI), particularly as solid filling material in PRBs (alone or together
with a solid organic substrate) for a wide variety of contaminants,
including halogenated organic compounds (Yabusaki et al., 2001;
Grau-Martinez et al., 2019), heavy metals and metalloids (Ludwig et al.,
2009; Gibert et al., 2013), and radionuclides as U(VI) species (Gu et al.,
2002). Removal of NO3 has been observed in some of these field
mmZVI-bearing PRBs.

But research on ZVI for in-situ remediation has experienced a boost
since its synthesis as micro-sized (mZVI) and especially nano-sized ZVI
(nZVI) (Liu and Wang, 2019; Zhou et al., 2022). The reason is that nZVI
is more reactive in comparison to mmZVI and mZVI (thanks to the small
particle size and large surface of nZVI) at the same time that nZVI,
similarly to mZVI, can be injected in the form of aqueous suspension
directly into the contaminated aquifers (Aratjo et al., 2016; Jiang et al.,
2018). Nevertheless, bare nZVI presents two important weaknesses:
nZVI particles tend to agglomerate and become passivated rapidly in
water (Aratjo et al., 2016; Liu and Wang, 2019). These weaknesses can
be mitigated by coating nZVI with appropriate polymers that can
enhance the stability and dispersion of nZVI and, on the other hand,
protect nZVI against oxidation (Peng et al., 2019). If biodegradable,
these polymers can potentially act as a carbon source and promote HDN.

An issue that arises concerns regarding ACNR is what end-product
results from ZVI-mediated ACNR. A number of published studies
report NH4 as the major end-product as shown in reaction 2a (West-
erhoff and James, 2003; Hwang et al., 2011), while others indicate that,
when nZVI is used instead of mZVI, the major product is N»(g) according
to reaction 2b (Choe et al., 2000; Chen et al., 2005; Zhang et al., 2010a;
Hosseini and Tosco, 2015). Lying between these two extremes, other
studies report that nearly all possible forms of N by-products, mainly
NO3, Ny(g), and NH}/NH3(g) (in varying proportions) can form, also
when using nZVI, depending on the reaction conditions (Yang and Lee,
2005; Zhang et al., 2010b; Hosseini et al., 2018; Grau-Martinez et al.,
2019).

Further efforts have explored the combination of HDN and ZVI-
mediated ACNR for the removal of NO3 from water. Confronting find-
ings are reported on this issue. On the one hand, enhanced NO3 removal
has been reported when coupling organic substrates (maize cobs, beech
sawdust, cotton, pine bark) with ZVI (Huang et al., 2015; Hosseini and
Tosco, 2015). Besides promoting ACNR, ZVI in these systems may favour
the removal of NO3 by providing reducing conditions required by
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heterotrophic denitrifiers (Liu et al., 2013) and, according to some
published works, providing Ha, which would allow the development of
hydrogen-based autotrophic denitrification (ADN) (Gu et al., 2002;
Grau-Martinez et al., 2019), while some others have not observed this
effect (Ma et al., 2015; Wu et al., 2013). The oxidation of ZVI and sub-
sequent reduction of NO3 is described by reactions 3 and 4 (Pang and
Wang, 2021):

Fe(s) + 2 HyO — Fe?* + Hy(g) + 2 OH™ 3)
2 NO3 + 5 Ha(g) — Na(g) + 4H20 + 20H™ C)]

One the other hand, other studies have noticed that nZVI (and more
particularly Fe?* generated from ZVI oxidation) may exhert a toxic ef-
fect on microorganisms (Jiang et al., 2018; Cojean et al., 2020), and that
this toxic effect may be attenuated if stabilized-nZVI is used instead of
bare-nZVI (Wang et al., 2014). Whether the overall effect of combining
HDN and nZVI-assisted ACNR is beneficial or harmful in removing NO3
remains poorly understood.

Despite the dynamic nature of field-scale WDB systems and the
acknowledgement that nZVI performance is dependent on its mobility,
only few laboratory studies have been conducted on continuous-flow
systems (columns or bench-scale aquifer models) so far. Of them, most
have assessed the effect of ZVI (mZVI or nZVI) immobilized within the
filling material (commonly aquifer soil) (Westerhoff and James, 2003;
Kim et al., 2012; Hosseini et al., 2018; Shubair et al., 2018), sometimes
mixed with a natural organic solid organic substrate (Hosseini and
Tosco, 2015; Huang et al., 2015). However, such setups might be more
representative of a PRB than of a WDB. Studies on column nZVI pulse
injection for NO3 removal are scarce. Hosseini et al. (2011) investigated
the application of bare nZVI/Cu pulse injections into a packed sand
column to remove NO3 from groundwater under different conditions of
nZVI/Cu dosages, NO3 concentrations and pore water velocities through
the columns, but focusing only on ACNR without considering HDN. In a
previous study we evaluated the effect of nZVI stabilized with an organic
polymer (PAA) and pulse-injected into packed sand columns at a dosage
of 10 g nZVI/L and under different influent NO3 concentrations and
without supplementation of any other organic substrate other than the
stabilizer PAA. Results showed that PAA did not enhance HDN and that
NOj3 was removed basically through nZVI-assisted ACNR (Gibert et al.,
2022).

Furthermore, it has been reported that nZVI has potential to remove
also pesticides (Elliott et al., 2009; Gusain et al., 2019), which often
coexist with NO3 in groundwater affected by agricultural pollution.
Removal of pesticides from groundwater has been investigated through
physical, chemical, and biological processes with different degrees of
success. Some of them (e.g. tight membrane filtration, photocatalytic
degradation ...) can only be applied in ex-situ treatments and/or are
very costly, making them unfeasible for field-scale in-situ applications,
while some others (e.g. adsorption) are not always effective at removing
pesticides. Biodegradation of pesticides has also been researched, but
some pesticides are recalcitrant and, if eventually biodegraded, the
process may take too long and can be unpredictable (Marican and
Duran-Lara, 2018; Hassanpour et al., 2019). Clearly, other approaches
are needed. As mentioned above, oxidation by nZVI appears as a
promising alternative.

