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Biological arsenite oxidation on iron-based adsorbents in
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A B S T R A C T

Iron-based adsorbents are commonly used to remove arsenic (As) from water for drinking water purposes. Here,
we study the role of biological As(III) oxidation on iron-based adsorbents in filters and its effect on overall As
uptake. A lab-scale filter with iron oxide coated sand (IOCS), a commonly used adsorbent, was operated with
water containing As(III) and As(V), while water samples were taken periodically over its height. As(III) oxidation
initiated after approximately 10 days and increased to a first order rate constant of 0.09 s− 1 after 57 days
resulting in full oxidation of As(III) in <50 s. Consequently, the filter shifted from an As(III) to an As(V)
adsorbing filter. Oxidation was not observed after inhibiting the microbial activity using sodium azide con-
firming its biogenic nature. This implies that As(III) oxidizing biomass can grow on iron-based adsorbents in
water filters without requiring inoculation. As the experimental conditions were similar to full-scale As treatment
plants, we believe that biological As(III) oxidation is widely overlooked in these systems. Occurrence of bio-
logical oxidation is, however, beneficial for removal, as at pH <8 the adsorption capacity for As(V) can be up to
10-fold higher than for As(III). With these new insights, arsenic treatment using iron-based adsorbents can be
further optimized. We suggest a more robust new design with a biological active As(III) oxidizing top layer and
an As(V) adsorbing bottom layer.

1. Introduction

Arsenic (As) is found in groundwaters around the world affecting the
health of humans and wildlife. It is classified as a human carcinogenic
substance (IARC, 2004), which increases the risk for skin lesions and
cancers. Podgorski and Berg (2020) estimated that 94 to 220 million
people drink or use groundwater with As concentrations exceeding the
World Health Organization guideline of 10 µg/L (WHO, 1993). It is
generally observed in two redox states, as arsenite (As(III) and arsenate
(As(V)). As(III) is the reduced form, and exists as oxyanion [H3AsO3] in
natural waters at circumneutral pH, while arsenate is the oxidized form
found as [H2AsO4− or HAsO42− ]. The reduced form, As(III), is most
commonly found in anaerobic groundwaters.

Iron-based adsorbents represent a highly effective method to remove
As from water (Banerjee et al., 2008; Driehaus et al., 1998; Sperlich
et al., 2005). They are environmentally friendly, highly abundant, and
are, therefore, commonly used in wastewater and drinking water
treatment (Hao et al., 2018). Oxidation of As(III) to As(V) before
treatment is often desired, as the negatively charged As(V) is more

efficiently removed via adsorption (Bissen and Frimmel, 2003). Full
oxidation with O2 takes tens of days (Kim and Nriagu, 2000). Therefore,
to accelerate this process, chemical oxidants such as, ozone, chlorine, or
permanganate are applied, but these oxidation pathways are more
costly, need extra chemicals, and increase the risk of unwanted
by-products (Miklos et al., 2018). Since the last decade, interest
increased in another oxidation pathway: biological As(III) oxidation.
Biological As(III) oxidation has already been studied and observed in
lab-scale drinking water filters (Crognale et al., 2019; Gude et al., 2018),
and bioreactors (Kamei-Ishikawa et al., 2017; Li et al., 2016; Wan et al.,
2010). The bioreactors were inoculated with As-oxidizing bacteria,
while in rapid sand filters biological As(III) oxidation established
without any inoculation. To our knowledge, biological As(III) oxidation
on iron-based adsorbents has not yet been studied. The latest review
articles on iron-based adsorbents highlight the importance of As(III)
oxidation for efficient removal, but only focus on chemical oxidation
(Hao et al., 2018; Mohan and Pittman, 2007; Siddiqui and Chaudhry,
2017; Weerasundara et al., 2021).

Gude et al. (2018) showed that biological As(III) oxidation started
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after one week and really accelerated after two weeks without inocu-
lation on virgin sand in a column study. This and the common occur-
rence of As(III) oxidizing bacteria in aquatic environments (Crognale
et al., 2017), indicate that As(III) oxidizing bacteria are omnipresent. We
therefore expect that As(III) oxidizing bacteria can also grow on
iron-based adsorbents in water filters. Until now, research on iron-based
adsorbents is mostly performed using batch or column experiments,
which most often did not take longer than a couple of days (Banerjee
et al., 2008; Driehaus et al., 1998; Gupta et al., 2005; Hsu et al., 2008;
Mähler and Persson, 2013; Sperlich et al., 2005; Thirunavukkarasu
et al., 2003). This could be the reason that As(III) oxidation is never
observed, as the duration of these experiments were likely too short for
the growth of As-oxidizing bacteria. Driehaus (2002) and Petrusevski
et al. (2007) studied full-scale treatment plants in which As was removed
by granular ferric hydroxide and iron oxide coated sand, respectively.
The lifetime of the media was minimally a year, which we assume is
more than enough for the growth of As-oxidizing bacteria, but their
presence was never studied.

