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ARTICLE INFO ABSTRACT

Keywords: Long-term consumption of groundwater containing elevated levels of arsenic (As) can have severe health con-
Arsenic sequences, including cancer. To effectively remove As, conventional treatment technologies require expensive
Groundwater

chemical oxidants to oxidise neutral arsenite (As(IlI)) in groundwater to negatively charged arsenate (As(V)),
which is more easily removed. Rapid sand filter beds used in conventional aeration-filtration to treat anaerobic
groundwater can naturally oxidise As(II) through biological processes but require an additional step to remove
the generated As(V), adding complexity and cost. This study introduces a novel approach where As(V), produced
through biological As(III) oxidation in a sand filter, is effectively removed within the same filter by embedding
and operating an iron electrocoagulation (FeEC) system inside the filter. Operating FeEC within the biological
filter achieved higher As(III) removal (81 %) compared to operating FeEC in the filter supernatant (67 %). This
performance was similar to an analogous embedded-FeEC system treating As(V)-contaminated water (85 %),
confirming the benefits of incorporating FeEC in a biological bed for comparable As(III) and As(V) removal.
However, operating FeEC in the sand matrix consumed more energy (14 Wh/m?) compared to FeEC operated in a
water matrix (7 Wh/m®). The efficiency of As removal increased and energy requirements decreased in such
embedded-FeEC systems by deep-bed infiltration of Fe(IIl)-precipitates, which can be controlled by adjusting
flow rate and pH. This study is one of the first to demonstrate the feasibility of embedding FeEC systems in sand
filters for groundwater arsenic removal. Such systems capitalise on biological As(III) oxidation in aeration-
filtration, effectively eliminating As(V) within the same setup without the need for chemicals or major
modifications.

Iron electrocoagulation
Drinking water

1. Introduction 2021; Kowalski, 2014). However, these methods often face limitations

in terms of their efficacy, primarily due to the oxidation state of As. In

To minimise the potential health risks associated with elevated levels
of arsenic (As) in groundwater, it is crucial to treat the water before
consumption. Exposure to such contaminated water has been linked to
various cancers, including skin, lung, prostate, and kidney cancer, as
well as neurodevelopmental issues in children (Kapaj et al., 2006; Sodhi
et al., 2019; Steinmaus et al., 2014). Consequently, the World Health
Organization (WHO) has established a provisional guideline value of
less than 10 ug/L As in drinking water (WHO, 2004).

Extensive research has been conducted on various standard tech-
nologies, such as adsorption, coagulation, precipitation, and filtration,
to address the removal of arsenic (As) from groundwater (Alka et al.,
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raw anaerobic groundwater, As exists as neutrally charged arsenite (As
(II1)) (H3AsOg3), which is more difficult to remove compared to the
oxidised form, arsenate (As(V)), a negatively charged oxyanion at
neutral pH (HyAsOy. /HASO%’) (Roberts et al., 2004).

While aeration is commonly employed after extracting raw anaer-
obic groundwater, the oxidation of As(III) to As(V) through aeration (i.
e., oxidation by molecular oxygen) at near-neutral pH is a slow process,
taking several days for completion (Hug and Leupin, 2003). Conse-
quently, to enhance the removal of As(IIl) using the aforementioned
technologies, pre-oxidation to As(V) using strong chemical oxidants like
NaOCl and KMnO4 has been reported (Ahmad et al., 2018; Sorlini and
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Gialdini, 2010). However, the use of chemical oxidants increases costs,
can lead to operational difficulties, and generates unwanted by-products
that necessitate additional treatment (Jackman and Hughes, 2010;
Katsoyiannis and Zouboulis, 2004).

Other studies have proposed a chemical-free approach to achieve
effective oxidation of As(III) during conventional aeration-filtration by
employing arsenic-oxidising bacteria (AsOB) to biologically oxidise As
(II1) (Gude et al., 2018c; Katsoyiannis and Zouboulis, 2004; Lytle et al.,
2007). Long-term exposure of rapid sand filter (RSF) beds to As
(IlD)-contaminated water leads to the development and accumulation
of a diverse microbial community, including AsOB, which effectively
oxidise As(III) throughout the filter bed depth (Gude et al., 2018c; Roy
et al., 2020). Additionally, aeration-filtration is commonly employed to
remove native-Fe(II) from groundwater by oxidising it to form Fe
(IID)-precipitates, which can potentially adsorb the oxidised As(V) and
remove it during this treatment step. However, complete biological As
(IT) oxidation predominantly occurs at a specific depth within the filter
bed (around 40-60 cm from the top layer) (Gude et al., 2018a, 2018b;
Yang et al., 2014), where the Fe(Ill)-precipitates have already been
removed and are unavailable for adsorption of As(V) (Gude et al., 2018a,
2018b). Therefore, additional dosing of Fe is necessary to remove the
biologically oxidised As(V) after aeration-filtration.