However, again as with the removal of NO3 by ZVI, most published
studies have been performed on batch mode (Elliott et al., 2009; Graca
et al., 2020), and the scarce column experiments have applied ZVI as
filling material, usually combined with sand, representing a PRB
(Dominguez et al., 2016; Abbas et al., 2021). These studies have
demonstrated that pesticides lindane, endrin, dieldrin and DDT were
removed by >94% during the first 13 days, but this percentage
decreased for some pesticides in the following 12 days to 88% (Abbas
et al., 2021). In another study, El-Temsah et al. (2013) performed col-
umn experiments during which a nZVI suspension was added drop-wise
from the top with a pipette, resembling a WDB system, for the evaluation
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of nZVI potential in degrading pesticide DDT. Addition of nZVI led to
degradation of 45% of the entering DDT. Considering these promising
results, the potential of nZVI in reducing pesticides in WDB systems
clearly needs to be explored.

Within this framework, there is a need of studies exploring the
combination of HDN and nZVI-mediated ACNR in continuous-flow
systems where nZVI is pulse injected for the simultaneous removal of
NOj3 and pesticides. This combination may have the potential of over-
coming the drawbacks posed by HDN or ACNR alone (e.g. excessive
formation of biomass, slowness of NO3 removal, formation of undesir-
able NO; and NHj ...) and even enhancing HDN due to oxygen
capturing performance of nZVI (as oxygen may compete with NO3 as
electron acceptor) and the achievement of more reducing conditions
required by denitrifiers. On the other hand, however, it also needs to be
assessed whether Fe?* ions exhert any toxic effect on denitrifiers and
hinder HDN. An additional potential advantage of this approach is the
removal of those pesticides resistant to biodegradation but prone to be
adsorbed on Fe-(oxy)hydroxides formed on nZVI particles. These hy-
potheses constitute the basis of the present study.

The objectives of this study in continuous flow packed columns were
1) to evaluate the effect of biostimulation (by the addition of acetate),
bioaugmentation (by the addition of an inoculum), and pulse-injection
of polymer-coated nZVI (separately or combined) on the removal of
NO3 from contaminated groundwater; 2) to determine the removal of
two pesticides (dieldrin and lindane) under the mentioned scenarios;
and 3) to quantify the densities of two main genes involved in HDN (nirS
and nirK).

2. Materials and methods
2.1. Materials

Soil and groundwater samples were collected from the aquifer of La
Vega Media y Baja of the Segura river (Murcia, SE Spain). Soil mainly
consisted of medium to coarse gravel and sand, and groundwater pre-
sented the composition shown in Table 1. Groundwater was refrigerated
at 4 °C until use in the laboratory. Since groundwater revealed a rela-
tively low concentration of NO3 (24.2 mg/L), it was artificially spiked
with NO3 to achieve a final concentration of 100 mg/L. This increase in
NOj3 was not expected to change much the overall system performance.
In fact, published studies on column experiments report similar NO3
removal percentages (of 65%, 58%, and 67%, as measured at the exit of
the column) when influent nitrate concentration was increased from
100 mg/L to 200 mg/L and 300 mg/L, respectively, while maintaining
the rest of parameters investigated (nZVI dose, pore water velocity)
constant (Hosseini et al., 2011). It is also worthnoting from Table 1 that,
as it is the case in many aquifers, the content of TOC was low (<1.0

Table 1
Composition of the groundwater collected at the aquifer of La Vega Media y Baja
of the Segura river used for this study (values are average of three analyses).

Parameter Units Concentration
pH 7.8+0.2
Cond (pS/cm) 2412 + 78
NO3 (mg/L) 242 +0.3
NO3 (mg/L) <0.05

NH{ (mg/L) <1

TOC (mg/L) <1

S0 (mg/L) 646.7 + 7.1
cl- (mg/L) 371.9 + 4.0
HCO3 (mg/L) 401.3+7.3
POS (mg/L) <4.5

Na™ (mg/L) 151.2 + 1.6
K" (mg/L) 48 +0.2
Ca®* (mg/L) 308.5 + 4.6
Mg?* (mg/L) 82.7 + 2.5
Fe?* (mg/L) <0.5
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mg/L), and therefore HDN was not expected to be supported unless a
labile organic compound was externally supplied.

The nZVI particles (Nanofer 25S) were supplied by NANOIRON
(Prague, Czech Republic) as a blackish slurry containing water (74.1%
(w/w)), Fe (15% (w/w)), Fe304 (3.5% (w/w)), and Tween 80 (7.4%
(w/w)) (according to the manufacturer), the latter being an organic
polymer (polysorbate) used as a stabilizer of the nZVI. The capability of
Tween 80 in stabilizing nZVI in suspension and thus enhancing its
mobility has been reported (Peng et al., 2019). At a content of 7.4%,
Tween 80 would represent, if dissolved, an abundant source of organic
carbon. One of the objectives of this study was to determine whether this
polymer was degradable enough to contribute to HDN. FESEM-EDS
analysis of the dried nZVI particles showed a relatively homogeneous
solid with agglomerated particles (Fig. 1a) with Fe and O as major ele-
ments coming from the Fe® core and the shell made of Fe304(s) or other
Fe-(oxy)hydroxides (Fig. 1b). A minor peak of C was also observed
coming from the Tween 80 polymer layer coat.

Activated sludge used to inoculate some columns of the study was
collected from the secondary treatment of the municipal wastewater
treatment plant of El Prat de Llobregat (Barcelona, NE Spain). The
sludge consisted of green-gray suspended granules with a volatile sus-
pended solids (VSS) content of 3000 mg/L. After adding a moderate
concentration of NO3 (approx. 30 mg/L), the fresh sludge was left to sit
for two weeks to let organic matter be consumed by microorganisms.
Depletion of original organic matter from the sludge was deemed
convenient to better monitor the effect of later acetate addition on
biological activity.

2.2. Columns experiments design

Five identical columns were filled with the same aquifer soil and fed
with the same groundwater (spiked at a NO3 concentration of 100 mg/
L) but operated under different conditions:

Column A: filled with soil, fed with groundwater, and receiving a
pulse of nZVI after 48 days of experiment.

