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Electro bioremediation is gaining interest as a sustainable treatment for contaminated groundwater. Neverthe-
less, the investigation is still at the laboratory level, and before their implementation is necessary to overcome
important drawbacks. A prevalent issue is the high groundwater hardness that generates scale deposition on
electrodes that irreversibly affects the treatment effectiveness and their lifetime. For this reason, the present
study evaluated a novel and sustainable approach combining electrochemical water softening as a preliminary
step for electro bioremediation of nitrate-contaminated groundwater. Batch mode tests were performed at
mL-scale to determine the optimum reactor configuration (single- or two-chambers) and the suitable applied
cathode potential for electrochemical softening. A single-chamber reactor working at a cathode potential of
−1.2 V vs. Ag/AgClwas chosen. Continuous groundwater softening under this configuration achieved a hardness
removal efficiency of 64± 4% at a rate of 305± 17mg CaCO3m−2

cathode h−1. The saturation index at the effluent of
the main minerals susceptible to precipitate (aragonite, calcite, and brucite) was reduced up to 90%. Softening
activity plummeted after 13 days of operation due to precipitate deposition (mostly calcite) on the cathode
surface. Polarity reversal periods were considered to detach the precipitated throughout the continuous
operation. Their implementation every 3–4 days increased the softening lifetime by 48%, keeping a stable hard-
ness removal efficiency. The nitrate content of softened groundwater was removed in an electro bioremediation
system at a rate of 1269 ± 30 g NO3

− m−3
NCC d−1 (97% nitrate removal efficiency). The energy consumption of the

integrated system (1.4 kWh m−3
treated) confirmed the competitiveness of the combined treatment and paves the

ground for scaling up the process.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Electro bioremediation emerges as a sustainable treatment for con-
taminated groundwater to treat several pollutants, including organic
and inorganic contaminants such as aromatic compounds, chlorinated
hydrocarbons, and nutrients (Pous et al., 2018). This treatment is
based on microbial electrochemical technologies (METs) and promotes
the capacity of electroactive microorganisms to perform oxidation and
reduction reactions with solid electron conductors (e.g., electrodes)
(Rabaey et al., 2009). Hence, electro bioremediation overcomes the de-
contamination limitation due to the lack of suitable electron donors or
acceptors in the environment, minimizing chemical addition and
avoiding brines generation (Sevda et al., 2018; Wang et al., 2020). The
electro bioremediation technology readiness level (TRL) is still at
proof-of-concept level (TRL 3) since lab scale performances have not
been successfully translated to pilot scale level so far. Nevertheless,
the technology validation in the relevant environment (TRL 4) is now
in progress (Barba et al., 2018; Cecconet et al., 2020; Palma et al.,
2018; Tucci et al., 2021; Wang et al., 2020).

Thematrix of groundwater is a crucial parameter for a successful im-
plementation in a real environment. A prevalent issue is the high
groundwater hardness that generates scale deposition. High local cath-
ode pH enhances the precipitation of hardness ions (carbonate, calcium,
and magnesium) usually present in groundwater, coating the
electroactive biofilm and the electrode surface (Santini et al., 2017).
This issue significantly reduces the effectiveness and lifetime of the
treatment. In this context, scale prevention methods (water softening)
are required rather than cleaning methods (e.g., acid washing), which
would damage microorganisms. Water softening methods are usually
based on chemical precipitation and ion exchange resins (Entezari and
Tahmasbi, 2009; Oren et al., 2001). Although these technologies are
widely used with high efficiencies, they are characterized by the con-
stant addition of chemicals and/or the formation of large volumes of
brines (Ariono et al., 2016).

Over the past few years,more sustainable technologies are proposed
to reduce hardness ion concentration. Electrochemical water softening
has been growing in interest due to its simple operation, low treatment
cost (i.e., no chemical dosage), and minimization of brines generation
(Clauwaert et al., 2020). The electrochemical water softening principle
is based on electrochemical hydroxide generation, which increases the
pH near the cathode surface. It promotes calcium and magnesium pre-
cipitation by direct reaction with hydroxide (e.g., Ca(OH)2 or Mg(OH)
2). The bicarbonate (HCO3

−) usually present in groundwater also
becomes carbonate (CO3

2−), promoting the hardness removal by the
formation of insoluble carbonates (e.g., calcium carbonate, CaCO3). Up
to now, research has moved from the understanding of the
electrochemical precipitation mechanism (Gabrielli et al., 1996, 1997)
to technology application (Clauwaert et al., 2020; Zhang et al., 2020).
In recent years, different parameters have been studied to optimize
the process such as reactor designs, materials, water composition and
operational conditions (Lin et al., 2021; Sanjuán et al., 2019; Wang
et al., 2021; Zhang et al., 2020). While these studies were mostly
focused on cooling water applications, it has not been proved the
applicability of electrochemical water softening as a pretreatment for
a biologic groundwater treatment. The pretreated water must achieve
specific characteristics for the optimum bioreactor operation such as
neutral pH, absence of toxic compounds (i.e., hypochlorite), and nutri-
ents for microorganism growth (i.e., nitrogen, carbon, calcium, magne-
sium, among others). Moreover, further characteristics are required in
electro bioremediation, such as a suitable electrical conductivity tomin-
imize overpotentials that may affect the bioelectrochemical perfor-
mance (Puig et al., 2012).