Iron-electrocoagulation (FeEC) is a chemical-free method that can be
employed to introduce Fe into water and remove the oxidised As(V), as
demonstrated in numerous studies focusing on treating As-contaminated
water (Amrose et al., 2014; Bandaru et al., 2020; Delaire et al., 2017;
Mollah et al., 2004). In FeEC, an electric current is passed through Fe(0)
electrodes, releasing Fe(II) ions from the sacrificial Fe(0) anode into the
solution. These Fe(Il) ions can be oxidised by dissolved oxygen (DO) to
produce Fe(IlI)-precipitates with a high affinity for adsorbing As (van
Genuchten et al., 2012). Various forms of Fe(Ill)-precipitates, ranging
from poorly-ordered hydrous ferric oxides to crystalline magnetite, have
been observed during FeEC, with As being either adsorbed or incorpo-
rated into the solid structure (van Genuchten et al., 2012, 2014, 2019,
2020). However, conventional FeEC has primarily been applied in a
water matrix. Therefore, to harness the benefits of biological As(III)
oxidation in conventional aeration-filtration, FeEC should be positioned
post-filtration, allowing oxidation to occur within the filter bed. The
conventional approach would involve applying FeEC to the filtrate of the
biological bed, followed by an additional filtration step to remove the
As-laden Fe(Il)-precipitates, which would require constructing addi-
tional infrastructure. By contrast, an ideal system would utilise a single
integrated reactor to couple both biological As(III) oxidation and Fe(III)
production via FeEC. Such a system could be achieved by embedding
and operating FeEC within the biological sand filter to generate and
filter Fe within a single system. However, to the best of our knowledge,
embedding FeEC has only recently been investigated for As removal in
soils and has not been studied in the context of a sand filter (Kumpiene
et al., 2023). Examining embedded-FeEC within a sand filter is crucial
for understanding key parameters, including overall As removal effi-
ciency, energy consumption and the role of FeEC operating conditions,
before implementing such a system at scale.

In this study, we evaluated three specific systems: FeEC embedded
and operated inside a biotic filter bed, FeEC in the supernatant of a biotic
filter bed, and FeEC embedded inside an abiotic filter bed. The perfor-
mance of these different systems was compared in terms of As removal
efficiency, energy consumption, and deep-bed Fe infiltration, with
additional consideration of the impact of FeEC location, biological As
(III) oxidation, initial As oxidation state, and operational conditions (Fe
dosage, flow rate, and pH). The novelty of this work lies in effectively
utilising the biological As(III) oxidation step in conventional aeration-
filtration and removing the oxidised As(V) within the same filtration
step, without any chemicals and major structural changes. The results
from this study improve the understanding of the operation of such
embedded-FeEC systems for As removal under a range of realistic
conditions.

Water Research 252 (2024) 121233

2. Materials and methods
2.1. Experimental setup

2.1.1. Batch-FeEC

The quantity of iron (Fe) released from the anode during iron-
electrocoagulation (FeEC) is directly related to the charge dosage (CD)
(q in C/L) and can be determined using Faraday’s law (Eq. (1)) (Roy
et al., 2020).

QM IM  IM
nF~ nFV  nFQ

@

where, W = Amount of generated Fe (mg/L); I = Applied current (A); t =
Electrolysis time (s); M = Molecular weight of Fe (mg/mol) = 55,845; F
= Faraday’s constant (96,485 C/mol); n = Number of transferred elec-
trons (2 for Fe); V = Solution volume (L); Q = Flow rate (L/s).

To determine the appropriate CD or Fe dosage for the subsequent
flow-through embedded-FeEC experiments, batch FeEC experiments
were conducted. A comprehensive description of the batch FeEC reactor,
operational parameters, and the obtained results can be found in the
Supplementary Information (S1 and S2).

2.1.2. Column setup

The experimental setup consisted of four PVC down-flow columns,
each with a height of 1.7 m and a diameter of 7.4 cm (Fig. 1(A)). These
columns contained fresh anthracite, serving as the filter material, with a
bed height of 80 cm. The anthracite material had a porosity of 0.43
+0.01 and a median particle size (dsp) of 1.9 mm. During the experi-
ments, a supernatant water level of 20-25 cm above the anthracite bed
was maintained. Prior to the experiments, the anthracite beds were
thoroughly backwashed with tap water until the supernatant appeared
visually clean, ensuring the removal of solids.

Two of the four columns were initially used to establish a microbial
community capable of oxidising As(III) within the anthracite beds
(referred to as biotic columns) (Fig. 1(B)) (further details in Section
2.2.1). Subsequently, modifications were made to the two biotic col-
umns: one had a FeEC cell placed inside the bed (referred to as biotic
embedded-FeEC), and the other had the FeEC cell placed in the super-
natant water (referred to as supernatant-FeEC) (Fig. 1(C)) (further de-
tails in Section 2.2.2). A clean layer of sand (height = 40 cm; porosity =
0.4040.01; d50 = 1.2 mm) was also added at the bottom of the biotic
embedded-FeEC and supernatant-FeEC columns to enhance filtration.
The remaining two columns were duplicates, with anthracite beds that
were abiotic but embedded with a FeEC cell (referred to as abiotic
embedded-FeEC) (Fig. 1(D)) (further details in Section 2.2.3).

The FeEC cell in all four columns consisted of two perforated Fe
electrodes (anode diameter = 75 mm; cathode diameter = 55 mm;
perforation diameter = 12 mm; open surface area = 51 %) (Fig. S4 and
S5), connected to a DC power supply (TENMA 72-10,500 Power Supply,
30 V, 3A). The electrodes were horizontally positioned within the
anthracite bed or in the supernatant water. The perforations allowed for
easy placement and removal of the electrodes during backwashing of the
filter bed. The anode was positioned downstream of the cathode, and an
inter-electrode gap of 1.5 cm was maintained using a plastic spacer
(Fig. S5). Nylon wire was used to secure the electrodes and maintain a
consistent configuration throughout the experiment. Before and after
the FeEC operation, backwashing was performed with tap water to
achieve a visually clean supernatant (approximately 15 min before and
30 min after FeEC operation), resulting in a bed expansion of 25-30 %.
During these backwashing periods, the electrodes were lowered into and
removed from the fluidised bed. Prior to placement, the electrodes were
cleaned following the procedure described in the batch study (S1). When
the FeEC cell was not operational, the electrodes were kept dry outside
the columns. Sample points were located on the sides of the columns,
corresponding to different heights within the bed.
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Fig. 1. Schematic diagram of the different columns used and overview of the experiments performed during this study.