Column B: filled with soil and fed with groundwater supplemented
with 100 mg/L acetate (biostimulation).

Column C: filled with inoculated soil (bioaugmentation) and fed with
groundwater supplemented with 100 mg/L acetate (biostimulation).

Column D: filled with soil, fed with groundwater, and receiving a
pulse of nZVI on day 48. After the pulse of nZVI, groundwater was
supplemented with 100 mg/L acetate (biostimulation).

Column E: filled with inoculated soil (bioaugmentation), fed with
water supplemented with 100 mg/L acetate (biostimulation), and
receiving a pulse of nZVI on day 48.

Fig. 2 shows a scheme of the operation conditions of each aquifer soil
containing column:

2.3. Packed soil columns set-up and operation

Continuous-flow experiments were performed in homemade packed-
bed columns, each consisting of a transparent methacrylate cylinder (L
=50 cm, i.d. = 5 cm) provided with connectors and valves to allow and
control upward passage of groundwater. A metallic mesh disc was
placed on the bottom of each column to support the packing soil and
prevent material losses. A 4-cm layer of gravel and coarse sand (also
from the aquifer) was packed above the disc to ensure a uniform flow
through the soil and reduce risk of clogging. Then, each column was
packed with 1.3 kg of aquifer soil carefully placed on the gravel and sand
layer. The columns were covered with aluminium foil to simulate light
conditions within the aquifer. The porosity of the filling material was
first estimated by weighing a given mass of soil before and after water
saturation and quantified to be approx. 0.20 (which was later experi-
mentally confirmed by a tracer test). Before pumping any water through
the columns, they were flushed with pressurized N»(g) to evacuate air
from the soil pores to obtain realistic anaerobic conditions within the
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Fig. 1. a) FESEM analysis and b) EDS analysis of the nZVI particles used in this study.
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Fig. 2. Scheme of the conditions of each of the five (A, B, C, D, E) aquifer soil
containing columns operated in this study.

columns.

Then the columns were fed with deionized water using a mulitport
peristaltic pump (Dinko 25 VCF) in an up-flow mode to remove fines
from the column and adjust the flow rate to 0.80 mL/min, which was
selected to provide a pore water velocity similar to the one observed in
the aquifer of La Vega Media y Baja (0.20 cm/min). Taking into account
the column volume and the soil porosity, this flow rate resulted in an
average hydraulic residence time of 4.9 h. Once the flow rate was
adjusted, deionized water (for Columns A, B, and D) or inoculum (with
recirculation) (for Columns C and E) was passed over additional 48 h.
After this inoculation period, the columns were started to treat
groundwater (moment that was considered as the initial time of the
experiment). The containers with feed groundwater were purged with
N3(g) to remove any oxygen prior to injection into the column. Columns
were left to adapt to this water for a long period of time (48 days) to
ensure a good acclimatisation of denitrifying microorganisms to the
conditions of each column and achievement of steady-state conditions
(evidenced by constant composition in effluent samples). Start-up

periods of a few months in order to adapt heterotrophic bacteria to the
media are common in column experiments (Banzhaf et al., 2012;
Capodici et al., 2018).

On day 40, prior to the injection of nZVI, pesticides dieldrin and
lindane were added to feed groundwater (at concentrations around 1.5
pg/L and 3.0 pg/L, respectively) and continuously entered Columns A, B,
and E until the end of the experiment. Their choice was based on pre-
vious campaigns on the site that revealed these pesticides as the more
frequent ones found at highest concentrations.

On day 48, the pulse of nZVI was applied. For this purpose, 3.12 L of
nZVI suspension with a content of 3 g nZVI/L (prepared in a separate
bottle by dilution of the commercial slurry in deionized water) were
injected to Columns A, D, and E at a flow rate of 2.63 mL/min for 6.6 h.
This injection was done while maintaining the groundwater flow
through the columns to better simulate a field-scale injection in the
aquifer. The simultaneous injection of feed groundwater and nZVI into
the columns was achieved by means of a T valve installed at the inlet of
the columns. Taking into account the flow rates of both inputs and the
resulting dilution, the content of nZVI entering the columns was quan-
tified to be 2.3 g nZVI/L (expressed on a bare nZVI basis (i.e. without
polymer)). This value was within the range of nZVI doses typically
applied for NO3 removal (0.5-10 g/L) (Zhang et al., 2010a; Hosseini
et al., 2011; Kim et al., 2012; Hosseini and Tosco, 2015). Prior to and
during the whole pulse, the nZVI suspension in the feed bottle was
deoxygenated by bubbling N»(g) to avoid nZVI oxidation and sonicated
(at 10,000 rpm) by means of a IKA Ultra-Turrax® T18 sonicator to
reduce aggregation of the nZVI particles. Pumping of feed groundwater,
which was unaltered during the nZVI pulse, was maintained until the
end of the experiment on day 65. Finally, a tracer test was conducted in
each column with NaCl (5320 pS/cm) pumped at 4.00 mL/min to
determine their porosity (quantified at 0.20-0.22 for all columns).

2.4. Sampling and analysis

Effluent samples were periodically taken throughout the experiment
for analysis of pH, NO3, NO3, NH7, Fe, acetate and pesticides (dieldrin
and lindane). pH was measured using a pH-meter connected to a pH
electrode (Crison GLP-22). The N-containing ions were analyzed by
ionic chromatography (IC) (Dionex, ICS-1000) coupled to cationic and
anionic detectors (ICS-1000 y ICS-1100, respectively) and controlled by
software Chromeleon®chromatographic. Fe was determined by induc-
tively coupled plasma optical emission spectrometry (ICP-OES) (Perki-
nElmer, Optima 8300). Acetate was analyzed by ionic chromatography
(IC) (Dionex, Aquion) equipped with an IonPac AS11-HC column. Pes-
ticides dieldrin and lindane were analyzed by gas chromatography-mass
spectrometry (GC-MS) by the certified laboratory IPROMA-Eurofins
according to Leon et al. (2003, 2006). All samples were acidified with
HCI and filtered (through Nylon syringe filters 0.22 pm), and refriger-
ated until needed for analysis. The quality assurance/quality control
(QA/QC) protocol comprised the calibration of the instruments with five
standards covering the range of the experimental concentrations before
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each use. Furthermore, one set of standards, one blank and one duplicate
sample were analyzed after every 15 experimental samples. During the
tracer test, conductivity was measured with a conductivity meter (Cri-
son GLP 22).