In an electrochemical water softener, most of the precipitate gets at-
tached to the cathode surface. This fact avoids further steps to remove
suspended precipitate particles. However, the electrode coating by the
precipitate leads to higher ohmic resistances and promotes cathode
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deactivation that is a key issue for their implementation (Deslouis
et al., 1997). Thus, periodical scale detachment is imperative during
the continuous operation in the long term. Acid washing (i.e., HCl) is
an effective and conventional method to remove the precipitate. How-
ever, the stream used during the process must be neutralized for their
final disposal. For this reason, complementary techniques to increase
the activity time are decisive to reduce the acid wash periodicity and,
consequently, improve the sustainability of the treatment. Jin et al.
(2019) proposed and tested the polarity reversal method as a detach-
ment approach in mL-scale and short time experiments. In this period,
the cathode turns into an anode, generating an oxidative environment
that promotes precipitate detachment.

The present study raised the treatment for nitrate-contaminated
groundwater with a high degree of hardness (325 ± 10 mg CaCO3 L−1),
combining electrochemical water softening as pretreatment to prevent
scale deposition in the following nitrate electro bioremediation.
Groundwater contamination by nitrate is widely extended due to
intensive agriculture and livestock (Fewtrell, 2004). World Health
Organization is defined nitrate as a dangerous inorganic pollutant
(WHO, 2017) and the Nitrates Directive (91/767/EU) sets a nitrate
concentration limit of 50 mg NO3

− L−1 in drinking water for human
health and safety. Against this backdrop, nitrate electro bioremediation
is being investigated for moving to a real environment. The treatment is
based on autotrophic denitrification to dinitrogen gas as an end-product
using only the cathode as the electron donor and inorganic carbon as
the carbon source (Ceballos-Escalera et al., 2021; Majone et al., 2015;
Pous et al., 2015).

This research evaluated an electrochemical water softening reactor
to achieve optimal characteristics for nitrate electro bioremediation.
The experimental procedure for electrochemical softening was divided
into the batch and continuous mode tests. Batch mode tests were per-
formed at mL-scale to determine the optimum reactor configuration
(single- and two-chambers) and the applied cathode potential to obtain
suitable water characteristics for the following bioelectrochemical
treatment. The energy consumption, the calcium precipitation rate,
and the final water characteristics such as pH and hardness were mon-
itored to choose the best reactor settings. Subsequently, a L-scale elec-
trochemical water softening reactor was operated in continuous flow
mode treating real nitrate-contaminated groundwater. Furthermore,
the implementation of polarity reversal periods in the continuous soft-
ening as a cleaning method was tested to increase the cathode activity
lifetime and, consequently, the softening time. Finally, the softened
groundwater was treated in the nitrate electro bioremediation to assess
the feasibility of the overall process.

2. Materials and methods

2.1. Electrochemical water softening setups

2.1.1. Batch setup
Two different electrochemical water softening configurations were

assembled: single- and two-chambers (Fig. 1A). The single-chamber
setup used a three-neck bottle with a total volume of 250 mL. The
two-chamber setup had an H-type configuration of 250 mL total
volume, where the anode and the cathode were separated by a cation
exchange membrane (2 × 10−4 m2, CEM, CMI-7000, Membranes
Int., USA). Recirculationflowof 15 L d−1was applied on thewhole setup
(single-chamber setup) or in the cathodic chamber (two-chamber
setup) to improve the hydrodynamics and promote mass transfer.
In both configurations, stainless steel mesh with a surface of
1.5 × 10−2 m2 (1.0 mm of light path and 0.4 mm of wire diameter,
CISA, Spain) was used as the cathode, and the anode was a Ti-MMO
electrode rod (225 × 6 mm, NMT electrodes, South Africa). The inter-
electrode gap was 35 mm and 70 mm in the single- and two-chamber
setup, respectively. The setups were equipped with an Ag/AgCl sat.
KCl reference electrode (+0.197 V vs. standard hydrogen electrode,



Fig. 1. Electrochemical water softening setups. (A) Scheme of batch tests setup, single-chamber on the top and two-chamber configuration on the bottom; (B) scheme of continuous
electrochemical setup.
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SHE, SE 11, Xylem Analytics Germany Sales GmbH & Co. KG
Sensortechnik Meinsberg, Germany). A power source (TENMA
72–2715, Farnell, Spain) was used to control the cathode potential.
Both setups were working under chronoamperometry mode. Two dif-
ferent cathode potentials were tested (−0.6 and − 1.2 V vs. Ag/AgCl)
following the results observed in other studies (Gabrielli et al., 2006).
If not stated otherwise, all redox potentials were provided in respect
of Ag/AgCl.

