
Science of the Total Environment 843 (2022) 156841

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Nitrate removal by combining chemical and biostimulation approaches
using micro-zero valent iron and lactic acid
Diana Puigserver, Jofre Herrero, José M. Carmona ⁎
Department of Mineralogy, Petrology and Applied Geology, Faculty of Earth Sciences, University of Barcelona (UB), Water Research Institute (IdRA-UB), C/ Martí i Franquès, s/n,
E-08028 Barcelona, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A new nitrate removal method to solve
issues raised by usual methods was devel-
oped.

• The use of ZVI as the sole reagent to
remove nitrate produces the harmful
ammonium.

• Ammonium is eliminated when ZVI
combines with lactic acid causing the
anammox process.

• Coupling ZVI and biostimulation of
denitrifying flora effectively remove ni-
trate.
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The occurrence of nitrate is the most significant type of pollution affecting groundwater globally, being a major con-
tributor to the poor condition of water bodies. This pollution is related to livestock-agricultural and urban activities,
and the nitrate presence in drinking water has a clear impact on human health. For example, it causes the blue child
syndrome. Moreover, the high nitrate content in aquifers and surface waters significantly affects aquatic ecosystems
since it is responsible for the eutrophication of surfacewater bodies. A treatability test was performed in the laboratory
to study the decrease of nitrate in the capture zone of water supply wells. For this purpose, two boreholes were drilled
fromwhich groundwater and sediments were collected to conduct the test. The goal was to demonstrate that nitrate in
groundwater can be decreased much more efficiently using combined abiotic and biotic methods with micro-zero
valent iron and biostimulation with lactic acid, respectively, than when both strategies are used separately. The
broader implications of this goal derive from the fact that the separate use of these reagents decreases the efficiency
of nitrate removal. Thus, while nitrate is removed using micro-valent iron, high concentrations of harmful ammonium
are also generated. Furthermore, biostimulation alone leads to overgrowth of other microorganisms that do not result
in denitrification, therefore complete denitrification requires more time to occur. In contrast, the combined strategy
couples abiotic denitrification of nitrate with biostimulation of microorganisms capable of biotically transforming
the abiotically generated harmful ammonium. The treatability test shows that the remediation strategy combining
in situ chemical reduction using micro-zero valent iron and biostimulation with lactic acid could be a viable strategy
for the creation of a reactive zone around supply wells located in regions where groundwater and porewater in low
permeability layers are affected by diffuse nitrate contamination.
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1. Introduction

The presence of nitrogenous compounds (especially nitrate) is the most
significant type of pollution affecting groundwater globally (Liu et al.,
2
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2005; Serio et al., 2018; Canter, 2019) and is a major contributor to the
poor condition of water bodies (Klement et al., 2017; Re et al., 2017).More-
over, the fact that this is pollution related to livestock-agricultural and
urban activities (Dubrovsky and Hamilton, 2010; Ward et al., 2018)
makes its presence in aquifers the cause of human and environmental im-
pacts, at both spatial and temporal scales. The long exposure of subsurface
materials to nitrate contamination accounts for the storage of a significant
mass of nitrate in those materials (Ascott et al., 2016). This nitrate, which
is difficult to remove, is dissolved in the porewater of layers of low hydrau-
lic conductivity, into which it penetrated by molecular diffusion (Hinshaw
et al., 2020). These layers will release nitrate to the environment by back-
diffusion, evenwhen the aquifers are cleaned or themore or less continuous
supply of the nitrogenous compounds to the medium is interrupted as a re-
sult of changes in land use.

As iswell known, there aremultiple sources of nitrate, mainly of anthro-
pogenic character (Shukla and Saxena, 2018). Among these sources, those
related to the following can be distinguished: agricultural activities
(Xue et al., 2012; Levy et al., 2017; Merchán et al., 2020), wastewater
(Zhang et al., 2014; Wang et al., 2017), and urban activities (Paerl et al.,
2016; Qin et al., 2019). Each of these sources can be identified by the
isotopic composition (δ15N and δ18O) of nitrate (Guo et al., 2021).

The presence of nitrate in drinking water has a clear impact on human
health (Ward et al., 2018; Kaur et al., 2020) since it causes methemoglobi-
nemia (blue child syndrome) (Wongsanit et al., 2015; Karunanidhi et al.,
2021). Nitrate contamination has also been described to promote non-
Hodgkins lymphoma (Wongsanit et al., 2015). In addition, the
relationship between colon and gastrointestinal cancer with repeated
consumption of nitrate-rich waters has been increasingly studied
(Peng et al., 2016; Schullehner et al., 2018; Temkin et al., 2019). Moreover,
the high content of this contaminant in the aquatic environment, especially
in aquifers (Hansen et al., 2016; Di Lorenzo et al., 2021) and surface water
bodies (Bhateria and Jain, 2016; Lasagna et al., 2016), has amarked impact
on aquatic ecosystems (Chang et al., 2015) since it is responsible for the
eutrophication of surface water bodies (Kopprio et al., 2014; Romanelli
et al., 2020) and is very often the cause of high mortality of fish and
other organisms (Demeke and Tassew, 2016).

Natural denitrification of nitrogen species occurs in the hydrogeological
environment (Rivett et al., 2008; Park et al., 2016; Shukla and Saxena,
2018; Biddau et al., 2019). Biotic denitrification has been described as a
dissimilatory reduction reaction of nitrate (NO3

−) to nitrogen gas (N2).
The total mineralization of this compound takes place through a chain of
reactions in which progressively more reduced nitrogen is present so that
NO3

− is sequentially converted to nitrite (NO2
−), nitric oxide (NO), nitrous

oxide (N2O), and,finally, harmless N2, as shown in the Reaction 1 sequence
(Della Rocca et al., 2007). The NO3

− to NO2
− reaction of this sequence can

be carried out by a phylogenetically diverse group of bacteria. Some of
the enzymes (e.g., narG and napA) responsible for this process have been
identified (Wallenstein et al., 2006). In contrast, the three later reactions
are limited to a smaller number of bacteria and metabolic pathways.
Specifically, they are limited to the following reductases: NO2

− reductases
(nirS and nirS), nitric oxide reductase (Nor), and nitrous oxide reductase
(nosZ) (Braker et al., 2000; Huang et al., 2011).