After the column experiments were completed, the columns were
dismantled and solid material was removed from different sections of
the columns and kept under N, atmosphere for analysis using a scanning
electron microscope (FESEM) equipped with an energy dispersive X-ray
(EDS) for elemental analysis (JEOL JSM 7001-F). Samples were moun-
ted on Cu stubs using a double-sided adhesive carbon tape and sputter-
coated with a thin layer of Pt/Pd 80:20 to render them conductive for
FESEM observation.

2.5. Microbiological analysis

Soil samples from the columns were also collected for analysis of 16S
rRNA genes and two genes involved in HDN (nitrite reductases nirS and
nirK). Samples were directly stored at —20 °C until further processing.
Total DNA was extracted from 250 mg homogenized soil samples using a
DNeasy PowerSoil kit (Qiagen) following manufacturer’s instructions.
DNA quality and integrity was inspected by agarose gel electrophoresis.
The presence of denitrifying bacteria was assessed by PCR amplification
targeting two genes (nirK and nirS) encoding for structurally different
nitrite reductase enzymes. Gene nirK encodes for a nitrite reductase
containing copper in the active site, while the enzyme encoded by nirS
contains heme c¢ and heme d1.

Both nitrite reductase genes were amplified from total DNA extracts
using two distinct sets of primers described in the literature (Table 2).
PCR amplifications were conducted using GOTaq PCR mix (Promega) in
total reaction volumes of 25 pL containing 1 pL of DNA extract and 25
pmol of each primer. Amplification products were examined on 1.5%
agarose gels and visualized using a GelDoc apparatus (Biorad). For each
target, those primer pairs showing the best amplification efficiencies
were selected for quantitative analysis by qPCR.

Quantitative PCR (qPCR) reactions were carried out on an Applied
Biosystems StepOnePlus Real-time PCR system using PowerUp Sybr
Green Master Mix (Applied Biosystems, CA, USA), 1 pL of DNA extract as
template and 4 pmol of each primer. Bacterial 16S rRNA gene was
amplified using universal primers 341F-518R, while nirK and nirS genes
were amplified using primer pairs nirK583F-nirK909R and nirScd3af-
nirSR3cd, respectively. For quantification, 6-point 10-fold standard
plasmid dilution series were used. Standard plasmids were obtained by
cloning PCR amplification products with pGEM-T Easy Vector System
(Promega, WI, USA). Plasmids were purified with the GeneJET Plasmid
Miniprep Kit (Thermo Scientific, USA), quantified using Qubit and
validated by sequencing.

3. Results and discussion

3.1. Effect of acetate and/or inoculum and/or nZVI on the removal of
NO3

Fig. 3 shows the changes in concentrations of NO3 (a) and NO3 (b)
for the five columns before, during, and after the injection of nZVI (on
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day 48) to Columns A, D, and E. Fig. 3 zooms in from day 27 to better
visualize changes produced by the nZVI pulse.

3.1.1. Columns performance before the pulse of nZVI

Columns A and D (both under acetate-free conditions) did not show
any noticeable removal of NOg3, indicating that the original soil, if not
subjected to biostimulation, was not able to promote HDN (although
some denitrification was observed for Column A from day 43). In
contrast, columns biostimulated with acetate (Column B) and addi-
tionally inoculated (Columns C and E) achieved a total removal of NO3
(>97%) soon after the beginning of the experiment as described by re-
action 1 (note that the results of Column C are not visible in Fig. 3
because they are covered by results of Columns C and E). This behaviour
made evident that HDN in the original soil was limited by the absence of
a degradable carbon source (as it is commonly the case in aquifers) and
that the external addition of acetate yielded a sustainable HDN. The
potential of acetate in promoting HDN have been recognised by many
studies (Calderer et al., 2010 and references therein). Given the good
performance of Column B (supplemented with only acetate) in removing
NO3, initial inoculation of aquifer soil (as carried out in Column C)
could be considered unnecessary for successful NO3 removal. A visual
evidence of the proliferation of bacteria in Columns B, C, and E was the
appearance of dark spots in the column fillings, typical of the formation
of biofilms, in contrast with Columns A and D, for which no change of
color was observed.

With regard to the N reduced species (NO; and NHj), NO; was
generally detected at levels <2 mg/L (which is below the guideline of 3
mg/L set by the WHO, 2003) for all columns. For Column B a temporary
peak of NO3 in the effluent (of 15 mg/L) was observed on day 41. This
concentration, low in comparison with the NO3 removed, could be
related to the addition of the target pesticides in influent feed water on
day 40, which might have altered HDN (as discussed below). Concerning
NHF, it was found always <2 mg/L for all columns (not shown). This
indicated that HDN was the predominant mechanism for NO3 removal
and that biological dissimilatory nitrate reduction to ammonium
(DNRA), which might occur when a high organic carbon content is
present (Greenan et al., 2006; Gibert et al., 2008), was marginal.

3.1.2. Columns performance during and after the pulse of nZVI

The injection pulse of nZVI in Columns A, D, and E on day 48 resulted
in an increase of pH (from influent 7.8 to effluent 8.9-9.2) (not shown).
This increase in pH, expected, was explained by the release of OH™ ions
during the oxidation of nZVI as described in reaction 3 and was
consistent with previous experiments (Gibert et al., 2022).