2.2. Overview of column experiments

2.2.1. Establishing As(Ill) oxidising microbial community

The procedure for establishing an As(III)-oxidising biomass on a sand
bed resembled the methodologies outlined in the previous studies by
Gude et al. (2018c¢), and Roy et al. (2020). These studies focused on the
establishment and characterisation of AsOB in sand filters for biological
As(III) oxidation. To establish an As(III)-oxidising biomass, the two bi-
otic filter columns were subjected to a nine-week ripening period with
150 ug/L As(III)-spiked tap water flowing at a rate of 3 m/h (Fig. 1(B)).
During this period, aluminium foil was wrapped around the columns to
shield the filter material from light exposure. The pH of the water was
consistently maintained at 7.9+0.1 using HNOj3 acid, which was the pH
of the tap water used in this study (Table S2). The extent of biological As
(III) oxidation within the columns was assessed on a weekly basis by
analysing the speciation of dissolved As in the influent and effluent
(speciation procedure in Section 2.4). Once the microbial biomass in the
filter beds had been established, capable of oxidising over 95 % of the
influent 150 pg/L As(Ill) in the effluent (after nine weeks), an As(IIl)
oxidation profile across the bed height was obtained to determine the
optimal placement of Fe electrodes within the biological bed.

2.2.2. As(Ill) removal in biotic embedded- and supernatant-FeEC columns

The biotic embedded-FeEC and supernatant-FeEC columns were
utilised for these experiments (Fig. 1(C)). In the biotic embedded-FeEC
column, the Fe electrodes were positioned at a filter depth of 50 cm
from the top of the filter bed, where 85 % of the As(III) oxidation was
observed in the ripened anthracite bed during week 9. In the
supernatant-FeEC column, the Fe electrodes were placed in the super-
natant water, 15 cm above the top of the bed.

To assess and compare the removal of As(III) in the two columns, tap
water spiked with 150 ug/L As(III) was fed into both columns at a flow
rate of 3 m/h, pH of 8.0, and FeEC operated at a CD of 6.4 C/L (or [ =

0.022 A as per Eq. (1)). The CD value was determined based on the
batch-FeEC experiments (S2). The two columns were operated contin-
uously for three consecutive days, with FeEC operated for 11 h each day.
Water samples were collected from the influent and effluent at the 7th,
9th, and 11th hour of operation. At the 11th hour, additional samples
were collected at depths of 40 cm and 80 cm from the top of the bed to
obtain As and Fe oxidation/removal profiles, followed by a backwashing
step. After 11 h of FeEC operation and backwashing, the columns were
flushed with tap water (without As) until the subsequent trial, which
occurred approximately 12 h later, to minimise the impact of As
desorption from the filter bed.

2.2.3. Effect of As oxidation state on removal in embedded-FeEC systems

To investigate the influence of the As oxidation state on the perfor-
mance of embedded-FeEC and the potential advantages of embedding
FeEC in a biological bed for As(Ill) removal, a separate set of experi-
ments were conducted using As(V)-spiked tap water. In these experi-
ments, the duplicate abiotic embedded-FeEC columns were utilised,
with the Fe electrodes embedded 10 cm from the top of the abiotic
anthracite bed (Fig. 1(D)). Both columns were operated with tap water
spiked with 150 pg/L As(V), while maintaining similar pH, flow rate,
and CD as the biotic embedded-FeEC column (Section 2.2.2). Conse-
quently, the abiotic embedded-FeEC columns served as control, and the
results were then compared to As(III) removal in the biotic embedded-
FeEC column (Section 2.2.2). The experiments were carried out
continuously for three consecutive days, with FeEC operated for 7 h each
day. Water samples were collected from the influent and effluent at the
4th, 5th, 6th, and 7th hour of operation. At the 7th hour, additional
samples were collected at depths of 20 cm, 40 cm, and 60 cm from the
top of the bed to obtain As and Fe oxidation/removal profiles, followed
by the backwashing procedure.
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2.2.4. Effect of operational conditions on deep-bed Fe infiltration and As
removal in embedded-FeEC systems

Since the distribution of Fe(Ill)-precipitates deep within the sand
filter can increase As removal, experiments were conducted to investi-
gate the effects of charge dosage (CD), flow rate, and pH on the infil-
tration of Fe(IlI)-precipitates within the embedded-FeEC systems and its
impact on As removal. The duplicate abiotic embedded-FeEC columns
(Fig. 1(D)) were utilised for these experiments, operating under different
conditions compared to the reference condition in Section 2.2.3 (CD =
6.4 C/L, flow rate = 3 m/h, pH = 8.0). The columns were run under
modified conditions by either increasing the CD to 9.4 C/L (higher CD),
increasing the flow rate to 5 m/h (higher flow rate), or lowering the pH
to 7.0 (using HNOg). The Fe and As depth profiles obtained during these
experiments with varying operational conditions were then compared to
the reference condition described in Section 2.2.3. The experimental
duration, sampling procedures, and other protocols were consistent with
those of the reference condition in Section 2.2.3.

2.3. Energy consumption

The energy consumption in the embedded- and supernatant-FeEC
columns was estimated by monitoring the cell potential (E) and the
applied current (I) during the experimental period and represented per
unit of water treated, see Eq. (2).