NO3
− → NO2

− → NO → N2O → N2 Reactions 1 sequence

Microbial nitrate reduction is coupled to the anaerobic oxidation of an
organic substrate, and use NO3

− or NO2
− as a terminal electron acceptor

(mediated by heterotrophic bacteria) (Rivett et al., 2008; Capodaglio
et al., 2016). Heterotrophic denitrification, on which most denitrification-
based treatments are based, can be described by the general Reaction 2
sequence (Jørgensen et al., 2004), as follows:

5CH2Oþ 4NO3
− → 2 N2 þ 4HCO3

− þ CO2 þ 3 H2O Reaction 2 sequence

where CH2O represents a generic organic compound.
2

The low bioavailability of organic carbon in subsurface materials has
been identified as one of the major limiting factors for denitrification
(Sunger and Bose, 2009; Jahangir et al., 2012). The supply of an external
organic substrate to the aquifer can compensate for this deficit and can
easily favor the bacterial growth of denitrifying microorganisms
(Qambrani et al., 2013; Zhang et al., 2018).

Autotrophic denitrification (Molognoni et al., 2017) consists of the
reduction of NO3

− in the presence of Fe2+ or S2−, S1−, or S0 by a biotic
or abiotic process. The Reaction 3 group describing this type of process
includes the following:

8Fe2þ þ NO3
− þ 13H2O → 8FeOOHþ NH4

þ þ 14Hþ Reaction 3 group ð1Þ

8Fe2þ þ 2NO3
− þ 11H2O → 8FeOOHþ N2Oþ 14Hþ Reaction 3 group ð2Þ

10Fe2þ þ 2NO3
− þ 14H2O → 10FeOOHþ N2 þ 18Hþ Reaction 3 group ð3Þ

2Fe2þ þ NO3
− þ 3H2O → 2FeOOHþ NO2

− þ 4Hþ Reaction 3 group ð4Þ

12Fe2þ þ NO3
− þ 13H2O → 4Fe3O4 þ NH4

þ þ 22Hþ Reaction 3 group ð5Þ

12Fe2þ þ 2NO3
− þ 11H2O → 4Fe3O4 þ N2Oþ 22Hþ Reaction 3 group ð6Þ

15Fe2þ þ NO3
− þ 13H2O → 5Fe3O4 þ N2 þ 28Hþ Reaction 3 group ð7Þ

12Fe2þ þ 2NO3
− þ 13H2O → 4Fe3O4 þ NH4

þ þ 22Hþ Reaction 3 group ð8Þ

5FeS2 þ 14NO3
− þ 4Hþ → 7 N2 þ 10SO4

2− þ 5Fe2þ þ 2H2O Reaction 3 group

ð9Þ

Another process leading to the decrease in nitrogen species in the
aquifer environment is anaerobic ammonium oxidation (anammox).
Reaction 4 describes this process (Langone et al., 2014; Smith et al.,
2015; Caschetto, 2017; Lee et al., 2021), as follows:

NH4
þ þ 1:32NO2

− þ 0:066HCO3
− þ 0:13Hþ ↔ 1:02N2 þ 0:26NO3

−

þ0:066CH2Oþ 0:5 N0:15 þ 2:03H2O Reaction 4

This process gives rise to the oxidation of ammonium (which acts as an
electron donor) and the reduction of NO2

− (which acts as an electron accep-
tor) under anoxic conditions, resulting in the formation of N2 gas and, to a
lesser extent, nitrate (Jetten et al., 2001; Miao et al., 2019). This process is
mediated, among others, by nitrite reductase (nirS) and hydrazine synthase
(Hzs) enzymes (Zhou et al., 2017).

The monitoring of these processes is key and is often carried out by
integrating chemical and isotopic techniques, as well as molecular
techniques (Kim et al., 2015; Park et al., 2016; Biddau et al., 2019).

The more or less continuous supply of nitrogenous species to the
environment and/or the presence of a large mass of these species in differ-
ent hydrogeological contexts requires the implementation of methods for
minimizing these compounds. Traditionally, the most commonly used in
situ techniques have been those related to the biostimulation of indigenous
bacterial flora through the addition of an organic substrate, such as metha-
nol, ethanol, acetate, and lactate, which acts as an electron donor and as a
carbon source for these microorganisms (Park et al., 2014; Sheng et al.,
2018). Bioaugmentation, as in situ bioremediation technique, has been
used less frequently, given the large amount of denitrifyingmicroorganisms
in the medium (Ruan et al., 2020).

Although bioremediation techniques are among the most widely used,
they present numerous problems. Among which is the fact that microbial
overgrowth can occur, causing biologging (McLeod et al., 2018;
Mohanadhas and Kumar, 2019; Zhang et al., 2020), which results in the
following: i) reduced hydraulic conductivity of the aquifer (Zhong and
Wu, 2013) and ii) decreased efficiency of the injection and extraction
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wells of bioremediation systems. Another problem is that bacterial compe-
tition for available electrons is promoted, which often involves the displace-
ment of the microbial communities of most interest for the biogeochemical
process to be promoted (Bertrand et al., 2015).