The injection of nZVI was also accompanied by a sharp drop of the
NO3 concentration in the effluent (Columns A and D), with removal
percentages for both columns of 88% (on a concentration basis). NO3
reduction took place as described by reaction 2a and/or 2b. Once the
pulse ceased after 6.6 h, the effect of nZVI dissipated and NO3 con-
centration in the effluent from Column A gradually rose until it reached
the same concentration as in the influent (100 mg/L), which occurred
after approx. 18 days after the injection of nZVI. In Column D, for which
the pulse of nZVI was followed by the addition of acetate in feed water,
NO3 concentration in the effluent first tended to rise once the effect of

Table 2
Primers pairs targeting the nirK and nirS genes used in the PCR screening. Primers marked with an asterisk were selected for quantitative PCR analyses.
Target Primer name Sequence Annealing T (°C) Amplicon length Reference
nirk nirK583F* TCATGGTGCTGCCGCGKGACGG 64 326 bp Yan et al. (2003)
nirK909R* GAACTTGCCGGTKGCCCAGAC
nirK876F ATYGGCGGVAYGGCGA 61 170 bp Henry et al. (2004)
nirK1040R GCCTCGATCAGRTTRTGGTT
nirS nirScd3af* GTSAACGTSAAGGARACSGG 58 425 bp Throback et al. (2004)
nirSR3cd* GASTTCGGRTGSGTCTTGA
nirSCd3aF AACGYSAAGGARACSGG 57 407 bp Kandeler et al. (2006)

nirSR3cd GASTTCGGRTGSGTCTTSAYGAA
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nZVI faded out, but it soon decayed by day 50 to levels below detection
limits as HDN rapidly evolved. This fact highlighted that the injection of
nZVI did not hinder a fast development of a denitrifying population
when acetate was introduced (in other words, that generated Fe?* did
not impede that these immediately grew with the addition of acetate).
This fact was corroborated by Column E, whose complete NO3 removal
before the nZVI pulse due to the addition of acetate (biostimulation) was
not altered at all by the addition of nZVI on day 48.

With regard to HDN a second observation must be noted: the poly-
mer Tween 80 coating the nZVI did not seem to enhance HDN, as NO3
removal was marginal in Column A even though nZVI released a high
amount of organic matter once dissolved (e.g. TOC around 50 mg/L
according to the composition of the nZVI provided by the manufac-
turer). The absence of HDN might be due to low biodegradability of
Tween 80, at least under the experimental conditions, and/or the lack of
a consortium able to degrade this polymer. The scarce studies on
biodegradability of Tween 80 as the sole carbon source under anaerobic
conditions, performed on batch mode, report that Tween 80 is partially
degraded in the order of days, too slowly to be noticed in our column
experiments (Yeh and Pavlostathis, 2005; Breton-Deval et al., 2016).

Temporary NO3 formation was observed after the injection of nZVI,
with peaks of 11 mg/L (Column A) and 18 mg/L (Column D). These NO3
concentrations gradually decreased with time to values below detection
limits.

It is worth noting that NH4 was hardly detected in any column (even
in those with a strong reduction of NO3). This represented a difference
against our previous study in which columns were also subjected to nZVI
pulses and a temporary increase of not only NO3 but also of NHJ (up to
15 mg/L) through reaction 2 was observed (Gibert et al., 2022). The
reason of this difference may lay on the fact that nZVI concentration in

the present study (2.3 g/L) was much lower than that in the previous one
(10 g/L), which might be more favourable to the reduction of NO3 to
NHjJ. If so, this would indicate that NH4 formation can be minimized by
controlling the concentration of nZVI. Another possible explanation may
lay on the differences in nZVI properties between studies.

3.2. Mass balance on nitrogen species over the column experiments

A mass balance on N-containing species was calculated to determine
whether there was a net removal of NO3 or only a mere conversion of
NO3 to NO; and NHZ. For this purpose, NO3 mass entered with the
influent was compared to the total mass of N (2N, defined as the sum of
masses of N-NO3, N-NO3 and N-NHj) exited with the effluent. Any
imbalance between entered NO3 mass and exited XN would be indica-
tive of a net removal of NO3 through the generation of unmonitored N-
species (e.g. Na(g), NO(g), N2O(g), NHs(g) ...) or through the retention
of N-species within the column. The mass of unbalanced N (Nyp) was
thus calculated by substracting effluent N from the total inlet NO3
mass as described equation (5):

t

Nuws = Cligs_ -1 — /‘I‘ (s + s +C%l4+) -dt

fo

()

where q is the flow rate and the superindexes “in” and “eff” refer to
influent and effluent, respectively.

Table 3 summarizes the N-mass balance under each scenario, giving
NO3 removal, NO; and NHj formation, and the resulting unbalanced N
as percentages with respect to the total mass of NO3 entered into the
column with the influent.
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Table 3
N-mass balance under different column conditions tested in this study (columns
described in Fig. 2).

NO3 NO3 NHj Unbalanced
removal formation formation N
Unaltered soil 4.7% 3.4% <1% 1.4%
conditions”
Under biostimulation” 97.5% 7.9%' <1% 89.6%
Under biostimulation + 91.8% 3.7% 1.5% 87.6%
bioaugmentation®
Under the effect of nZVI®  43.4% 7.1% <1% 36.4%
(99%)"
Under biostimulation + >99% <1% <1% >98%

bioaugmentation +
effect of nZVI®

2 Average values from Columns A and D, both before day 48.

b Average values from Columns B.

¢ From Column C.

4 From Column A considering the period between the pulse of nZVI and the
following days (between days 40-50). If only the pulse duration was considered,
NOj3 removal percentage computed increased to >99%.

¢ From Column E between days 40-50.

f Mostly in coincidence with target pesticides addition.

As advanced above, under soil original conditions, removal of NO3
was marginal (<5%). Under biostimulation (and optionally bio-
agumentation) conditions HDN was promoted, with a high removal of
NO3 (>97%), most of it likely being converted into Ny(g) (>87%)
following reaction 1. Under the effect of the nZVI pulse, NO3 was
partially removed (=43%) over the time comprised from the pulse
application and until its effect faded out (between days 40-50) (i.e. until
NOj3 concentration equalled that of the influent). The reduction of NO3
followed the ACNR shown in reaction 2. On the other side, NO3 for-
mation accounted for approx. 7% of the total entered NO3, NHJ for-
mation for <1% and unbalanced N for approx. 36%. It must be noted
that NO3 removal percentage computation depends on the time interval
under nZVI effect considered. If only the pulse period was considered (i.
e. 6.6 h on day 40), NO3 removal percentage would be >99%. Under the
combined effect of biostimulation, bioaugmentation and nZVI, the NO3
was complete (>99%).