Based on this information, we hypothesize that biological As(III)
oxidation (pH<6.94: H3AsO3+H2O → H2AsO4− +3H++2e−, pH >6.94:
H3AsO3+H2O→HAsO42− +4H++2e− ) is commonly occurring when
treating water for As using iron-based adsorbents. This novel perspective
could be of great value for science and practice, as this would imply that
treatment with iron-based adsorbents is working differently than un-
derstood until now. Based on this knowledge, treatment with iron-based
adsorbents could be further optimised. To test this hypothesis, we per-
formed an 80-day lab-scale filter experiment and studied As adsorption
and oxidation on iron oxide coated sand with scenario modelling.

2. Methods

2.1. Adsorbent

In this research, iron oxide coated sand (IOCS) was used as adsorbent
collected from a groundwater-fed rapid sand filter used for drinking
water treatment. In this filter, the pH (6.9) and O2 concentration (3.4
mg/L) are kept low to aim for biological Fe(II) oxidation and to prevent
Mn(II)-oxidation. Similar IOCS from drinking water filters are
commonly used in full-scale As treatment (Petrusevski et al., 2008,
2007).

2.2. Lab-scale filter design and operation

A PE column with a diameter of 3.3 cm and a height of 1 m was used
during the experiment (Fig. 1). IOCS grains were washed and used to fill
the column, after which the column was wrapped in aluminium foil. The
column was extensively backwashed before the start of the experiment.
A salt tracer test was performed in the column to obtain the porosity
(=0.28). During the experiment, unchlorinated tap water (for water
quality parameter see Appendix 1 (A.1)) was pumped, upflow, into the
column (Watson Marlow 300 series, 314D pump head) without any
nutrient additions. A small flow of a 15 mg/L As stock was added
(Watson Marlow 300 series, 318MC pump head) resulting in a total flow
of 146 mL/min, an influent concentration of ~400 µg/L As, a pH be-
tween 7.8–8.1, and an O2 concentration between 9.2–10.0 mg/L. The As
stock solution was prepared from a 0.05 M NaAsO2 solution (Merck),
and was acidified to about pH 3 by adding 37 % HCl (Fluka) to prevent
oxidation during storage, and was refreshed every three days.

2.3. Microbial inhibition procedure

When the As(III) oxidation rate stabilized, the IOCS in the column
was flushed with a 25 mM sodium azide (NaN3, Sigma Aldrich) solution,
to inhibit microbial activity. We dosed 500 µg/L As (0.05 M NaAsO2,
Merck) to the solution to prevent desorption from the IOCS. The column
was saturated with this solution and kept stagnant for 12 h, after which

the column was flushed with 15 L for 17 h. ATP measurements were
performed before and after microbial inhibition to analyse microbial
activity using the Deposit & Surface Analysis kit (LuminUltra Technol-
ogies Ltd.) following the protocol provided by the manufacturer. Af-
terwards, the column was operated identically as at the start of the
experiment.

2.4. Water sampling and analysis

Water samples were taken periodically from the nine taps on the
column (here referred to as height profiles) and more regularly from the
influent and effluent water. They were acidified (ROTIPURAN®Ultra 69
%, 1 % v/v) and filtered (0.45 µm) before analysis. Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, Analytikal Jena PlasmaQuant MS)
was used to determine As(III), As(tot), Fe, and Mn concentrations. The
Clifford method was performed to separate As(III) and As(V) using a
similar method as described by Gude et al. (2018).

2.5. Characterisation of iron oxide coated sand

IOCS was analysed after collection from the groundwater-fed rapid
sand filter. The IOCS coating was extracted following the method pro-
posed by Claff et al. (2010), after which, Fe, Mn and As was analysed
using inductively coupled plasma mass spectrometry (ICP-MS, Analy-
tikal Jena Plasma Quant MS). Furthermore, the untouched grain coat-
ings were analysed using light microscopy (VHX-5000 series, Keyence)
and Environmental SEM at 0.5 ◦C and 6 – 8 mbar H2O atmosphere
(Quanta FEG 650, FEI). After the experiments, IOCS grains were
collected from close to the influent of the column and analysed using
X-ray photoelectron spectroscopy (XPS, for more information see A.2).