Although, to a lesser extent, chemical nitrate reduction treatments by
addition to the medium of Fe0 (metallic iron) in the form of micrometric-
sized particles (micro-zero valent iron [mZVI]) have also been described
(Liu and Wang, 2019). In this case, these are mainly abiotic reactions,
including the Reaction 5 group (Chen et al., 2005; Rodríguez-Maroto
et al., 2009), as follows:

Fe0 → Fe2þ þ 2e− Reaction 5 group ð1Þ

5Fe0 þ 2NO3
− þ 12Hþ → 5Fe2þ þ N2 þ 6H2O Reaction 5 group ð2Þ

4Fe0 þ 2NO3
− þ 10Hþ → 4Fe2þ þ NH4

þ þ 3H2O Reaction 5 group ð3Þ

Fe0 þ 2NO3
− þ 4Hþ → Fe2þ þ 2NO2

− þ 2H2O Reaction 5 group ð4Þ

6Fe2þ þ NO2
− þ 8Hþ → 6Fe3þ þ NH4

þ þ 2H2O Reaction 5 group ð5Þ

Under acidic conditions:

Fe0 þ 2Hþ → Fe2þ þH2 Reaction 5 group ð6Þ

Under neutral conditions:

Fe2þ þ Fe3þ þ H2O → iron oxidesþHþ Reaction 5 group ð7Þ

Fe0 þ 2H2O → iron oxidesþHþ Reaction 5 group ð8Þ

Among the above reactions, it is noteworthy, on the one hand, that
when Fe0 oxidizes it produces H2 gas, which is one of the most important
electron donors in the medium. These electrons can be used by the micro-
organisms, which favor autotrophic denitrification (Liu et al., 2018). How-
ever, on the other hand, some of the nitrate degradation reactions in the
presence of Fe0, e.g., Reaction 5 (3), result in the formation of ammonium,
which is toxic at high concentrations (Di Lorenzo et al., 2015).

The use of combined in situ chemical reduction (ISCR) and biostimula-
tion methods in aquifers contaminated by nitrogen species is not a frequent
Fig. 1. (A) Geographical situation of the site where sediments and groundwater were co
supply wells W1 and W2 that form part of the control network of the CWA. Coordinat
(C) Detail of the geographical location of the boreholes B-Pz1 and B-Pz2. Supply well W
groundwater of the two wells (W1 and W2) of the CWA monitoring network.

3

practice. However, this combination of methods has shown satisfactory
results in the treatment of other types of contamination, such as those
shown by Herrero et al. (2019) in chloroethenes.

The working hypothesis of the current study is that, in regional diffuse
contamination, nitrate concentration in groundwater can be decreased
using combined methods with mZVI and biostimulation with lactic acid.
To demonstrate this hypothesis, a treatability test was performed in the lab-
oratory with microcosm experiments to study the decrease in the nitrate
concentration of groundwater in the capture zone of a water supply well.
It is intended that the laboratory test results could be used to analyze
combined in situ remediation strategies in future field-scale implementa-
tion. These strategies would consist of the creation of reactive zones around
groundwater supply wells. This would minimize the treatment costs of
nitrate-contaminated groundwater before it is extracted by these wells.

The following specific objectives were set for studying the decrease in
nitrates in the above-mentioned capture zone: (1) analysis of denitrification
rates for the different remediation methods tested, based on chemical,
isotopic, and molecular techniques; (2) establishment of the sequence of
hydrogeochemical and biogeochemical processes occurring according to
the different scenarios created; and (3) assessment of the efficiency of
nitrate mobilization depending on the remediation method tested to
establish the most suitable strategy.

A field zone was chosen the municipality of Torrefeta and Florejacs
(La Segarra shire), to obtain sediment and groundwater from the capture
zone of a well for the supply of drinking water to carry out the treatability
test. This municipality is located in the nitrate pollution vulnerable zone#6
of Catalonia (Spain, Fig. 1A). This shire was declared a vulnerable zone for
nitrate contamination from agricultural sources by Decree 283/1998 of
October 21, 1998.

2. Site description

The monitoring network of the Catalan Water Agency (CWA) in this
vulnerable zone is formed by two municipal supply wells for the village
(W1 and W2, Fig. 1B). In fact, well W1 is formed by two wells, 3.7 and
7m deep (bothwith a diameter of 1.5 m) and is connected by a 3m gallery.
Both wells are located in Tertiary (Oligocene) and Quaternary (Pleistocene
and Holocene) materials of the Central Catalan Depression (Fig. 1B). The
lower Oligocene materials (Fig. 1B) consist mainly of red clays and gray
marls with interbedded sandstones and limestones. The Quaternary
llected for the treatability test. (B) Geological context of the site and location of the
es in the UTM system (Universal Transverse Mercator coordinate system (meters).
1 is also shown. (D) Temporal evolution of nitrate, nitrite and ammonium in the
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materials are alluvial deposits of the Sió River, which correspond to ochre
and brown sandy silts containing gravels and limestone pebbles and some
sandstones. They are subangular or subrounded pebbles with little internal
organization that constitute approximately 30% of these alluvial materials.
Tertiary and Quaternary materials constitute aquifer formations.

Sediment for the treatability test was obtained from two research
boreholes (B-Pz2 and B-Pz1, Fig. 1C). See detailed lithostratigraphic
description of these boreholes in Figs. SM-1 and SM-2 in the Supplementary
material (SM) document. These boreholes were drilled for the construction
of two conventional observation piezometers (Pz2 and Pz1 in Fig. 1C),
which were screened between a depth of 4 and 6 m in both cases. Ground-
water for the test was pumped from these piezometers. The boreholes were
drilled 10 m away from the mentioned supply well (W1) (Fig. 1C) and
within its capture zone. At the local scale, the geological testing conducted
in the two research boreholes (B-Pz1 and B-Pz2, Fig. 1C) showed that
the Quaternary alluvial aquifer was unconfined. The boreholes reached
the bottom materials of the unconfined aquifer. These materials consisted
of marls and marlstones of very low hydraulic conductivity (from 1.0E-06
to 1.0E-05 cm/s). Below the marlstones is the Tertiary aquifer, which is
confined.

The mentioned nitrate pollution vulnerable zone #6, where sediments
and groundwater for the treatability test were taken, has been character-
ized by a significant increase in nitrate concentration over the years. In
particular, in supply well W1 (Fig. 1C), nitrate concentrations remain
above 100 mg/L (Fig. 1D), and in recent years a trend of sustained growth
in the minimum values recorded has been observed, along with occasional
increases in ammonium.