Some additional considerations can be drawn on the fate of NO3,
NO3, NHj, and unbalanced N. First, besides being reduced, NO3 could
be adsorbed onto freshly precipitated Fe-(oxy)hydroxides produced by
nZVI corrosion (Westerhoff and James, 2003; Tang et al., 2012; Hosseini
et al., 2018). Second, NHJ could also be removed via sorption onto
Fe-(oxy)hydroxides and/or transformation to NHg(g) at the attained
effluent pH (8.9-9.2), which can strip out from the solution during
sampling (Hwang et al., 2011; Tang et al., 2012). Lastly, the unbalanced
N (which appears as the major fraction of end-products) may be
explained by the production of Ny(g) (Choe et al., 2000; Chen et al.,
2005; Yang and Lee, 2005) and/or other unmonitored N gas species (e.g.
NO3, N3O, NoHy). Determination of the relative concentration of these
end-products was beyond the scope of this study, but clearly deserves
further research.

Concerning the effect of nZVI application and the end-products
formed, results of this study showed agreements and discrepancies
against published studies. The apparent formation of Ny(g) as end-
product agreed with previous studies reporting, from batch experi-
ments, that Np(g) was the main end-product of ACNR by nZVI in
anaerobic conditions and no pH control (Choe et al., 2000; Chen et al.,
2005; Zhang et al., 2010a), whereas the main end product when using
mZVI was NH3(g) (Choe et al., 2000). This dependency of N-end prod-
ucts on the size of the ZVI particle (mZVI vs nZVI), which can help
interpreted apparently discrepant results between studies, is consistent
with other researchers’ conclusions. For instance, Westerhoff and James
(2003) reported, also from batch experiments, that mZVI favoured the
conversion of NO3 onto NHj. Other batch studies have reported that the
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main end-products of ACNR by nZVI in anaerobic conditions and neutral
pH were NH} and N2(g) with minor NO3 formation (Yang and Lee,
2005; Hosseini and Tosco, 2015). Further batch-based studies have re-
ported that NO; and NHZ were the main end-products, but not always
the sole ones, formed via ACNR by nZVI with non-relevant Ny(g) for-
mation (Zhang et al., 2010b; Tang et al., 2012; Grau-Martinez et al.,
2019). Under continuous flow column experiments in which nZVI was
mixed with sand in a packed column, Shubair et al. (2018) observed a
>95% removal of NO3 (decreasing to 70% after 25 h of experiment and
to values between 20 and 40% in the presence of other ions) accompa-
nied by a high generation of NH4 and low formation of NO3. Regarding
the scarce published column studies with nZVI pulse-injected like in this
one, Hosseini and co-workers evaluated bimetallic nZVI/Cu and re-
ported NO3 removal percentages via ACNR in the range of 33-75%,
depending on the nZVI dosage (2-8 g/L), NO3 concentration (100-300
mg/L) and pore velocity of water (0.125-0.375 mm/s) (Hosseini et al.,
2011). It is likely that the higher velocities in the cited study explain (at
least partially) why NO3 percentage removals were lower than those
observed in the present study. Unfortunately, concentration of NO2 and
NHJ were not reported by the authors. In another nZVI pulse-injected
column study, NO3 at concentrations of 30 and 78 mg/L was removed
by 88-94% through ACNR with nZVI (applied at a dosage of 10 g/L),
with NHZ (and NO3) as main end-product (Gibert et al., 2022).

A further considerations must be made concerning the nZVI perfor-
mance when removing NO3: the composition of groundwater (ionic
strength, presence of dissolved ions ...) may influence nZVI behaviour
(e.g. ionic strength may increase particle aggregation or induce severe
Fe dissolution, or dissolved ions may adsorb onto Fe-(oxy)hydroxides),
thus altering removal of NO3 (Tang et al., 2012; Sun et al., 2017, 2019;
Shubair et al., 2018). More research is needed to better understand this
influence.

3.3. Evolution of acetate during the column experiments

Fig. 4 shows the evolution of acetate for Columns B, C, D, and E
(those receiving acetate continuously or from a certain day) before,
during, and after the injection of nZVI (Column A was the only not
receiving acetate at any time).

During the first days of experiments (before day 40) the effluent
concentration of acetate remained low (<1 mg/L). For Column D this
was obviously expected, since this column did not receive acetate before
the injection of nZVI. For Columns B, C, and E the reason of these low
levels was the consumption of acetate by the HDN reaction, which can
be described by equation (6):

8 NO3 + 5 CH;COO™ + 3 H' — 4 Ny(g) + 10 HCO3 + 4 H,0 ®)

Considering that the applied acetate:NOs ratio (1.06) was higher
than the stoichiometric one from reaction 6 (0.625), the low effluent
acetate concentration indicated that other processes than HDN were also

70

Addition of “~ Injection of nzVI
60 1 pesticides in feed (col A, D and E)

= | water (col A, B

% - and E) | < ~ Addition of acetate —o—8B
E 40 \) in feed water (col D) c
o |

& 30 1 D
k] [

< 20 4 ‘ —o—E

B I
0-—0—0—.—0—000—0%4 T

25 30 35 45 50 55 60 65 70
t(d)

Fig. 4. Evolution of the concentration of acetate during column experiments.
Gray lines represent the addition of pesticides in feed groundwater (for Col-
umns A, B, and E) on day 40 and the injection of nZVI (for Columns A, D, and E)
on day 48.
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contributing to acetate consumption (assimilation for cell growth,
oxidation by other heterotrophic microorganisms ...) (Calderer et al.,
2010).