2.1.2. Continuous setup
A single-chamber reactor (20 × 20 × 3 cm3 internal dimension

methacrylate frame, 1.2 L working volume) was used for continuous
electrochemical water softening. Fig. 1B presents a scheme of the reac-
tor setup. The cathode and the anode had an interelectrode gap of
15 mm. Two stainless steel mesh layers (20 × 20 cm2 each layer,
1 mmmesh sizes, and 0.4mmwire diameter, CISA, Spain) were assem-
bled as the cathode with a total surface of 2.0 × 10−1 m2. Ti-MMOmesh
anode (10 × 10 cm2, 2 mm light path and 1 mm wire diameter, NMT
electrodes, South Africa) with a total surface of 6.3·10−2 m2 was used.
Both electrode surfaces were calculated assuming each mesh wire.
The reactor was equipped with an Ag/AgCl sat. KCl reference electrode
(+0.197 V vs. SHE, SE 11, Xylem Analytics Germany Sales GmbH & Co.
KG Sensortechnik Meinsberg, Germany) resulting in a three-electrode
setup. The working electrode (cathode) was poised at −1.2 V vs. Ag/
AgCl through a potentiostatic control using a potentiostat (VSP, Bio-
Logic, France). The influent was directly pumped upwards through
three different points to ensure accurate flux distribution. A recircula-
tion flow of 50 L d−1 was applied to promote the mass transfer and im-
prove the hydrodynamics.
2.2. Groundwater characteristics

Two kinds of feed solutionswere employed: (i) synthetic groundwa-
ter mimicking groundwater from Navata (Girona, Spain) and (ii) the
real Navata groundwater.

Synthetic groundwaterwasused for electrochemical softeningbatch
tests. The solution was prepared using distillate water with 360mg L−1

CaCl2 (130 mg Ca2+ L−1), 203 mg L−1 MgSO4 × 7H2O (20 mg Mg2+

L−1), 420 mg L−1 NaHCO3, 7 mg L−1 KH2PO4, 2 mg L−1 Na2HPO4 and
100 mg L−1 NaCl. The average hardness was 400 ± 20 mg CaCO3 L−1.
The electric conductivity and the pH values were 1.5 ± 0.1 mS cm−1

and 7.5 ± 0.4, respectively.
3

Real nitrate-contaminated groundwater extracted from Navata
(Spain) was treated in the continuous electrochemical softening setup
for the next nitrate electro bioremediation. The average hardness was
325 ± 10 mg CaCO3 L−1, the hardness ion concentration was 127 ±
21 mg Ca2+ L−1 and 11 ± 4 mg Mg2+ L−1, and nitrate concentration
was 110 ± 6 mg NO3

− L−1 (composition showed in Supplementary
data, Table S1). The pH was 7.5 ± 0.2, and the electric conductivity
was 0.7 ± 0.1 mS cm−1.

2.3. Electrochemical water softening procedure

2.3.1. Batch mode test
Four different batch tests in duplicate were performed to evaluate

the combination of two setup configurations (single- and two-
chambers) and two cathode potentials (−0.6 and − 1.2 V vs. Ag/
AgCl). All experiments used 150 mL of synthetic groundwater per
chamber and lasted 24 h at room temperature (25 ± 1 °C).

2.3.2. Continuous electrochemical water softening operation
The single-chamber reactor was operated under continuous flow

mode at an hydraulic retention time (HRT) of 4.1 h (flow-rate of 7.1 L
d−1), based on the hardness removal rate obtained under batch condi-
tions (325 ± 10 mg CaCO3 L−1) and aiming to achieve a hardness
reduction of around 60% (target removal to reduce the saturation index
by >90% of some problematic minerals such as calcite and aragonite).
The operation was divided into two periods: (i) precipitation and (ii)
detachment periods. Through the precipitation period, the system was
operated under chronoamperometry mode at a cathode potential of
−1.2 V vs. Ag/AgCl to promote the hydroxyl formation and hardness
ions precipitation. The detachment period employed polarity reversal
cycles, where the cathode (working electrode) was turned into an
anode to remove the precipitate formed on the working electrode and
increase its activity time. During polarity reversal, the influent was
stopped, and the working electrode was poised at +1.2 V vs. Ag/AgCl
for 10 min. After the detachment step, the medium was replaced with
effluent to restart the operation condition before the precipitation period.

The reactor was operated under three different approaches (Fig. 2).
The first strategy (A) was performed without any detachment period.
The following B1 and B2 strategies were operated with periodical de-
tachment periods (reverse polarity cycles). Strategy B1 tested polarity
reversal cycles every 3–4 days, and it was tested every day in Strategy
B2. Each strategy was carried out until the calcium precipitation effi-
ciency dropped below 50%. Before each new strategy, the reactor was



Fig. 2. Timeline of continuous electrochemical water softening operation.
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chemically cleaned by recirculating hydrochloric acid solution (1.5 L of
0.1 MHCl, per cleaning) for aminimum of 3 h to remove the scale layer.