3. Materials and methods

3.1. Design, setup, and dimensioning of the microcosm-type treatability test with
combined remediation methods

The treatability test consisted of four microcosm experiments in which
the following scenarios were simulated (Table 1): i) natural attenuation
(NAT), ii) biostimulation of the microbial flora with the addition of lactate
(BLA, in the form of lactic acid) as the major carbon source and electron
donor, iii) ISCR abiotic degradation with the addition of mZVI (ZVI), and
iv) simulation of a biostimulation strategy with lactic acid combined
(COMB) with ISCR using mZVI.

Each microcosm experiment was performed in duplicate; therefore,
there were two actives and two controls per experiment (i.e., four bottles
for each experiment). In the actives, microbial activity was present, while
in the controls microorganisms were killed.
Table 1
Treatability test throughmicrocosm experiments performed to asses and dimension
the maximum efficiency in decreasing nitrate concentration to create a reactive
zone around supply wells in their capture zones.

Microcosm
experiment

Treatment performed Bottles (duplicates
are included)

Active (A)/Control (C)

#1 Natural attenuation (NAT) A-NAT 1
A-NAT 2
C-NAT 1
C-NAT 2

#2 Biostimulation with lactate as electron
donor using lactic acid (BLA)

A-BLA 1
A-BLA 2
C-BLA 1
C-BLA 2

#3 ISCR with Fe0 microparticulate (ZVI) A-ZVI 1
A-ZVI 2
C-ZVI 1
C-ZVI 2

#4 Combination of biostimulation and
mZVI (COMB)

A-COMB 1
A-COMB 2
C-COMB 1
C-COMB 2

4

The bacterial activity of the control experiments was eliminated by ster-
ilization of the sediment and groundwater used in an autoclave (model
Autester 75 E DRY-PV; Selecta, Barcelona, Spain), in a similar way as that
described by Puigserver et al. (2016a,b). Additionally, and in accordance
with Trevors (1996), 50 mL of a 147 mM HgCl2 stock solution (mercury
II chloride, puriss. p.a.; Riedel-Deha, Seelze, Germany) was added as a bac-
tericide to each control experiment. Microcosm experiments were carried
out in 2 L Pyrex glass bottles. Each of the bottles contained 1 kg of sediment
from the aquifer and 1.5 L of groundwater (characterized by an electrical
conductivity of 1761 μS/cm, pH of 7.29, Eh of 77 mV, and a dissolved oxy-
gen concentration of 3.08 mg/L).

The two research boreholes B-Pz1 and B-Pz2 (Fig. 1C) were drilled
using the rotation technique with a diamond drill bit, and a continuous
core of sediment was obtained according to Puigserver et al. (2013,
2016a,b) for testing and for experiments.

The boreholes were subsequently equipped as conventional piezome-
ters and screened between a depth of 4 and 6 m, from where the aquifer
water used for the treatability test was pumped and collected.

As for the reagents used, 10mg of food-grademZVI (Carus®) was intro-
duced into the bottles at the start of experiments #3 and 4 (Table 1), and a
total of 10mL of food-grade lactic acid (98%, Vadequimica-Barcelona)was
used throughout the treatability test in experiments #2 and #4.

Once the sediment, water, and reagents were introduced, the experi-
ment bottles were equipped with Minivert® valves and properly sealed
with insulating tape to periodically sample the water inside.

Methanol (MeOH; ISO Pro Analysis; Merck, Darmstadt, Germany) was
used to clean and sterilize the remaining used materials during preparation
of the bottles.

Experiments were conducted in a flexible vinyl anaerobic chamber
(Globe box Coy Laboratory Products, Grass Lake, MI, USA).

3.2. Water sampling protocols in the bottles of the experiments. Conservation
procedures. Sample pretreatments. Parameters determined

To conduct the treatability test, once the bottles of the microcosm
experiments were prepared, they were placed in the anaerobic chamber,
where the water of the bottles was periodically monitored. An integration
of chemical, isotopic, and molecular analyses was performed. Table 2
shows the samples taken during the treatability test.

The sampling protocols followed during the monitoring of water in the
bottles of the microcosm experiments consisted of extracting a specific
volume of water (Table 2) using syringes and opening the Minivert®
valve of the bottle to be monitored.

Further information on chemical and isotopic analyses and molecular
determinations conducted in microcosm water samples can be found in
the SM document. This document also includes detailed information on
analytical techniques to perform chemical and isotopic analyses and
methodologies for molecular determinations.

3.3. Data processing

3.3.1. Processing of chemical and isotopic analytical data
The interpretation of the treatability test was performed by integrating

the evolution in the microcosm experiments of the concentrations of
nitrogen compounds. This integration was carried out with respect to the
redox conditions characterized from the analysis of the redox sensitive
species, similarly to what was done by Munz et al. (2019). In addition,
the isotopic fractionation of the 15N of nitrate was studied, similarly to
that performed by Vavilin and Rytov (2015), which allowed for character-
ization of the enrichment factor (Ɛ) produced by the biotic denitrification
process (Wells et al., 2019) and abiotic reduction of nitrate produced by
the addition of mZVI (Grau-Martínez et al., 2019) as the main mechanisms
of nitrate mobilization. Subsequently, all of these results obtained were
interpreted in the framework of the molecular determinations (see
Section 3.3.2).



Table 2
Samples taken during the microcosm experiments and volumes of water extracted for each parameter or group of parameters.