It is worth noting that for Columns B and E an increment of acetate
was observed from day 40 onwards, coinciding with the addition of
pesticides in these columns. The fact that this increment was not
detected for the column not receiving pesticides (Column D) suggested
that the presence of the target pesticides altered, in some way, HDN
activity. Temporary inhibitory effects towards HDN activity have been
observed for aldrin (closely related to dieldrin) and lindane (Séez et al.,
2006). This temporary weakening of the HDN activity could be behind
the peak of NO3 observed for Column B also just after day 40 discussed
above (Fig. 3b). Over time, the inhibitory effect seemed to disappear, the
microbiological activity to resume and, congruently, the concentration
of acetate diminished.

For Column D a narrow peak of acetate was observed just after the
injection of nZVI, coinciding with the addition of acetate in feed water
for this column (Fig. 2). The reason of this peak is that a denitrifying
population was still not established (as Column D did not receive acetate
until after the nZVI pulse). The narrowness of the peak would indicate
that acetate was immediately consumed after the nZVI pulse ceased, i.e.
that nZVI did not hinder the development of a denitrifying population
once acetate was supplemented. This finding is coherent with the
removal of NO3 in Column D after the nZVI pulse commented above.

3.4. Removal of pesticides dieldrin and lindane during the column
experiments

From day 40 onwards pesticides dieldrin and lindane were added in
feed water for Columns A, B, and E until the end of the experiment. Once
analyzed, the concentration of dieldrin in feed water was 2.2 ug/L, 1.4
pg/L, and 1.0 pg/L and that of lindane of 2.9 pg/L, 2.2 ug/L, and 2.8 pg/
L for Columns A, B, and E, respectively. The estimated mass of dieldrin
and lindane entered into each column during the experiments averaged
34.5 pg and 59.2 pg, respectively. Fig. 5 shows the concentration of
pesticides in effluents from Columns A, B, and E.

Pesticides dieldrin and lindane exhibited different behaviours.
Dieldrin was well removed in all columns and at all times and operation
conditions (with and without nZVI) with an average removal >93%
(with an averaged removed mass of 32.2 ug per column). By comparing
Columns A, B, and E it can be concluded that the removal was not due to
biological processes, which was consistent with the refractory character
of dieldrin towards biodegradation reported in the bibliography (Chiu
et al., 2005). Instead, removal of dieldrin was likely due to adsorption
onto soil, according to published studies that document that dieldrin is
one of the pesticides that have a larger adsorption coefficient onto soils
(Kd) (Weber et al., 2004).

Lindane showed removal percentages noticeably lower in the
absence of nZVI (average 38%). Again, a comparison between Columns
A, B, and E permitted to conclude that biodegradation did not signifi-
cantly contribute to lindane removal, also in consonance with the re-
ported poor biodegradability of lindane (Raimondo et al., 2019), and
that the moderate removal was due to adsorption onto soil. Though
lower than dieldrin, lindane also presents a relatively high adsorption
coefficient (Kd) in comparison with most pesticides (Weber et al., 2004).
The average mass of lindane adsorbed on the soil was 13.2 pg per col-
umn. The hypothesis that lindane removal occurred via adsorption is
consistent with the decreasing removal percentage with time, which
would be indicative of a gradual saturation of the soil.

The injection of nZVI in columns A and E resulted in a clear increase
of the lindane removal up to >91% (although for Column A removal
decreased with time). The average mass of lindane retained in the
presence of nZVI was 31.4 pg per column. The mechanism of this
removal could be chemical degradation by nZVI (Elliott et al., 2009;
Abbas et al., 2021) and/or adsorption onto Fe-(oxy)hydroxides formed
on nZVI particles (Gusain et al., 2019).
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Fig. 5. Evolution of the concentration of pesticides dieldrin and lindane for
Columns A, B, and E. Dashed horizontal lines represent the influent concen-
trations for dieldrin (blue) and lindane (orange). Gray lines represent the
addition of pesticides in feed groundwater (for Columns A, B, and E) on day 40
and the injection of nZVI (for Columns A and E) on day 48. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

An issue that deserves mention is the possibility of temporal mobi-
lization of soil fines (and of pesticides adsorbed on them) with the
increased flow rates during nZVI injection. As described in Methodol-
ogy, prior to the experiments water was passed through the columns to
remove fines, so it was not expected that large amount of fines prone to
be mobilized were still present in the columns. However, mobilization of
fines favoured by changes in groundwater flow rate must be taken into
account in field applications. Mobilization of pesticides by the organic
polymer Tween 80 did not seem to occur either, as concentration of
pesticides were not found to be higher in the presence of nZVI (and
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therefore Tween 80) (Columns A and E) than in its absence (Column B).

3.5. Microbiological analysis of columns materials

Fig. 6 shows the copy number of ARNr 168 gene (a), nirS gene (b) and
nirK gene (c) in soil material from all Columns A-E collected at the end of
the experiment. Blue and orange bars depict the values for samples from
the bottom and top of the columns, respectively.

The abundance of genes, particularly those involved in N-trans-
formation processes, was positively related to the NO3 removal by HDN
throughout the experimental period discussed above.

Column A (under acetate-free conditions over the experiment and
with unobserved HDN) clearly exhibited the lowest numbers of gens.
Copy numbers of ARNr 168, nirS and nirk genes were 1.06-10%, 1.20-10°
and 7.49-10° copies/g of soil, respectively (without remarkable differ-
ences between the bottom and top of the column).

The addition of acetate (biostimulation) applied in Columns B and C
boosted the copy numbers of ARNr 168, nirS and nirK genes in a similar
manner, with number increases by averaged 56, 269, and 282 fold,
respectively, confirming that biostimulation was the major driving force
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Fig. 6. Quantification of a) ARNr 16S gene, b) nirS gene and c) nirK gene for all
columns material. Blue and orange bars depict copy numbers for samples
collected at the end of the experiment from the bottom and top of the columns,
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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in promoting HDN. This also indicated that, on the contrary, initial soil
inoculation (bioaugmentation) did not seem to have any influence on
microbial abundance developed in columns, as density of non-
inoculated Column B and inoculated Column C were of the same order
of magnitude. For Column D, which received acetate only from day 48
onwards, the increase of the copy numbers of all genes was less pro-
nounced (increases by 23, 78, and 58 fold, respectively), confirming that
the supplementation of acetate was the larger contributor in stimulating
HDN.