EI

Energy consumption (Wh /m*)=mV + 3 )

where m = Rate of increase in energy consumption per unit of treated
water (Wh/mB/L); V = Volume of treated water (L); EI/Q = Initial en-
ergy consumption (Wh/m®) at the start of the experiment; E = Total cell
potential (V); I = Applied current (A); Q = Flow rate (m3/h).

2.4. Used water, chemicals, sampling and analytical methods

Chlorine-free Dutch tap water was used in all experiments, and its
composition can be found in Table S2. To introduce As(III)/As(V) into
the tap water, stock solutions were freshly prepared by dissolving so-
dium (meta)arsenite (NaAsO;) or sodium arsenate dibasic heptahydrate
(NagHAsO4-7H20) from Sigma-Aldrich in ultrapure water. Ultrapure
nitric acid (ROTIPURAN Ultra 69 %) was employed for pH adjustment,
and the pH levels were monitored using a WTW SenTix 940 pH meter.

Water samples were collected for analysis in triplicate using three
different methods: (a) unfiltered, (b) filtered through a 0.20 ym poly-
styrene sulfone filter from Macherey-Nagel GmbH & Co. KG, and (c)
filtered through a 0.20 pm polystyrene sulfone filter followed by an
anion exchange resin. All three types of samples were acidified with
ultrapure nitric acid (ROTIPURAN® Ultra 69 %) and stored at 4 °C
before analysis. The speciation of dissolved As (i.e., As(III) and As(V))
was determined using an anion exchange resin (Amberlite* IRA-402
chlorite form resin) following the method described by Gude et al.
(2018c). In the case of column samples, the Fe concentration after
filtration with a 0.20 um polystyrene sulfone filter was considered as
dissolved Fe (or Fe(II)), while the difference in Fe concentration be-
tween the unfiltered and 0.20 pm polystyrene sulfone filtered samples
represented particulate Fe (Fe solids that were not retained by the filter
bed). As and Fe concentrations were analysed using inductively coupled
plasma mass spectrometry (ICP-MS) with an Analytik Jena PlasmaQuant
MS instrument. The values presented in the graphs in the "Results and
discussions" section represent the average of the collected water samples
for each data point, and the error bars indicate the corresponding
standard deviation.

Water Research 252 (2024) 121233

3. Results and discussions
3.1. Ripening of biotic columns

Fig. S3 illustrates the As speciation in the effluent of the duplicate
biotic columns (Fig. 1(B)) after being ripened with 150+20 ug/L As(III)-
spiked tap water for nine weeks before their modification into the biotic
embedded- and supernatant-FeEC columns. Throughout the nine-week
ripening period, the oxidation of influent As(III) began within the
anthracite beds, and by the 9th week, approximately 95 % of the initial
150+20 pg/L As(IlI) had been converted to As(V) in the effluent
(Fig. S3). This trend of As(III) oxidation within the filter bed over time
aligns with previous studies that focused on the establishment and
characterisation of AsOB in sand filters for biological As(IIl) oxidation
(Gude et al., 2018b, 2018¢; Roy et al., 2020). Furthermore, the As(IIl)
speciation across the ripened anthracite bed depths in week 9 revealed
that approximately 88 % of the influent As(III) had been oxidised at a
depth of 40 cm (Fig. 2). This finding is consistent with earlier research
indicating that biological activity is highest in the upper section of the
filter bed (Gude et al., 2016, 2018c). Consequently, when assembling
the biotic embedded-FeEC column (Fig. 1(C)) using one of the ripened
anthracite columns, the Fe electrodes were positioned at a depth of 50
cm from the top of the filter bed.

3.2. Fe and As depth profile in biotic embedded-FeEC and supernatant-
FeEC columns

The As and Fe depth profiles during the runs in the biotic embedded-
and supernatant-FeEC columns, which were assembled by modifying the
duplicate abiotic columns after ripening, are presented in Fig. 3(A) and
(B). Both columns were operated with tap water spiked with 150+20
pg/L As (130410 ug/L As(IIl)) as the influent, at a flow rate of 3 m/h,
and pH of 8.0. The FeEC cell was operated at a CD of 6.4 C/L, which was
determined from the batch FeEC experiments (S2).

The Fe profiles in both columns demonstrate that Fe generation by

Dissolved As (ug/L)
0 100 200

SN—E—

20 | ¥

40

60

Anthracite bed depth (cm)

,_l_
+
ml

80

—

BAs(II) OAs(V)

Fig. 2. As(IIl) oxidation profile over the depth in the duplicate biotic columns
after nine weeks of ripening with 150+20 ug/L As(III)-spiked tap water. SN =
supernatant.
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FeEC within the sand matrix was similar to conventional FeEC in a water
matrix. In this process, Fe(Il) was released from the anode, oxidised to Fe
(IID)-precipitates, and distributed across the height of the bed. In the
supernatant-FeEC column, a total Fe concentration of 1.74+0.2 mg/L was
measured in the supernatant water just below the FeEC cell. This
released Fe corresponds to a Faradaic efficiency of approximately 1 (see
eq. 1; theoretical Fe release of 1.85 mg/L), under the conditions of CD =
6.4 C/L and flow rate = 3 m/h, which aligns with literature findings (van
Genuchten et al., 2018, 2017). It was assumed that a similar Fe release
occurred in the biotic embedded-FeEC column (indicated by the yellow
circle in Fig. 3(A)) since both systems were operated at a constant CD
and flow rate. However, the actual Fe released by the embedded-FeEC
could not be measured accurately due to filtration effects.