Time Experiments Volume of water extracted (mL)

(Min) (Days) Anions NH4
+, Fe2+, Mn2+ δ14N (nitrate) Microorganisms

0 0 NAT, BLA, ZVI and COMB 1 20 140 20
1440 1 NAT, BLA, ZVI and COMB 1 20 140 Not collected
2880 2 NAT, BLA, ZVI and COMB 1 20 140 Not collected
4320 3 NAT, BLA, ZVI and COMB 1 20 140 20
10,080 7 NAT, BLA, ZVI and COMB 1 20 140 20
14,400 10 NAT, BLA, ZVI and COMB 1 20 140 20
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3.3.2. Processing of data from molecular determinations
Once the analyzed genes were identified, the software of the equipment

was used to determine the threshold cycle (Ct) value (which is the cycle in
which the DNA concentration exceeds the established threshold). Specifi-
cally, the threshold values were 0.0224 for the nirS, nirS, and nosZ primers;
0.0143 for the narG and 16S (1055f-1392r) primers; and 0.0172 for the 16S
(341f-785r) and Hzo primers. No presence was detected in the HzsA, HzsB
and nor primer sets. In all cases, the average and standard deviation of
the data were calculated (in semiquantitative units of cycles where the
threshold value was reached).

For interpretation, values from the same set of primers are related to
each other since all samples were analyzed together and under the same
conditions (however, it is not possible to compare different sets of primers).
In addition, an increase in the Ct value indicates that there is a lower
concentration of microorganisms, so that the concentration of DNA (or
microorganisms) is inversely proportional to the Ct.

4. Results and discussion

4.1. Evolution of the concentrations and isotopic composition of nitrogen
compounds in the microcosm experiments

4.1.1. Natural attenuation
The evolution of nitrate concentrations in the active NAT experiment

(Fig. 2A, NAT) shows how the indigenous microbial communities have
high nitrate degradation capacity under natural conditions (Park et al.,
2016) since after 3 days (4320 min) the nitrate concentration decreased
by 81.76%, with a value below the parametric limit of 50mg/L established
by European Union legislation for drinking water (European Union
Directive, 2020), above which human health is at risk. The degradation
rate throughout the NAT experiment was 0.23 day−1 or 0.02 h−1. This
degradation rate, although below the value of 0.2 h−1 reported by Ghane
et al. (2015), shows that denitrification did indeed take place under
conditions of natural attenuation. The decrease in nitrate concentrations
was accompanied by a maximum concentration of nitrite of 4 mg/L after
1 day (1440 min), which is consistent with the fact that denitrification is
often favored by the complete mineralization of the initial nitrate to N2

gas (Tiedje, 1994; Istok et al., 2007; Keiner et al., 2015).
Thementioned degradation rate of nitrate in the active NAT experiment

was also demonstrated by comparing the nitrate percentage mobilization
between active and control experiments. In the former, the value was of
95.33 % at the end of the experiment, while in the latter it was only
13.95 %, similar to what Ashok and Hait (2015) described.

In the NAT experiment, denitrification produced isotopic fractionation
in nitrate (with an increase in δ15N), mainly in the active experiments
(Fig. 3). Considering that experiments were conducted in duplicate, on
day 0 (0 min, start of the treatability test) the δ15N nitrate value was
4.06 ‰ (Fig. 3), with practically no value dispersion. In contrast, on day
10 (14,400 min, when experiments finished) the range of δ15N values
varied between 16.2 ‰ and 25.0 ‰. This range of values resulted in
denitrification between the first and final day, leading to a range
of Δδ15N values in nitrate that varied between 12.1 ‰ and 20.09 ‰,
5

respectively, with a mean value of 16.1 ‰. With the same δ15N values
between day 0 (0 min) and day 10 (14,400 min), the resulting Ɛ factor
was −5.2 ± 0.3 ‰, which is in the range of isotopic enrichment factors
between −5 and −30 ‰ of groundwater described by Aravena and
Robertson (1998) and Wenk et al. (2014), among others.

4.1.2. Lactic acid biostimulation
The biostimulation experiment with lactic acid (Fig. 2C, BLA), as an

electron donor in the form of lactate ion, generated overgrowth of the set
of microbial consortia present in groundwater and sediment (see, for
example, Fig. 4A in Section 4.3), similar to what was observed by
Puigserver et al. (2016a,b), which generated a decrease in the efficiency
of nitrate degradation. This implies that the nitrate concentrations did not
fall below the parametric value of 50 mg/L until 7 days (10,080 min)
after the experiment was initiated (Fig. 2C), which was accompanied by a
high accumulation of nitrite (withmaximum values of 5 to 6mg/L), similar
to what was observed by Chen et al. (2012).

The different degree of development of bacterial communities (see
Fig. 4 in Section 4.3) was also revealed by a large dispersion of degradation
rates ranging from 0.25 to 0.39 days−1, which showed that there was
heterogeneity in the distribution of the microbial flora, especially that
living in the sediment (Pedersen et al., 2015). This was also observed in
the different percentages of decreases in nitrate, with values in the active
experiment ranging from 94.43 to 98.26 %, whereas in the controls the
mobilization percentage was much lower, with an average value of 18 %
and with little dispersion.

The δ15N values in the BLA experiment were higher than those recorded
in the case of the NAT experiment (Fig. 3). Thus, in the BLA experiment,
Δδ15N values ranging from 22.07 to 25.26 ‰, with a mean value
of 23.67 ‰, were observed. With the same δ15N values between day 0
(0 min) and day 10 (14,400), the resulting Ɛ factor was −6.8 ± 0.5 ‰.
Although biostimulation allows the microbial activity to favor nitrate
degradation, the existence of bacterial competition for electrons supplied
by lactate leads to a loss of efficiency in the total mineralization of nitrate.

4.1.3. Chemical reduction with micro-zero valent iron
The evolution of nitrate concentrations in the ZVI experiment, with

mZVI as a reducing agent (Fig. 2E, ZVI), showed a higher degradation
rate (varying between 0.42 and 0.32 days−1, with a mean value of
0.38 days−1) than in the case of the BLA experiment. This is attributable
to the fact that the use of mZVI partially inhibited the activity of
denitrifying microorganisms (Xie et al., 2017), especially immediately
after mZVI was placed with the sediment in the bottles of this experiment
onday 0 (0min). However, the progressive consumption ofmZVI promoted
the recovery of microbial activity (Cullen et al., 2011). In contrast to the
NAT and BLA experiments, the control experiment showed a higher nitrate
degradation rate because of the abiotic degradation caused by the
reduction promoted by mZVI (Y. Zhang et al., 2019).