2.4. Coupling electrochemical water softening with nitrate electro bioreme-
diation

The softened groundwater resulting from the continuous softening
operation was used to feed the nitrate electro bioremediation reactor.
The bioelectrochemical reactor was a fixed-bed tubular reactor
previously started-up (Ceballos-Escalera et al., 2021). The cathode
(inner part) and anode (outer part) compartments were filled with
granular graphite. Electrodes surface of 0.51 m2 (cathode) and 0.29 m2

(anode) were estimated assuming granular graphite as spherical parti-
cles (average diameter of 3.25 mm) with a fixed-bed porosity of 50%.
The net cathode (NCC) and anode (NAC) liquid volumes were 0.3 L
and 0.15 L, respectively. The setup was equipped with an Ag/AgCl sat.
KCl reference electrode (+0.197 V vs. standard hydrogen electrode,
SHE, SE 11, Xylem Analytics Germany Sales GmbH & Co. KG
Sensortechnik Meinsberg, Germany). The system was electrically oper-
ated under chronoamperometry mode, poising the cathode potential at
−0.320 V vs. Ag/AgCl using a potentiostat (VSP, BioLogic, France). The
cathode and the anode were hydraulically connected. The softened
groundwater was pumped upwards through the cathode compartment
at a flow-rate of 3.4 ± 0.1 L d−1 (HRTcat 2.1 ± 0.1 h) aiming to achieve
nitrate conversions >90% based on previous experience (Ceballos-
Escalera et al., 2021). It spilled over at the cathode top to the anode,
and the treated effluent left through the bottom of the anode
compartment. A fraction of the effluent was recirculated at 85 L d−1 to
the influent to increase the fluid distribution. This study presents the re-
sults of 15 days operating with electrochemical softened groundwater.

2.5. Analyses methods and calculations

Liquid-phase samples of effluent and influent during the continuous
operationswere taken periodically three times perweek. Aswell, amin-
imumof three sampleswere taken throughout the 24-h batch tests. The
pH and electrical conductivity of the samplesweremeasuredwith a pH-
meter (pH-meter basic 20+, Crison, Spain) and a conductivity meter
(EC-meter basic 30+, Crison, Spain), respectively. Water hardness, cal-
cium, and magnesium concentration were analyzed by a DR2800 spec-
trophotometer using a specific water hardness kit (LCK327, HACH
Company, Loveland, CO, USA). In addition, some sampleswere analyzed
according to APHA standard water measurements (APHA, 2005) to de-
termine the anions (NO3

−, NO2
−, Cl−, PO₄3− and SO4

2−) and cations (Na+,
NH4

+ Ca2+, Mg2+, and K+) composition by ionic chromatography (ICS
5000, Dionex, USA). Nitrous oxide (N2O) was measured once a week
in the bioelectrochemical setup using an N2O liquid-phase microsensor
(Unisense, Denmark) located in the effluent of the reactor.

The electrochemical water softening was evaluated in terms of total
water hardness and hardness ions (calcium and magnesium) removal
rate from the liquid phase. All softening rates were normalized by the
cathode surface (mg h−1 m−2). The energy consumption for the exter-
nal power supply was normalized by the total hardness removed (kWh
4

Kg −1 CaCO3). The nitrate electro bioremediation performance was
evaluated in terms of nitrate removal rate normalized by the net
cathode compartment volume (g NO3

− m−3
NCC d−1), where the

denitrification occurred. The cathodic coulombic efficiency and specific
energy consumption for the external energy supply (kWh kg −1 NO3

−)
were calculated as proposed by (Pous et al., 2017). The total energy
consumption for the combined treatment was normalized by the
treated groundwater volume (kWh m−3). The main energy
consumers considered were: (i) pumping system for feeding and
recirculation in both reactors and (ii) external power supply. The
energy consumption of pumps for each subunit was calculated as
proposed by (Zou and He, 2018) (Supplementary data, Energy
calculation). Finally, the construction cost (CAPEX) was estimated,
assuming the electrodes and the membranes as the main cost. The
reactor structure and other equipment such as pumps and sensors
were not considered due to the design variability relying on the
materials and the operational requirements. Besides, operation cost
(OPEX)was also calculated considering: power supply for bio- and elec-
trochemical reactions, power for other equipment (pumping system),
and reagents. European electricity price in the second period of 2020
was assumed for the energy cost (0.21 € kWh−1, Eurostat, 2020). The
reagent was attributed to hydrochloric acid needed during the chemical
cleaning in the electrochemical water softening, which was considered
in the utilization of concentrated acid (HCl 20%) with a market price of
1.16 € L-1. All calculations are shown in Supplementary data, Economic
calculation.

The main minerals that can precipitate in the present study were
predicted from the saturation index at pH 8. The data was calculated
from the ionic groundwater composition using the freeware chemical
equilibriummodel Visual MINTEQ ver. 3.1 (KTH Royal Institute of Tech-
nology, Sweden). After testing strategies A and B2, the precipitate
formed on the cathode surface was collected and analyzed. The phase
composition of precipitates was analyzed by powder X-ray diffraction
(XRD) (mod. D8 Quest Eco, Bruker); the analysis was carried out by Re-
search Technical Services (STR) at of the University of Girona.

3. Results and discussion

3.1. Single- versus two-chamber systems for electrochemical water
softening

Two configurations (single- and two-chamber) at different cathode
potentials (−0.6 and − 1.2 V) were assessed for electrochemical
water softening as a pretreatment step for the nitrate electro bioreme-
diation treatment. Table 1 summarizes the results obtained in batch
mode experiments.