2.6. Scenario modelling

The total mass of As adsorbed to the IOCS between two measurement
dates was estimated based on the influent and effluent concentrations

Fig. 1. Schematic overview of the experimental setup, where the P within the
circle depict the pumps. During the experiment the column was fed with tap
water to which As was added. The tap water and As(III) stock pumps were
stopped during microbial inhibition, and only a NaN3 solution was fed to
the column.

E. Kruisdijk et al.
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and summed for the total period using the following equation,

Mass adsorbed As =
∑

(Cin x − Cout x) × (tx − tx− 1) × q (1)

where Cin x is the influent concentration on day x (µg/L), Cout x the
effluent concentration on day x (µg/L), tx is the day since the start of the
experiment (days) and tx− 1 the day since the start of the experiment from
the previous measuring round (days), and q is the flow in (L/days).

The exact impact of oxidation and adsorption on the observed con-
centrations could not be disentangled, which made determining a pre-
cise rate of adsorption and oxidation impossible. Instead, two scenarios
(“prevalently As(III)” or “prevalently As(V)”, see Table 1) were simulated
and compared to the height profiles obtained during the column ex-
periments. We compared the scenarios and used the one that gave the
best fit to estimate the rate of adsorption and oxidation in the columns.
When no good fits were obtained, As(III) and As(V) concentrations were
not simulated. This only occurred when both As(III) and As(V) were
present in relatively high concentrations. We presented this data using a
third scenario: “As(III)+As(V)” (Table 1).

For all scenarios except of As(III)+As(V), sorption was fitted to the
As(tot) concentrations, based on a first-order rate equation,

As(tot)sim = As(tot)in × e− (ksorb×t) (2)

where As(tot)sim are the simulated concentrations (µg/L), As(tot)in the
influent concentrations (µg/L), ksorb the first order rate constant (s− 1),
and t the travel time until each tap (s).

Next, biological As(III) oxidation was simulated. Depending on the
scenario, we assumed that As(III) (Prevalently As(V); Eq. (3)) or As(V)
(Prevalently As(III); Eq. (4)) concentrations were only relying on
oxidation (and thus not on adsorption). Lastly, the residual As oxidation
state was determined by combining the sorption and oxidation reaction,
as As(tot)=As(III)+As(V).

Scenario : Prevalently As(V) As(III)sim = As(III)in × e− (kox×t) (3)

Scenario : Prevalently As(III)As(V)sim
= As(V)in +

(
As(III)in ×((1 − e− (kox×t)

)
+ 1

)
− As(III)in

)
(4)

3. Results

3.1. Arsenic adsorption

Fig. 2 shows the As concentration in effluent (Cout) divided by the
influent (Cin) during the column experiment (black dots), where a Cout/
Cin=1 means that all As in the influent is also observed in the effluent.
The observed trend was similar as seen in prior research (Driehaus et al.,
1998; Sperlich et al., 2005). Initially almost all As was adsorbed to the
IOCS (Cout/Cin=0), after which adsorption decreased. The 50 % break-
through occurred after approximately 15,000 pore volumes and the
trend somewhat stabilised after 20,000 pore volumes. Note that still
about 25 % of the injected As was adsorbed after more than 70,000 pore
volumes, which shows that tailing was still occurring (Fetter et al.,

1999). The observed tailing is consistent with recent research into
phosphorus adsorption to IOCS, where tailing was found to be caused by
slower adsorption on sorption sites in the inner porosity of the iron
coating (Barcala et al., 2023). Fig. 2 also shows the cumulative weight of
As sorbed to the IOCS (red triangles). Over the course of the experiment,
approximately 2080 mg As was sorbed per kg of IOCS in the column
(2.08 mgAs/gFe).