According to Reaction 5 (3), the degradation of nitrate in the presence
ofmZVI as a reducing agent was accompanied by an increase in ammonium
concentration, as observed by Jia et al. (2017), Yang et al. (2018), Liu and
Wang (2019), and Su et al. (2020). This was observed in both active



Fig. 2. Temporal evolution of concentrations of nitrogen species and other redox-sensitive species in the active microcosm experiments. The average values (±the standard
deviation) are plotted. Left plots (A, C, E, G): nitrate, nitrite, and ammonium. Right plots (B, D, F, H): sulfate, Fe2+andMn2+. Natural attenuation (NAT), Biostimulation with
lactic acid (BLA), Chemical reduction with mZVI (ZVI), Combined chemical reduction and biostimulation (COMB). The horizontal dotted line on the nitrate evolution plots
marks the parametric limit of 50 mg/L established for drinking water, above which human health is at risk.
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(Fig. 2E, ZVI) and control experiments. It is noteworthy that in the two
actives (duplicates) ammonium production was lower than in the two
controls, which suggests that there are microorganisms capable of
degrading ammonium. In contrast, the nitrite concentrations recorded in
the active experiments (with maximum values up to 2.6 mg/L) were
lower than those recorded in the NAT and BLA experiments.

The isotopic evolution of δ15N of nitrate (Fig. 3) showed a higher
isotopic fractionation in the ZVI experiment than in the NAT experiment.
Thus, in the active ZVI experiments, the nitrateΔδ15N value varied between
40.7 and 44.6‰, which represents a mean value of 42.7‰ and is about 20
units more than in the NAT experiment. This higher isotopic fractionation
was also evidenced by a greater 15N nitrate Ɛ factor, which was −11.6 ±
0.2‰, below that reported by Grau-Martínez et al. (2019), who recorded
a value of −29.5 ± 2.7 ‰.

4.1.4. Combination of mZVI and biostimulation
The evolution of nitrate concentrations in the COMB experiment, with

the combined strategy of mZVI and biostimulation with lactic acid
(Fig. 2G, COMB), showed an evolution quite similar to that in the ZVI exper-
iment (Fig. 2E, ZVI). Thus, nitrate concentrations were below 50 mg/L
2 days (2880 min) after the start of the experiment. However, the biostim-
ulation of bacterial communities in the COMB experiment (Fig. 2C) slightly
decreased the nitrate degradation rate (ranging from 0.27 to 0.34 days−1),
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similar to what was observed in the experiment exclusively with
biostimulation (Fig. 2C, BLA). Nevertheless, in counterpart, no remark-
able ammonium production was observed in the COMB experiment
(Fig. 2G, COMB), as was the case in the ZVI experiment (Fig. 2E, ZVI).
This confirms the greater efficiency of combining the use of mZVI with
biostimulation in reducing toxicity since the decrease in nitrate is
accompanied by little formation of toxic ammonium. Due to the absence
of microbial activity in the control experiments, the controls of the
COMB experiment showed a similar evolution of nitrate concentrations
to those of the ZVI controls.

Isotopic fractionation was also recorded in the COMB experiment
(Fig. 3), with Δδ15N values higher than those in the other experiments.
Thus, Δδ15N values varied in the COMB experiment between 54.3 and
64.3 ‰, with a mean value of 59.4 ‰, which, specifically compared to
the ZVI experiment, were higher than in this experiment. This agrees
with the mentioned higher degradation efficiency because of the combina-
tion of biotic and abiotic degradation. Furthermore, although in the COMB
experiment, the degradation of nitrate to nitrite (or ammonium) followed
the same pathway as in the case of the ZVI experiment. In the COMB exper-
iment, the Ɛ factor was higher (−17.4 ± 0.2 ‰) than in the ZVI experi-
ment. Fig. 3 also shows that a large part of the isotopic fractionation in
the COMB experiment was caused by the abiotic nitrate degradation reac-
tion caused by the presence of mZVI in that experiment.



Fig. 3. Evolution of nitrate δ15N isotopic composition in the different experiments. The average values (±the standard deviation) are plotted. Abiotic experiments are the
control experiments.
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4.2. Evolution of redox-sensitive species

In general, an increase inMn2+ concentrations was observed in the BLA
and COMB experiments (Figs. 2D, H), up to 2.5 and 40.5 mg/L, respec-
tively, which confirms that Mn reduction occurred (Trouwborst et al.,
2006; McMahon et al., 2018).

In the case of Fe2+ concentrations, small increases were detected in the
NAT and BLA experiments (Fig. 2B, D), up to 2 and 2.5 mg/L, respectively,
and high increases in the COMB experiment (Fig. 2H) up to 60 mg/L were
observed. This reveals that in the NAT and BLA experiments Fe-reducing
conditions were reached, which is in agreement with Abiriga et al.
(2021), and more reducing conditions were found in the case of COMB.

The evolution of sulfate concentrations showed that in the NAT experi-
ment there was a decrease of 30 % of the initial concentration after 3 days
(4320 min), which remained constant thereafter (Fig. 2B, NAT). In the BLA
experiment, sulfate concentrations did not significantly decrease until
7 days (10,080 min, Fig. 2D, BLA).

In the ZVI experiment, sulfate decreases were slightly higher than those
recorded in the NAT experiment—about 43 % after 3 days (4320 min)—
but, unlike in the NAT experiment, concentrations continued to decrease
up to 50 % at the end of the experiment on day 10 (14,400 min, Fig. 2F,
ZVI). The decrease in sulfate was accompanied by low Fe2+ concentrations
(that did not reach 1 mg/L throughout the experiment; Fig. 2F, ZVI). This
reveals the precipitation of iron sulfide as a result of sulfate reduction
(Christensen et al., 2000; Karimian et al., 2018).