The Fe depth profiles in both columns exhibited rapid oxidation,
precipitation, and filtration of the anodically-generated Fe(II). This
could be attributed to the relatively high pH (8.0) and the saturated DO
concentration of the solution. In the biotic embedded-FeEC column, at a
bed depth of 30 cm below the FeEC cell, a dissolved Fe concentration of
0.1 mg/L and a particulate Fe concentration of 0.5 mg/L were measured,
corresponding to 94 % oxidation and precipitation, as well as 67 %
filtration of the released Fe(II) (considering a theoretical release of 1.85
mg/L Fe) (Fig. 3(A)). Similar trends were observed in the supernatant-
FeEC column. Below the anode in the supernatant, a dissolved Fe con-
centration of 0.1 mg/L was measured, indicating 94 % oxidation and
precipitation of the released 1.7+0.2 mg/L Fe(Il). At a depth of 40 cm
within the filter bed, 70 % (0.5 mg/L measured as dissolved + partic-
ulate) of the released 1.7+0.2 mg/L Fe(II) was filtered (Fig. 3(B)). These
findings align with previous studies that demonstrated effective Fe
removal in rapid sand filter beds (Gude et al., 2018b; Yang et al., 2014).
Deeper within the bed, further oxidation and filtration of the remaining
Fe were observed, which resulted in presence of only 0.2 mg/L Fe (0.1
mg/L particulate Fe) and 0.1 mg/L Fe (0.09 mg/L particulate Fe) in the
effluent of the biotic embedded- and supernatant-FeEC columns,
respectively. With optimisation of the filter media size, bed depth, and
contact time, the removal of the remaining Fe in the effluent can be
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further improved.

The Fe released from the FeEC cell played a significant role in the
removal of a large portion of the influent As(III) in both columns. Fig. 3
(A) and (B) illustrate the removal of the influent 150420 ug/L As (130
+10 pg/L As(IIl)) over the depth of the two columns during the exper-
imental runs. The effluent As concentrations in the biotic embedded-
and supernatant-FeEC columns were 28.9+2.5 pg/L (3.2+0.6 ug/L As
(II1)) and 49.1+5.3 ug/L (2.04+0.5 pg/L As(IIl)), respectively. This in-
dicates that the Fe(Ill)-precipitates generated by FeEC effectively
adsorbed and removed the As, leading to a decrease in concentration
across the filter depths. However, the biotic embedded-FeEC system (81
% removal) outperformed the supernatant-FeEC system (67 % removal),
with nearly double the residual As in the effluent of the supernatant-
FeEC system. The higher As removal in the biotic embedded-FeEC col-
umn can be attributed to the biological oxidation of influent As(III) to As
(V) in the ripened anthracite bed prior to the FeEC cell (Fig. 3(A)) (Roy
et al., 2020). Fig. 3(A) demonstrates that at a depth of 40 cm, over 85 %
of the influent As(III) was oxidised to As(V). Therefore, the FeEC in the
biotic embedded-FeEC column (positioned at a depth of 50 cm) mainly
operated in water containing As(V), which was not the case for the
supernatant-FeEC column (Fig. 3(B)). The pre-oxidation of As(IIl) by
biological processes in the biotic embedded-FeEC column resulted in a
higher removal of the influent As(III), as Fe(IIl)-precipitates generated
by FeEC have a greater affinity to adsorb As(V) than As(III) (Roberts
et al., 2004). In the supernatant-FeEC column, biological oxidation of
the unadsorbed As(III) was also observed in the filter bed at depths of 40
cm and 80 cm, respectively (Fig. 3(B)). However, due to insufficient
remaining concentrations of Fe, the oxidised As(V) was not further
removed.

3.3. Effect of As oxidation state on removal in embedded-FeEC

To further validate the improved As(III) removal in the biotic
embedded-FeEC column (Section 3.2) and study the influence of As
oxidation state on the removal performance of the embedded-FeEC
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Fig. 3. Fe and As depth profile over the bed height in the biotic embedded-FeEC (A) and supernatant-FeEC (B) filter columns. Tap water spiked with As(III) was
dosed as the influent and the columns were operated at CD = 6.4 C/L, flow rate = 3 m/h, and pH = 8.0. The Fe graph shows the concentration of dissolved Fe and
particulate Fe that was not filtered by the bed. The yellow circle in (A) indicates the theoretical 1.85 mg/L Fe released by FeEC at CD = 6.4 C/L and flow rate = 3 m/

h, as per Eq. (1). SN = supernatant.
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system, experiments were conducted by embedding FeEC (depth = 10
cm) in an abiotic bed (duplicate abiotic embedded-FeEC columns)
operated with As(V) (Fig. 1(D)). The Fe and As depth profiles during
these runs are shown in Fig. 4. The charge dosage (CD), flow rate, and
pH were similar to the biotic embedded-FeEC system, except that the
influent tap water contained 14645 pg/L As(V). The results demonstrate
that, similar to the biotic embedded-FeEC system in Section 3.2, Fe(II)
was released in the abiotic bed, rapidly oxidised to Fe(Ill)-precipitates,
and filtered below the FeEC cell. Within 10 cm and 30 cm of the filter
bed (below the FeEC cell), approximately 46 % and 69 % of the released
Fe(II) was oxidised and filtered, respectively (considering a theoretical
Fe release of 1.85 mg/L). This release of Fe inside the bed led to the
removal of the influent As(V) (Fig. 4), with the effluent dissolved As(V)
concentration being 21+3.4 nug/L, corresponding to 85 % removal.
These findings align with the results of the biotic embedded-FeEC col-
umn presented in Section 3.2, where, due to biological As(III) oxidation
to As(V), a removal efficiency of 81 % for influent As(III) was observed.
This validates the advantage of embedding FeEC in a biological bed,
where As(III) removal achieved by embedded-FeEC (under similar Fe
dosage) is comparable to that of As(V).