The cathode potential is a critical parameter for electrochemical re-
actions and energy consumption. Hydroxyl groups may be formed
through two different reactions in large potentials range: (i) oxygen re-
duction (Eo’ = +0.6 V vs. Ag/AgCl, pH 7); and (ii) water reduction
(Eo’=−0.6 V vs. Ag/AgCl, pH 7). At practical level, oxygen reduction re-
quires a cathode potential higher than water reduction, but dissolved
oxygen diffusion from the liquid to the cathode surface is a constraining



Table 1
Batch tests to determine the suitable reactor configuration and applied cathode potential for electrochemical softening. Experimental time: 24 h.

Cell configuration

Two-chamber Single-chamber Units

Cathode potential −0.60 −1.20 −0.60 −1.20 V vs. Ag/AgCl
Final hardness 382 ± 19 102 ± 8 358 ± 18 108 ± 9 mg CaCO3 L−1

Calcium removal efficiency 12 ± 5 85 ± 6 3 ± 2 76 ± 2 %
Magnesium removal efficiency 30 ± 10 44 ± 6 19 ± 9 55 ± 6 %
Hardness removal efficiency 10 ± 4 74 ± 2 4 ± 6 73 ± 2 %
Maximum hardness removal rate 77 ± 66 371 ± 60 33 ± 32 252 ± 51 mg CaCO3 m−2 h−1

Final electric conductivity 1.3 ± 0.0 0.4 ± 0.1 1.4 ± 0.0 0.4 ± 0.1 mS cm−1

Final pH 8.7 ± 0.0 10.1 ± 0.4 8.6 ± 0.0 6.8 ± 0.7 –
Cell voltage 1.7 ± 0.3 5.8 ± 0.7 0.5 ± 0.3 2.6 ± 0.2 V
Energy consumption 925 ± 529 2061 ± 469 155 ± 56 306 ± 177 kWh kg −1 CaCO3
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step. While at a more negative cathode potential (< 1.1 V vs. Ag/AgCl),
water reduction takes more relevance, a process hindered by a lower
mass transfer than oxygen reduction (Gabrielli et al., 2006). Conse-
quently, the present study assessed two different cathode potentials
(−0.6 and− 1.2 V). The results are presented in Table 1. Themaximum
hardness removal rate increased around 5-fold in the two-chamber
setup and 8-fold in the single-chamber setup operating at−1.2 V versus
−0.6 V. Consequently, the hardness removal efficiency was below 10%
in the test under −0.6 V and it was enhanced to 70% by decreasing
the potential until −1.2 V. This is in agreement with other authors
that identified this potential as the optimal for CaCO3 with stainless
steel as a cathode (Dirany et al., 2016). Therefore, the cathode
potential of −1.2 V was chosen for softening, assuming water
reduction as the main cathode reaction.

The reactor configuration is another important operational parame-
ter. There are several approaches for electrochemical water softening
reactors. Concerning the separation of the electrodes, it can be classified
as a single- (Jin et al., 2019; Yu et al., 2019) or two-chamber system
(Clauwaert et al., 2020; Hasson et al., 2010). Both configurations were
tested in this study, reaching the same hardness removal efficiency of
around 70% after each batch test under a cathode potential of −1.2 V.
Nevertheless, the two-chamber configuration showed a hardness re-
moval rate (371 ± 60 mg CaCO3 h−1 m−2) higher than the single-
chamber system (252 ± 51 mg CaCO3 m−2 h−1), while the energy
consumption was 85% lower when operatingwith a single-chamber re-
actor (Table 1). In addition, the two-chamber reactor presented a signif-
icant pH difference between both compartments (pH of 5.4 ± 1.5 and
10.1 ± 0.4 in the anodic and cathodic chambers, respectively). This pH
gradient and further ohmic resistances (e.g., large interelectrode gap
distance) were derived on a cell voltage (5.8 ± 0.7 V) higher than in
the single-chamber reactor (2.6 ± 0.2 V).

Altogether, the potential of the cathodewas considered themost de-
cisive variable. The higher softening performances were observed in the
tests at −1.2 V (Table 1). However, when considering electrochemical
softening as a pretreatment for nitrate electro bioremediation, other pa-
rametersmust be taken into account. Neutral pH is a strict characteristic
for biological treatments, and it was only reached in the single-chamber
setup (6.8 ± 0.7). Nevertheless, the two-chamber configuration pre-
sented a higher pH difference between the anode (5.4 ± 1.5) and the
cathode (10.1 ± 0.4) because of the low proton diffusion through the
cation exchange membrane. Hence, the single-chamber configuration
was considered more suitable for the combined treatment proposed
here. In addition, the simplification of the reactor configuration also re-
duces the setup costs (Kokabian and Gude, 2015).