The effect of the nZVI-pulse on the microbial development can be
elucidated by comparing Columns C and E, which were operated exactly
under the same conditions but one without receiving nZVI (Column C)
and the other receiving nZVI (Column E). It was found that densities of
ARNTr 168, nirS and nirK genes were respectively 34%, 51%, and 23%
higher in Column E than in Column C, suggesting that the nZVI-pulse
had a beneficial effect that favoured the growth of the microbial popu-
lation. This enhancement was likely due to the promotion of more
reducing conditions (resulting from Fe® oxidation as observed in Gibert
et al., 2022) favourable for anaerobic denitrifying bacteria. A second
observation to be drawn, consistent with this, is that application of a
nZVI pulse did not inhibit the growth of the microbial population when
followed by a supplementing of acetate (Column D).

With regard to the spatial profile, it was found that abundance of
genes was always higher in the bottom of the columns than in the top,
especially in Columns B-E (differences higher than 60%). It can be
presumed that this was due to the higher concentration of acetate at the
inlet zone (i.e. more favourable conditions for HDN to evolve).

Lastly, it must be noted with regard to the relative abundance of the
copy numbers of nirS-denitrifiers was generally one or two orders of
magnitude higher than that of nirK-denitrifiers. Predominance of nirS
over nirK genes have been reported in natural environments (Ligi et al.,
2014) and engineered systems (Nittami et al., 2009).

3.6. Fate of oxidized nZVI in the column experiments

Effluent Fe for columns receiving a nZVI pulse was always found
below detection limits (<0.1 mg/L), indicating that >99% of the
injected Fe was trapped in the column. This was not surprising, as Fe°
oxidises through reactions 2 and 3 to Fe*, which is further oxidized to
Fe3* in the presence of residual oxygen to posteriorly precipitate as Fe
(OH)3(s) or other forms of Fe-(oxy)hydroxides. Precipitation of Fe
(OH)3(s) continuously consumed OH™ ions, which maintained effluent
pH in the range of 8.9-9.2. The presence of Fe-(oxy)hydroxides was
confirmed by FESEM-EDS analysis of solid samples withdrawn from the
columns on the completion of the experiment, which detected particles
made of Ca, Si, Mg, Al and O originating from common alumina-silicate
minerals of soil aquifer and, for Columns A, D, and E also particles
constituted basically by Fe and O (coming from the injected nZVI)
(Fig. 7). It is worthnoting that, for columns A, D, and E Fe was detected
for solid samples withdrawn from the bottom of the column (and not
from the top of it), indicating that Fe was mainly trap in the first 10 cm of
the column. Considering that lindane was (partially) adsorbed onto Fe-
(oxy)hydroxides formed on nZVI particles, and that nZVI particles were
trapped mostly at the bottom of the column, it is expected that more
lindane will be found in this part of the column.

4. Conclusions and future perspectives

Results showed that total NO3 removal (>97%) could be achieved by
either bioestimulation with acetate (removing NO3 via HDN) or by
injecting nZVI (removing NO3 via ACNR). With HDN, NO3 was mainly
removed through conversion to Nj(g), while with ACNR, NO3 was
partially converted to N»(g) and to a lower extent NO3. In the presence
of nZVI, unreacted NO3 was likely adsorbed onto Fe-(oxy)hydroxide.
Combination of both HDN and ACNR resulted also in high (>99%) NO3
removal. This is relevant in groundwater remediation as both processes
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Fig. 7. FESEM-EDS analysis of samples withdrawn from Column D material.

can be alterned or combined to take advantage of the benefits of each
individual process while overcoming their disadvantages (e.g. slowness
of the process, especially at low temperature, and possible excessive
production of biomass for HDN, and excessive formation of NOz and
NHJ for ACNR). It is important to note that nZVI did not hinder the
evolution of a denitrifying community when acetate was delivered,
indicating that nZVI did not pose any persistent toxic effect. It is also
worthnoting that the carbon released by the polymer Tween 80 (coating
the nZVI used in this study) did not promote HDN, probably because of
its poor biodegradability (at least under the experimental conditions).
With regard to the target pesticides, the removal was high for dieldrin
(>93%) and moderate for lindane (38%), and it was not due to
biodegradation but to adsorption onto soil. When nZVI was applied, the
removal increased (generally >91%) due to chemical degradation by
nZVI and/or adsorption onto formed Fe-(oxy)hydroxides. This
permitted to conclude that combination of HDN and ACNR by nZVI can
be a useful approach in a WDB system for the simultaneous removal of
NO3 and pesticides from contaminated groundwater. Moreover, an
advantage of injecting the necessary reagents (acetate and nZVI)
through a WDB system in comparison with common PRB configurations
is that the doses injected can be more easily adapted to variations in
composition and flow direction of groundwater over time.

Further efforts to enhance the removal of NO3 and pesticides
through combined HDN and ACNR and help successful implementation
of WDB systems at field-scale should be oriented, for example, to
quantify the unmonitored species possibly generated during NO3
removal, to synthesize new nZVIs more selective towards the reduction
of NO3 to Ny(g), (e.g. incorporating noble metals, although this would
increase cost of nZVI), to assess alternative organic stabilizers of nZVI
more efficient in promoting HDN, to identify interferences posed by
coexisting ions on the nZVI performance, to identify the environmental
implications of applying the approach proposed in this study (e.g.
changes in groundwater pH caused by nZVI oxidation, reductions in soil
permeability caused by sedimentation of nZVI into the aquifer, emis-
sions of intermediate N2O(g) —a powerful greenhouse gas- to the atmo-
sphere caused by incomplete HDN ...) and to test nZVI at field-scale
applications under real environmental conditions, which are difficult to
replicate in laboratory experiments. With regard to the latter, a critical
issue that would require especial attention is the control of the growth of
biomass near the injection wells for a successful bioremediation of the
contaminated groundwater.
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