3.4. Enhancing deep-bed infiltration of Fe in embedded-FeEC filter beds

Previous studies have indicated that deep-bed infiltration of Fe(III)-
precipitates in sand filters can have a positive effect on As removal
(Gude et al., 2018b). However, the rapid filtration observed in the biotic
and abiotic embedded-FeEC columns suggested that deep-bed infiltra-
tion was not occurring, potentially limiting As removal due to a shorter
contact time with the precipitates. To investigate this further, a set of
experiments were conducted to assess the impact of varying operational
parameters (CD, flow rate, pH) on achieving deep-bed infiltration of the
Fe(IIl)-precipitates in the embedded-FeEC system and the corresponding
impact on As removal. The duplicate abiotic embedded-FeEC columns
discussed in Section 3.3 were used for these experiments, with the CD,
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Fig. 4. Fe and As depth profile over the bed height in the duplicate abiotic
embedded-FeEC filter columns. Tap water spiked with As(V) was dosed as the
influent and the columns were operated at CD = 6.4 C/L, flow rate = 3 m/h,
and pH = 8.0. The Fe graph shows the concentration of dissolved and partic-
ulate Fe that was not filtered by the bed. The yellow circle indicates the
theoretical 1.85 mg/L Fe released by FeEC at CD = 6.4 C/L and flow rate = 3
m/h, as per Eq. (1). SN = supernatant.
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flow rate, or pH being altered. Fig. 5(A), (B), and (C) depict the Fe and As
depth profiles in the abiotic embedded-FeEC columns under higher CD
(9.4 C/L), higher flow rate (5 m/h), and lower pH (7.0) conditions
compared to the reference condition in Section 3.3 (CD = 6.4 C/L, flow
rate = 3 m/h, pH = 8.0).

The Fe depth profile observed with a CD of 9.4 C/L was similar to
that with 6.4 C/L (Fig. 5(A)). Approximately 79 % of the released Fe
(theoretical value of 2.7 mg/L based on Eq. (1)) from the embedded-
FeEC was oxidised and filtered within a 30 cm filtration depth below
the FeEC cell. However, the effluent As concentration with a CD of 9.4
C/L was 10.7+1.4 pg/L, corresponding to 93 % removal (influent con-
centration = 156+0.3 ug/L As(V)) (Fig. 5(A)), compared to 85 %
removal with a CD of 6.4 C/L (Fig. 4). The higher removal of As(V) with
higher CD can be attributed to the increased amount of Fe generated
from electrolysis, which is consistent with previous studies conducted in
a water matrix in batch mode (van Genuchten et al., 2012; Wan et al.,
2011).

Deeper penetration of Fe was observed with a higher flow rate (5 m/
h compared to 3 m/h), where the Fe concentration at 10 and 30 cm
below the FeEC cell was 1.4 and 0.7 mg/L, respectively, with a flow rate
of 5 m/h (Fig. 5(B)). In comparison, with a flow rate of 3 m/h, the
corresponding Fe concentrations were 1 and 0.6 mg/L, respectively
(Fig. 4). However, a lower removal of As(V) was observed with the flow
rate of 5 m/h, where the dissolved As concentration in the effluent was
29+3.4 pg/L, corresponding to 81 % removal (149.7+5 pg/L As(V)
influent) (Fig. 5(B)), compared to 85 % with a flow rate of 3 m/h (Fig. 4).
This could be attributed to the reduced residence time, resulting in less
contact time between As(V) and the released Fe. Furthermore, the
higher flow rate also affected the oxidation of Fe(Il), as indicated by the
higher dissolved Fe concentration (or Fe(II)) of 0.10 mg/L at 5 m/h
compared to 0.05 mg/L at 3 m/h, which could have adversely impacted
As removal by reducing the availability of Fe(III)-precipitates for As
adsorption. Therefore, while an increased flow rate facilitated deep-bed
Fe infiltration, the residence time played a crucial role in overall As
removal.

Operating the embedded-FeEC system at a lower pH (7.0 compared
to 8.0) aimed to decrease the oxidation rate of the released Fe(I) and
allow for its deeper distribution within the bed. The Fe depth profile at
pH = 7.0 supported this hypothesis, as the dissolved Fe (Fe(II)) con-
centration at 10 and 30 cm below the FeEC cell was the highest among
the different operational conditions (Fig. 5(C)). However, the total Fe
concentration in the effluent was the lowest among the different con-
ditions. At 10, 30, and 70 cm below the FeEC cell (effluent), the Fe
concentrations were 1.6 (80 % dissolved), 0.7 (67 % dissolved), and 0.2
mg/L at pH = 7.0 (Fig. 5(C)), compared to 1 (13 % dissolved), 0.6 (14 %
dissolved), and 0.4 mg/L at pH = 8.0 (Fig. 4), respectively. This in-
dicates that Fe(II) oxidation, precipitation, and filtration occurred at
deeper locations within the bed at pH = 7.0, resulting in a higher con-
centration of Fe at lower depths compared to the experiments at pH =
8.0. The presence of Fe at deeper locations could be likely contributed to
the improved As removal at pH = 7.0, where the As concentration in the
effluent was 7+1.4 ug/L, corresponding to a 94 % removal (164+6.6 pg/
L As(V) influent) (Fig. 5(C)), compared to 85 % at pH = 8.0 (Fig. 4).
However, the higher As removal at a lower pH (7.0 over 8.0) can also be
attributed to enhanced As(V) adsorption to the Fe(IIl)-precipitates, as
mentioned in previous studies (Dixit and Hering, 2003; Gude et al.,
2016). We note here that while As(V) removal improved at lower pH in
these experiments, similar trends with pH might not be observed for
abiotic experiments performed with initial As(III) since the kinetics of Fe
(II) and As(II) co-oxidation decrease significantly with decreasing pH
(Garg et al., 2018; King et al., 1995).