3.2. Continuous groundwater softening

A 1.2 L single-chamber reactor was operated in continuous flow
mode at a cathode potential of −1.2 V, treating real groundwater
under different operational strategies (Fig. 2). The results obtained are
shown in Fig. 3 and Table 2.
5

The application of strategy A allowed to reach a stable hardness re-
moval rate of 305 ± 17 mg CaCO3 m−2 h−1 (hardness removal of
66 ± 4%), which corresponded to a calcium and magnesium
precipitation efficiencies of 72 ± 5 and 40 ± 6%, respectively. The
average energy consumption was 3.6 ± 0.9 kWh Kg−1 CaCO3 and the
trend was progressively decreased throughout each operation due to
cathode scaling. At the same time, the hardness reduction
performance was kept until 12 days (Fig. 3) since crystals could still
grow, although hydroxyl formation was reduced. Finally, the hardness
reduction efficiency was drastically reduced to 30% after 13 days of
operation. It is worth noting that the present study evaluates the
hardness removal performance during a time frame of days instead of
hours. The resulting cathodic precipitate was composed of calcium
(65% calcite and 28% aragonite) and magnesium minerals (7% brucite)
(Table 3). The prevalence of calcite was probably due to the low water
conductivity (e.g., groundwater) and high Ca2+/Mg2+ ratio (Sanjuán
et al., 2019).

The inactivation of the cathode is the main drawback in electro-
chemical water softening systems. In the present study, the softening
activity was recovered between the different strategies using chemical
cleaning. A chemical cleaning was carried out after Strategy A, and the
hardness removal efficiency was recovered (62 ± 7%, strategy B1,
days 15–18, Fig. 3). Although the chemical cleaning method was effec-
tive, it required the consumption of chemicals and generated an acid
stream that needed to be neutralized for the final deposition. Hence,
methods for extending the duration of softening before a chemical
cleaning were required.

The present study implemented reverse polarity periods as a detach-
ment strategy to increase the cathode activity lifetime and, conse-
quently, the softening time. It was considered two different
detachment periodicity strategies during the continuous softening op-
eration: (i) every 3–4 days, B1; and (ii) every day, B2 (Fig. 3, Table 2).
On the one hand, the hardness removal performance (291 ± 24 mg
CaCO3 m−2 h−1, 61 ± 2%) and the energy consumption (3.2 ± 0.2
kWh kg CaCO3) were kept up during the precipitation period of
strategies B1 and B2. On the other hand, the current density during
the detachment period reached values ca. 700 mA m−2 with an
energy consumption of 8 ± 3 × 10−5 kWh cycle−1. The primary
reaction under this condition was water oxidation, generating oxygen
in the working electrode. This oxygen may form bubbles that create
pressure on the scale deposition, leading to scale breaking and
detachment (Yu et al., 2018). As pursued, the softening lifetime
increased by 48% and 33% for strategy B1 and B2 compared to strategy
A, respectively. The purge of the cathode surface by polarity reversal
was effective, but the periodicity of this shock needs to be further opti-
mized by taking into account that prolonged exposure to an oxidative
environment may damage the stainless steel electrode (Jin et al.,
2019). In fact, the application of polarity reversal with a periodicity of
3–4 days (strategy B1) was more beneficial than daily polarity reversal
(strategy B2), but there is still room for improvement by exploring dif-
ferent alternative periodicities. A balance between cathode cleaning and



Fig. 3.Hardness removal efficiency and energy consumption evolution during the continuous water softening through the precipitation period. The systemwas operated under different
strategies: Strategy Awithout detachment period; B1with detachment period by applying polarity reversal every 3–4 days; and B2with detachment period by applying polarity reversal
every day. The grey line represents the detachment step (data not shown).

A. Ceballos-Escalera, N. Pous, M.D. Balaguer et al. Science of the Total Environment 806 (2022) 150433
cathode protection, as well as the seek for the more appropriate elec-
trodematerials, will be key factors for themaximum exploitation of po-
larity reversal cleaning strategy.

The analysis of the precipitate extracted after the polarity reversal
tests showed a slight change in the composition compared to strategy
A (Table 3). The brucite fraction increased from6.8 to 29.0%. This change
could be due to higher magnesium precipitation (Table 2) and/or a
more significant detachment of calciumminerals during polarity rever-
sal periods. In addition, brucite precipitates present a porosity higher
than calcite, which could have contributed to the increment of cathode
activity lifetime (Sanjuán et al., 2019).

The electrochemical water softening is presented in the literature as
a treatment environmental-friendlier than conventional treatments (i.e.
ion exchange) due to the lower chemical requirements but with a high
range of energy consumption according to the characteristics of the re-
actor (1.5–27.1 kWh kg−1 CaCO3, Clauwaert et al., 2020; Luan et al.,
2019; Zhang et al., 2020). The treatment presented in the current
study showed a competitive energy consumption (3.3 ± 1.1 kWh
kg−1 CaCO3, strategy B1), even though groundwater was treated
instead of recirculating cooling water. The electrochemical water
softening effectiveness on groundwater was also confirmed by the
drastic reduction of the saturated index by 90% (Table 3). Softened
water presented further characteristics suitable for nitrate electro
bioremediation (Supplementary data, Table S1). For instance, nitrate
content was not modified during the electrochemical water softening,
and macronutrients for bacteria growth (e.g., phosphorous and potas-
sium) remained present in the treated groundwater. A neutral pH, opti-
mal for denitrification (Clauwaert et al., 2009) was maintained (6.5 ±
0.5). The low electrical conductivity (0.4 ± 0.0 mS cm−1) was the
Table 2
Summary of the results corresponding to detachment and precipitation periods in the continu
period by applying polarity reversal every 3–4 days, and strategy B2 with detachment period b