In the case of the COMB experiment (Fig. 2H, COMB), sulfate concentra-
tions were below the detection limit after 7 days (10,080 min), implying
that 100 % was eliminated because of highly reducing conditions, possibly
even methanogenic.
4.3. Evolution of genes characteristic of denitrification and anammox processes

The analysis of the evolution of the microbial communities detected
with the 16S primers (1055f-1392r, in Table 1 in the SM document)
showed that the highest degree of microbial development occurred in
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the BLA experiment (Fig. 4A) between 7 and 10 days (10,080 and
14,400 min, respectively), similar to what was observed by Puigserver
et al. (2016a,b).

In some cases (Fig. 4A), the abundance of bacterial communities in the
NAT and COMB experiments decreased. This is what is shown in Fig. 4A,
where the height of the colored bar corresponding in the plot to the differ-
ent experiments decreases because of the number of PCR cycles required to
assess the amount of communities would need to be increased (see the
Fig. 4 caption). This decline in bacterial communities was caused by the
increase in reducing conditions, in which many of the microorganisms
cannot survive.

In contrast, in the case of the ZVI experiment (Fig. 4A), a progressive
increase in the abundance of microbial communities was observed. This
increase is attributable to the fact that the initially high amount of Fe0 (in
the form of mZVI) was toxic to many of the microbial communities (Xue
et al., 2018; Daraei et al., 2019). The consumption of the initially intro-
duced mZVI and the adaptation of the microbial communities to the
presence of this iron allowed these communities to increase their presence
throughout time (Summer et al., 2020; Xu et al., 2021).

The narG gene (nitrate reductase, Table 1 in the SM document) was
detected from the start of the experiments. This is consistent with the pres-
ence of nitrite in the water sampled at the beginning of the experiments,
proving that microorganisms capable of performing the denitrification pro-
cess naturally exist in the medium (Zielińska et al., 2016; K. Zhang et al.,
2019), which further demonstrates that this process takes place at the site.

According to what was observed with the evolution of the concentra-
tions of the nitrogenous compounds (see Section 4.1), a significant increase
in the communities encoding the narG genewas observed in theNATexper-
iment (Fig. 4B) and, to a lesser extent, in the COMB experiment (with the
exception of the time of 7 days, 10,080 min, Fig. 4B). By contrast and in
accordance with what was observed in the evolution of the concentrations
of the nitrogen compounds (see Section 4.1), although a slight increase in
the communities encoding this gene was observed in the BLA experiment,
after the start of the experiments, the presence of these communities did
not show significant differences in general. This, together with the increase
in abundance recorded with the 16S (1055f-1392r) primers, demonstrate



Fig. 4. Temporal evolution of the number of PCR cycles (in semiquantitative units) obtained with the primer 16S (1055f-1392r) reaching the threshold value (Ct) in the
treatment test. The relative number of microbial communities present is inversely proportional to the number of PCR cycles required to assess the amount of communities
(see Section 3.3.2 and also Section 4 of the SM document regarding the interpretation of Fig. 4). The results obtained with the following genes should be interpreted in a
similar way: narg (B), nirS (C), nirS (D), nosZ (E) and Hzo (F).
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that biostimulation alone is not a strategy that particularly favors the
passage of nitrate to nitrite by denitrification (Garousin et al., 2021).

The reduction of nitrite to NO identified with the nirS gene (nitrite
reductase, Table 1 in the SM document) was detected from time 0, which
is new evidence that the denitrification process occurs naturally (Zhou et
al., 2016; Li et al., 2019; H. Zhang et al., 2019). This contrasts with the
absence at time 0 of the nirS gene (nitrite reductase, Table 1 in the SM
document, Fig. 4D).

Among all the experiments conducted, the COMB experiment was the
one with the highest abundance of the nirS gene (Fig. 4C); although, it de-
creased slightly throughout the experiment, which confirms that through-
out the experiment the denitrification process was at a more advanced
stage, favoring the total mineralization of nitrate (Espenberg et al., 2018).
This pattern was similar to that observed in the NAT experiment; although,
in the latter there was a certain recovery of the presence of this gene at the
end (Fig. 4C).

The nirS gene was not detected at the beginning of the experiments. Its
presencewas observed in the NAT, BLA, and COMB experiments, especially
after 3 days (4320 min), decreasing slightly throughout the test (Fig. 4D).
This suggests that the denitrifying communities change throughout the
experiment, similar to what was observed by Feng et al. (2019). The
8

analysis of this gene shows that the passage of nitrite to NO is frequent in
the NAT and COMB scenarios. In contrast, this passage was only observed
after 10,080min (7 days) in the ZVI experiment, which agrees with the tox-
icity effect of mZVI on bacterial communities. The reduction of NO to NO2

was not identified as the cnorB gene was practically not observed. How-
ever, the presence of the nosZ gene (nitrous oxide reductase) was observed
(Fig. 4E), which is in accordance with the observations of Zhang et al.
(2021). The progressive increase in this gene in the COMB experiment
and its decrease at the end of the NAT experiment is noteworthy (reduction
process of NO2 to N2 gas). The detection of the nosZ gene from the begin-
ning of the experiments agrees with complete denitrification, even under
natural attenuation conditions (Hallin et al., 2018); although, Fig. 4E
suggests that the reducing conditions at the end of the experiments favored
the increase in this gene in the COMB experiment and its decrease in the
NAT, BLA, and ZVI experiments (Song et al., 2015; Wang et al., 2020;
Yuan et al., 2021).

The presence of the nirS gene from the beginning of the experiment, the
present of the nirS gene after 3 days (4320 min), and the increase in the
abundance of this gene in the COMB experiment (Fig. 3C), accompanied
by the decrease in ammonium (Fig. 2G, COMB), originated from the abiotic
degradation of nitrate by mZVI, suggesting the existence of anaerobic
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ammonium oxidation processes such as anammox (Shu et al., 2016; Wang
et al., 2019; Podder et al., 2020) in the COMB strategy.