3.5. Energy consumption in embedded-FeEC systems

Energy consumption in the abiotic embedded-FeEC columns under
different conditions and the supernatant-FeEC column was monitored
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throughout the experiments and is presented as energy consumption per
volume of treated water (Wh/m3), as calculated using Eq. (2). The re-
sults obtained under various conditions are shown in Fig. 6.

In the abiotic embedded-FeEC columns operated at CD = 6.4 C/L,
flow rate = 3 m/h, and pH = 8.0 or 7.0 (reference or lower pH condi-
tion), the initial energy consumption was in the same range, ranging
between 12 and 14 Wh/m?, respectively. However, a higher initial en-
ergy consumption was observed for the experiments with a flow rate of 5
m/h (higher flow rate) and CD = 9.4 C/L (higher CD), which were
approximately 22 and 30 Wh/m?, respectively. This difference in the
initial consumption value can be explained by the Butler-Volmer rela-
tionship (Miiller et al., 2019), where an increase in current (I) leads to an
increase in the cell potential (E) and, consequently, in the energy con-
sumption. In the case of CD = 9.4 C/L (higher CD), a higher current (I)
had to be applied compared to CD = 6.4 C/L. Similarly, for experiments
with a flow rate of 5 m/h (higher flow rate), maintaining a constant I/Q
(or CD = 6.4 C/L) value as the 3 m/h experiments required a compar-
atively higher applied current (I) (0.040 A compared to 0.023 A),
resulting in an increased cell potential from 8 V (3 m/h) to 12.5 V (5
m/h).

The impact of operating FeEC in a filter bed on cell potential and
energy consumption was highlighted in the supernatant-FeEC column.
Under constant CD, flow rate, and pH, the supernatant-FeEC column
exhibited the lowest initial energy consumption, around 7 Wh/m®,
which was half the value of 14 Wh/m? observed in the embedded-FeEC
(reference condition) (Fig. 6). This suggests that operating FeEC in a
biological filter bed may require more energy compared to supernatant
operation. However, achieving efficient As(III) removal similar to the
biotic embedded-FeEC column would necessitate a relatively higher CD
in the supernatant-FeEC column, resulting in higher energy
consumption.

In the embedded-FeEC columns, the cell potential (E) at a constant
applied current (I) showed an increasing trend over the course of the
experiments. This led to an increase in energy consumption during
treatment, as depicted in Fig. 6. For example, in the abiotic embedded-
FeEC columns operated under the reference condition, higher CD,
higher flow rate, and lower pH, the energy consumption at the end of the
experiment increased by 82 %, 92 %, 51 %, and 57 %, respectively,
compared to the initial value. This rise in energy consumption over time
could be attributed to the accumulation of Fe(III)-precipitates between
the electrodes, which increased the cell resistance. Additionally, the
accumulation of Fe solids on the electrode surface may have reduced the
effective electrode area, resulting in an increase in current density and
elevated cell potential (E) and, consequently, increased the energy
consumption (Miiller et al., 2019). In contrast, the energy consumption
over time in the supernatant-FeEC system did not show an increasing
trend. This suggests that the cell remained unaffected throughout the
experiments, with no changes in cell resistance or effective electrode
area.

3.6. Benefits and challenges of embedded-FeEC systems

The findings of this study demonstrate the feasibility of embedding
FeEC within a biological filter bed for effective As removal. This
embedded-FeEC concept can be utilised to optimise As(III) removal in
conventional aeration-filtration processes, where the filter bed is
already biologically active for As(III) oxidation. Implementing
embedded-FeEC in existing infrastructure eliminates the need for addi-
tional construction and allows for efficient As(III) removal without the
use of costly chemicals. Adopting a zero-chemical approach resolves
issues related to the generation of unwanted by-products, chemical
handling and storage, and complex supply chains.

Operating FeEC within a biological bed also enhances As uptake by
the released Fe. The As:Fe ratio in the biotic embedded-FeEC column
was 0.05 (mol:mol) (considering a theoretical 1.85 mg/L Fe release),
while it was 0.04 (mol:mol) (1.73 mg/L Fe release) in the supernatant-
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FeEC column. This translates to a lower Fe dosage requirement to ach-
ieve the desired As removal, leading to reduced operational costs, sludge
generation, backwashing frequency, and environmental impact. How-
ever, conducting a Life Cycle Assessment (LCA) for the novel system
described in this work is essential to thoroughly evaluate its environ-
mental impact throughout its entire life cycle. This evaluation is crucial
for making informed decisions regarding sustainable water manage-
ment. Therefore, it is recommended to undertake a comprehensive LCA
of the biotic embedded-FeEC systems and compare the findings with
conventional technologies, such as chemical oxidation and chemical
coagulation. This comparative analysis will provide valuable insights for
assessing the system’s environmental sustainability and guiding future
decision-making processes. Moreover, while the biotic embedded-FeEC
system removed 81 % of the influent 150 ug/L As(IIl) and, the
removal was not below the WHO guideline value of 10 pg/L, the
embedded-FeEC system can be adjusted based on the required level of As
removal. One of the main factors that influences As removal during FeEC
is the amount of Fe dosed and as observed from batch experiments
(Fig. S2), the removal of As can be improved by changing the Fe dosage
or CD. Therefore, in the current study or in situations where the As
concentration is higher than 150 pg/L, by applying a higher current (I),
the Fe dosage can be increased, thereby improving removal efficiency
and enabling the attainment of removal levels below 1 pg/L (Dutch
drinking water target), as observed in batch experiments (Fig. S2).