Operational strategy A B1

Detachment period of 10 min
Periodicity Never Every 3
Energy consumption – 8 ± 2

Precipitation
Softening time 13 19
Effluent hardness 115 ± 15 127 ±
Hardness removal efficiency 64 ± 4 62 ± 7
Calcium removal efficiency 71 ± 5 64 ± 7
Magnesium removal efficiency 29 ± 5 47 ± 1
Hardness removal rate 305 ± 17 308 ±
Effluent electric conductivity 0.4 ± 0.0 0.4 ±
Effluent pH 6.0 ± 0.1 6.4 ±
Energy consumption 3.6 ± 0.9 3.3 ±

6

most limiting factor and it could reduce the effectiveness of the electro
bioremediation treatment due to a limited ion diffusion capacity (Puig
et al., 2012). Taking all results together, electrochemical softening pre-
sented the appropriate characteristics as a pretreatment for nitrate
electro bioremediation.

3.3. Coupling electrochemical water softening to nitrate electro bioremedi-
ation

A bioelectrochemical reactor for nitrate electro bioremediation,
which had successfully treated synthetic groundwater in previous
work (Ceballos-Escalera et al., 2021), was switched to treat the softened
groundwater. Table 4 compares the main characteristics and results of
the electro bioremediation for nitrate removal operating with synthetic
and softened groundwater at HRTcat of 2.1 h. Treatment effectiveness
had similar values treating softened groundwater or synthetic
medium. Nitrate removal efficiency remained at 97 ± 1% with a
nitrate removal rate of 1269 ± 30 g NO3

− m−3
NCC d−1 and a cathodic

coulombic efficiency of 89 ± 5%. The effluent nitrate concentration
remained at values below 15 ± 7 mg NO3

− L−1, and neither nitrite nor
nitrous oxide were detected. Hence, the effluent achieved the drinking
water standards in terms of nitrates and nitrites (Nitrates Directive,
91/ 767 /EU). The low conductivity of softened groundwater (0.4 mS
cm−1) did not affect significantly the nitrate removal performance,
but it generated overpotentials that increased the cell voltage of the
system (Table 4). Consequently, the specific energy consumption
increased by 23% from 5.1 ± 0.4 to 6.3 ± 0.3 kWh kg−1 NO3

−

compared with the operation treating synthetic groundwater (1.3 ±
0.2 mS cm−1). Nevertheless, the low conductivity did not become a
ous flow mode. Strategy A without any detachment period, strategy B1 with detachment
y applying polarity reversal every day.

B2 Units

: Polarity reversal setting
–4 days Every day –
× 10−5 7 ± 3 × 10−5 kWh cycle−1

period
17 days

22 126 ± 30 mg CaCO3 L−1

60 ± 10 %
67 ± 7 %

3 50 ± 8 %
33 274 ± 44 mg CaCO3 m−2 h−1

0.0 0.4 ± 0.0 mS cm−1

0.4 7.1 ± 0.6 –
1.1 3.1 ± 1.3 kWh kg−1 CaCO3



Table 3
Saturation index (pH = 8) of the main minerals that can precipitate in the untreated groundwater and after the electrochemical treatment. Data obtained from the freeware chemical
equilibrium model Visual MINTEQ ver. 3.1 (KTH Royal Institute of Technology, Sweden). The phase composition of precipitate formed on the cathode surface after strategies A and B2.
Solid analyzed by powder X-ray diffraction (XRD) (mod. D8 Quest Eco, Bruker).

Mineral Saturation index (=log IAP – log Ks) Precipitate composition (%)

Untreated
groundwater

Treated
groundwater

Strategy A Strategy B2

Aragonite (CaCO3) 1.18 −0.07 27.8 14.3
Calcite (CaCO3) 1.32 0.07 65.4 56.7
Dolomite, disordered (CaMg(CO3)2) 1.75 −0.54 n.d. n.d.
Dolomite, ordered (CaMg(CO3)2) 2.30 0.01 n.d n.d
Vaterite (CaCO3) 0.75 −0.50 n.d n.d
Brucite (Mg(OH)2) −4.24 −4.61 6.8 29.0
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critical factor for the overall nitrate removal performance. The hardness
accumulation rate in the bioelectrochemical reactor with the softened
groundwater was minimal (24 ± 7 g CaCO3 m−3

NCC d−1, 1.4 ± 0.4%),
avoiding the massive scale formation in the bioreactor. These results
prove the applicability of the electrochemical water softener as a
pretreatment of nitrate electro bioremediation.

3.4. Cost-benefit analysis of the combined treatment

Cost analysis is a decisive parameter to assess a new technology.
Thus, this study performed a preliminary construction (CAPEX) and op-
erational (OPEX) cost evaluation to show the combined treatment fea-
sibility (Fig. 4). The electrodes and the ion exchange membrane were
considered the main cost in the electrochemical reactor construction.
While, the operational cost of the electrochemical-based treatments
was calculated assuming three main costs: power supply for bio- and
electrochemical reactions, power for other equipment (pumping sys-
tem), and reagents.