Although the HzsA (hydrazine synthase) andHzsB (hydrazine synthase)
genes were analyzed (Table 1 in the SM document), they were not suffi-
ciently detected throughout the experiments, which does not allow for
determination of whether N2H4 synthesis from NO and ammonium
occurred. By contrast, the presence of the Hzo gene (hydrazine oxidoreduc-
tase) was detected in some of the samples from a time of 3 days (4320 min)
(Fig. 4F). Among the different experiments, the presence of this gene stands
out in the ZVI experiment (where an increase in its presence was observed
especially at the 7 days) (10,080 min, Fig. 4F). It was also observed that in
the COMB experiment this gene (which is related to the occurrence of the
anammox reaction, see Section 4 in the SM document) remained constant,
which confirms that this reaction occurred very early in the experiment,
probably from the beginning, while in the ZVI experiment it occurred
significantly late (i.e., at 7 days, 10,080 min), coinciding with the substan-
tial decrease in ammonium concentrations (Fig. 2E, ZVI), similar to what
was observed by Wang et al. (2019) and Connan et al. (2016).

4.4. Evolution of chemical and biochemical processes

The processes identified throughout the treatability test were mainly
denitrification, Mn and Fe reduction, sulfate reduction, and anammox.

In the case of denitrification, it was observed that this process occurred
completely in all themicrocosm experiments, but itwas in the COMB exper-
iment that it was most effective and with a greater presence of the nosZ
gene, which is indicative of the passage from NO to NO2.

In the case of Mn- and Fe-reduction processes, they were detected in all
the experiments, while sulfate reduction was only significantly detected in
the COMB experiment and, to a lesser extent, in the ZVI experiment.

Although the anammox process could potentially have occurred in the
NAT experiment (as indicated by the presence of enzymes such as those
expressed by the Hzo gene), the low ammonium concentrations in the
waters sampled at the beginning of the experiment did not make it possible
for the process to occur in the NAT and BLA experiments. By contrast,
anammox occurred in the ZVI and COMB experiments, where ammonium
was produced as a consequence of abiotic nitrate degradation, which gener-
ated toxicity problems in thewater. Mobilization of ammonium occurred in
the COMB experiment because of the more extreme reducing conditions
created and the biostimulation of the microbial communities, which gave
rise to the anammox process.

4.5. Comparative analysis of the efficiency of the different remediation strategies
tested for decreasing nitrate concentrations

Table 3 shows how the most efficient strategy in removing 80 % of the
original nitrate (representing a nitrate concentration below the parametric
value of 50 mg/L, European Union Directive, 2020) was ZVI, followed by
COMB. However, the high production of ammonium generated in the ZVI
experiments should be recalled. This cation is toxic (see Sections 1 and
4.1.4). Hence, it is considered that the most efficient strategy is that
which, in addition to removing nitrate, is also capable of eliminating the
toxic ammonium, which is achieved with the COMB strategy (Table 3).
However, the high efficiency of the combined remediation strategy requires
Table 3
Percentages of efficiency in the mobilization of the original nitrate throughout the
microcosm experiments.

Time Degradation efficiency (% of initial nitrate removed)

Minutes Days NAT BLA ZVI COMB

0 0 0.00 0.00 0.00 0.00
1440 1 29.51 32.34 47.52 53.59
2880 2 59.48 44.73 85.18 79.97
4320 3 81.76 58.62 92.73 91.22
10,080 7 91.59 82.07 96.52 94.16
14,400 10 94.68 96.34 97.29 96.21
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appropriate dimensioning of the reagents to be added according to the
characteristics of the site. An excess of reagents, and especially of lactic
acid for biostimulation, can lead to extremely reducing conditions in the
medium. Under these conditions, overgrowth of other microorganisms
that do not result in denitrification can occur, and even bioclogging of
aquifer effective porosity, or the mobilization of metal ions such as Fe2+

and Mn2+ from iron or manganese oxide minerals. These ions, under
some specific circumstances, can re-precipitate. For example, this can
occur with Fe2+ (including that from the oxidation of mZVI) if redox
conditions favor it. Neoformation pyrite can precipitate if there is dissolved
sulfate in the medium and the redox conditions are sulfate-reducing. This
can result in a loss of effective porosity and hydraulic conductivity, as in
the case of bioclogging. As a consequence, the preferential flow paths
may change, so that there may be areas that are no longer accessible to
the reagents and therefore untreated. It would therefore be recommendable
that, in a second phase, a pilot test be conducted in thefield to address these
and other key possible issues arising from implementing the COMB strategy
in the real world (more information can be found in the SM document).

5. Conclusions

The use of mZVI for the abiotic degradation of nitrate promotes the
formation of ammonium (an undesirable compound due to its high toxic-
ity). By contrast, the strategy resulting from the combination of the use of
mZVI coupled with biostimulation of the microbial flora present in the
medium causes the anammox process to degrade the harmful ammonium.

The integrated analysis of chemical, isotopic, and biological data shows
that the combined strategy favors the denitrification process and results in
total mineralization of the original nitrate, which is accompanied by good
microbial development of the microorganisms performing this reaction.

The treatability test with microcosm experiments on a laboratory scale
shows that the in situ remediation strategy combining ISCR using mZVI
and biostimulation with the addition of lactic acid (lactate acting as an
electron donor) is a viable strategy for the creation of a reactive zone
around supply wells located in regions where groundwater is affected by
diffuse nitrate contamination.

The high efficiency of the combined strategy requires an adequate
dimensioning of reagents according to the characteristics of the site, since
an excess, especially lactic acid, can lead to extremely reducing conditions
in the environment. This could favor overgrowth of non-denitrifying bacte-
rial communities, bioclogging of the porosity, mobilization of metal ions
such as Fe2+ and Mn2+, and even precipitation of neoformation minerals,
such as pyrite that (as in bioclogging) can result in a loss of effective poros-
ity and hydraulic conductivity. As a result, preferential flow paths may
change, leading to zones that may become inaccessible to the reagents
and remain untreated. For this reason, it would be advisable to conduct a
pilot study in the field to evaluate how to deal with the problems that
may arise during the implementation of the COMB strategy.
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