It is important to note that embedded-FeEC systems exhibit higher
energy consumption compared to operating FeEC in water. This can be
considered a drawback since energy consumption significantly impacts
operational costs. However, by fine-tuning the operational parameters,
the energy consumption of embedded-FeEC systems can be optimised.
For example, operating at a relatively higher flow rate (5 m/h) or lower
pH (7.0) results in a smaller increase in energy consumption (51 % and
57 % increase, respectively) compared to the reference condition (82 %
increase) (Fig. 6). This can be attributed to deep-bed infiltration of the
Fe(Ill)-precipitates under higher flow rate and lower pH conditions
(Fig. 5). The deep-bed infiltration phenomenon minimises the accumu-
lation of Fe(Il)-precipitates near the electrodes, thereby reducing the
impact on cell resistance and effective electrode surface area.

The findings in this study introduce a promising avenue for water
treatment by exploring into the idea of embedding and operating FeEC
within a biological As(IIl) oxidising filter bed. However, the system was
operated under controlled laboratory conditions using model water that
does not accurately reflect natural groundwater conditions. In reality,
natural groundwater exhibits variations in pH, the presence of
competing ions (e.g., phosphate), fluctuating As concentrations, and
other factors known to influence As removal by FeEC. Therefore,
although our laboratory findings provided proof of concept, demon-
strating the feasibility and advantages of biotic embedded-FeEC systems
for As(Ill) removal, it is strongly recommended to conduct further
testing by operating the system with natural groundwater under diverse
environmental conditions. This will provide additional insights and
validation of the novelty of the proposed system. While the biotic and
abiotic embedded-FeEC systems developed in this study were operated
for 11 and 7 h, respectively, over three consecutive days, conducting a
long-term operational study is crucial to assess their sustained effec-
tiveness, reliability, and environmental impact. This approach ensures
informed decision-making for widespread implementation and ad-
dresses evolving challenges over time. For example, continuous opera-
tion of abiotic embedded-FeEC systems showed an increase in cell
resistance and applied voltage (for constant Fe dosage or applied cur-
rent) over time (Fig. 6). This increase in cell potential can reach the limit
of the DC current supplier (30 V in our system), beyond which the sys-
tem cannot supply the required Fe dosage. Consequently, this reduction
in efficiency necessitates a backwash to remove the accumulated Fe(III)-
precipitates, thereby reducing the increased cell resistance and restoring
the system to its initial performance stage. Moreover, the long-term
application of FeEC systems revealed a reduction in the amount of Fe
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Fig. 5. Fe and As depth profile over the bed height in the duplicate abiotic embedded-FeEC filter columns. Tap water spiked with As(V) was dosed as the influent and
the columns were operated at (A) CD = 9.4 C/L, flow rate = 3 m/h, pH = 8.0 (higher CD); (B) CD = 6.4 C/L, flow rate = 5 m/h, pH = 8.0 (higher flow rate); (C) CD =
6.4 C/L, flow rate = 3 m/h, pH = 7.0 (lower pH). The Fe graph shows the concentration of dissolved and particulate Fe that was not filtered by the bed. The yellow
circle indicates the theoretical 1.85 or 2.7 mg/L Fe released by FeEC at CD = 6.4 or 9.4 C/L and flow rate = 3 m/h, as per Eq. (1). SN = supernatant.

dosage in the bulk solution for an applied current due to the develop-
ment of passivation layers on the electrode surface, impacting efficiency
(van Genuchten et al., 2016). Therefore, it is recommended to conduct a
comprehensive long-term study with embedded-FeEC systems before
practical implementation to thoroughly investigate and address poten-
tial challenges associated with the system. Identifying and mitigating
these challenges will be crucial to ensure the effectiveness and sustain-
ability of this innovative strategy in real-world applications.

4. Conclusion

This study focused on the implementation of horizontally embedded
FeEC within a biologically active filter bed for As(III) removal. The
performance of this system was compared to FeEC operated in the su-
pernatant water and FeEC embedded in an abiotic filter bed. The results
demonstrated that the biotic embedded-FeEC system, where As(III) was
first biologically oxidised and then treated with FeEC, achieved a higher
As(1II) removal efficiency (81 %) compared to operating FeEC in the
supernatant water prior to biological oxidation (67 %). Moreover, the As
(III) removal in the biotic embedded-FeEC system (81 %) was similar to
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Fig. 6. Energy consumption during the experiments in abiotic embedded-FeEC
columns operated under different conditions and the supernatant-FeEC column.

the removal observed when embedded-FeEC was operated in an abiotic
bed with As(V)-contaminated water (85 %). However, it should be noted
that the embedded-FeEC systems exhibited higher energy requirements
compared to operating FeEC in the supernatant water. The efficiency of
As removal and energy consumption in these embedded-FeEC systems
was further influenced by the deep-bed infiltration of Fe(IID)-
precipitates, which can be controlled by adjusting operational parame-
ters such as flow rate and pH. Nevertheless, the novelty of the
embedded-FeEC system lies in leveraging biological As(IIl) oxidation
within rapid sand filter beds of conventional aeration-filtration systems
to effectively remove oxidised As(V) within the bed, without the need
for chemicals or significant additional infrastructure.
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