Electrochemical water softening was demonstrated to be an adapt-
able method as a pretreatment for electro bioremediation. On the one
hand, the investment cost around 60 € considering only the electrodes
and the estimated operational cost of 0.37 € m−3 emphasized the po-
tentiality of the proposed treatment. The main reactor cost was the
anode electrode (Ti-MMO, 700 € m−2), but it is expected to have a
long lifetime. Whereas the cathode electrode can be faster damaged.
On the other hand, the operational cost balance showed the critical
point on the reagents (HCl) for the periodical chemical cleaning (60%
of the total cost). Hence, cleaning optimization or increasing softening
lifetime promises to reduce the operating cost significantly. In this
sense, the present study increased the softening time around 48%before
the chemical cleaning by applying reversal polarity periods with a cost
lower than 0.01 € m−3. The second important parameter on OPEX was
the power supply for the electrochemical reactions, consuming 0.69
kWhm−3 of treated groundwater (0.14 €m−3). The cost is competitive
compared to other conventional treatments such as chemical precipita-
tion or ion exchange softening, the cost is competitive. For instance, Van
der Bruggen et al. (2009) approximated the reagents cost for CaCO3
Table 4
Average of the results obtained nitrate electro bioremediation using synthetic groundwater an

Synthetic groundwater
(Ceballos-Escalera et al., 2021)

Cathodic hydraulic retention time 2.0 ± 0.1
Influent electric conductivity 1.3 ± 0.0
Influent pH 8.2 ± 0.1
Influent nitrate concentration 156 ± 4
Nitrate loading rate 1909 ± 95
Nitrate reduction rate 1906 ± 97
Nitrate reduction efficiency 99 ± 0
Coulombic efficiency 106 ± 10
Cell voltage −2.21 ± 0.01
Energy consumption 5.3 ± 0.5
Hardness accumulation rate –

7

precipitation using NaOH addition in a pellet reactor at 3.18 € m−3.
Ion exchange softening presented a lower cost (0.15 € m−3,
calculation in Supplementary data), although the resin regeneration
had an intrinsic environmental desalination cost that was not
considered in that balance.

For nitrate electro bioremediation, the estimated CAPEX for the elec-
trodes materials and the membrane was reduced to 12 €, being the
membrane themain cost. In the sameway, the operational cost was es-
timated to be 0.14 € m−3 considering the principal cost in the power
supply for the bioelectrochemical reactions (0.69 kWh m−3). In con-
trast, the energy consumption for the pumping was calculated to be
<0.01€m−3 (Supplementary data). Thus, the combined treatment pre-
sented a low-cost construction and operation with an estimated total
CAPEX of <70 € and OPEX of 0.51 € m−3. The energy consumption is
also an important parameter to evaluate. The calculated energy con-
sumption of 1.4 kWh m−3 demonstrated the competitiveness of the
combined treatment compared with other conventional treatments
that also separate nitrate and other ions, such as reverse osmosis
(0.9–2.2 kWh m−3, Twomey et al., 2010). Nevertheless, nitrate treat-
ments are currently moving from the non-specific separation to the
complete reduction for their transformation or recovery (Vilardi,
2019; Vilardi et al., 2020). In this sense, electro bioremediation increases
the value of the treatment in terms of complete nitrate reduction to
dinitrogen gas (inert gas) in front of concentrated brines generated in
reverse osmosis.

4. Conclusions

A novel treatment for nitrate in hard groundwaterwas developed by
coupling an electrochemical softener and nitrate electro bioremedia-
tion. Electrochemical water softening was demonstrated to be suitable
as a preliminary step for nitrate electro bioremediation. Batch mode
tests determined that a single-chamber reactorwith a cathode potential
of −1.2 V vs. Ag/AgCl was the best configuration to obtain an effluent
with suitable characteristics for the following electro bioremediation
treatment. Continuous flow-mode studies achieved a hardness removal
efficiency of around 60% resulting in a reduction of the saturation index
d electrochemical water softening.

Softened groundwater Units

2.1 ± 0.1 h
0.4 ± 0.0 mS cm−1

7.0 ± 0.2
114 ± 3 mg NO3

− L−1

1291 ± 30 g NO3
− m−3

NCC d−1

1269 ± 30 g NO3
− m−3

NCC d−1

97 ± 1 %
89 ± 5 %
−3.20 ± 0.05 V
6.3 ± 0.3 kWh kg−1 NO3

−

24 ± 7 g CaCO3 m−3
NCC d−1



Fig. 4. Preliminary analysis of construction (CAPEX) and operational cost of the combined treatment based on electrochemical water softening and nitrate electro bioremediation.
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of calcium andmagnesiumminerals up to 90%. Periods of reverse polar-
itywere implemented to increase the softening active time, overcoming
themain drawback of the electrochemical water softening. The applica-
tion of reverse polarity periods every 3–4 days increased the softening
time by 48% at low cost (< 0.01 €m−3), and reduced the need of chem-
ical cleanings (main operation cost, 60%). Finally, the softened ground-
water was treated by electro bioremediation, with a high conversion
of nitrate into dinitrogen gas (97 ± 1; 1269 ± 30 g NO3

− m−3
NCC d−1).

Consequently, the combined treatment produced an effluent that
achieved the standards for drinking water in terms of both nitrates
and nitrite at a competitive cost.
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