3.2. Arsenic speciation in produced water

Fig. 3 shows the As(III) and As(V) concentrations in the effluent
during the column experiment. The influent water contained between
211 and 346 µg/L As(III), and between 69 and 151 µg/L As(V). During
the first ~5 days of the experiment, As(III) concentrations increased in
the effluent water, but always stayed substantially lower than in the
influent water. This increase in concentration corresponded to the
simultaneous increase in total As concentrations shown in Fig. 2, which
was a result of a decrease in sorption capacity. Beyond these initial days,
As(III) concentrations stabilised and subsequently decreased after ~12
days. Observed As(V) concentrations increased during this period,
indicating a decreasing adsorption capacity of the IOCS. Beyond 12
days, the As(V) concentration in the effluent started to exceed the mean
As(V) concentration in the influent. From approximately Day 22, the
effluent water only contained As(V) (240 µg/L) and As(III) remained
below the detection limit. Clearly, the IOCS column moved towards an
almost stable condition where only As(V) was present in the effluent in
the course of 20 days.

3.3. Stratification of arsenic oxidation and adsorption

Fig. 4 shows height profiles of the column taken at different days
during the experiment. At the start of the experiment (Day 1), As
adsorption resulted in a quick decrease of As(tot), As(III), and As(V) over
the height of the column. On Day 8, neither As(V) adsorption or pro-
duction was observed, and As(tot) removal followed the same trend as
As(III). From Day 22, As(III) concentrations decreased faster than As
(tot) concentrations. At the same time, As(V) concentrations were found
to increase over the height of the column. This marks the initiation of As
(III) oxidation in the column. On Day 57, As(III) oxidation further
accelerated, while As(tot) adsorption remained somewhat stable.

The height profiles were used to estimate the kinetics of As(III)
oxidation and As(tot) adsorption using scenario modelling. The sce-
narios were fitted to the observed concentrations, and the best fitting
scenario was used (and shown in Fig. 4) to estimate first order oxidation
and sorption rate constants. A good fit was not observed on Day 1;
therefore, it was allocated to scenario As(III)+As(V), as likely both As
(III) and As(V) sorption occurred. Day 8 was simulated using scenario
Prevalently As(III), as oxidation and increasing As(V) concentrations was
not observed yet. We assume that biological As(III) oxidation had not yet
developed sufficiently this early in the experiment. Furthermore, As(V)
adsorption has reached equilibrium, thus all observed removal was due
to As(III) adsorption. For Day 22 and 57, As(III) is oxidizing, hence
removal occurs primarily through As(V) adsorption, and therefore,
scenario Prevalently As(V) started to fit best. As(V) sorption became
dominant, due to faster As(III) oxidation resulting in higher As(V) con-
centrations, shifting its earlier adsorption equilibrium.

All days were simulated well using the different scenarios. The first
order sorption rate constant (ksorb) decreased over time from 0.012 s− 1

on day 8 to 0.0035 s− 1 on day 57. The first order oxidation rate constant
(kox) increased over time from 0 s− 1 on day 8 to 0.09 s− 1 on day 57. On
day 57, complete As(III) oxidation occurred within <50 s.

3.4. As(V) and As(iii) sorbed to IOCS

Fig. 5A shows a light microscopy image of the IOCS prior to the
experiments. The grain coating seemed to be equally distributed over

Table 1
Scenarios used for fitting to height profiles to estimate oxidation and sorption
kinetics.

Scenario name How is the scenario simulated

Prevalently As
(V)

As(V) is prevalently available, thus, we assume that:
Only As(V) is sorbed – As(III) concentrations are only depending
on oxidation

Prevalently As
(III)

As(III) is prevalently available, thus, we assume that:
Only As(III) is sorbed – As(V) concentrations are only depending
on oxidation

As(III)+As(V) Simulation is not possible, as both As(III) and As(V) are
dominantly available. Therefore, sorption of both solutes is
entangled.

E. Kruisdijk et al.
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the full surface of the quartz sand grain. The brownish/reddish colour is
characteristic for a ferrihydrite coating (Wielinski et al., 2022). Chem-
ical extraction of the coating showed that it contained 440–620 mg/g Fe

(n = 3) and 0.09–0.12 mg/g Mn (n = 3). Furthermore, the grain coating
contained 0.16–0.17 (n = 3) mg/g As, which corresponds with the
relatively high influent As concentrations (~40 µg/L) at the rapid sand

Fig. 2. Fraction of As influent concentrations (Cin) divided by effluent concentration (Cout) (black dots) and the cumulative weight of As adsorbed to IOCS (red
triangles) during the experiment.

Fig. 3. As(III) (black triangles) and As(V) (red squares) concentrations in effluent water during the first 57 days of the experiment, where the grey and red high-
lighted background depict the range of influent As(III) and As(V) concentrations, respectively.

Fig. 4. Height profiles of As(tot), As(III), and As(V) concentrations observed over depth in the IOCS column. The markers (blue circle=As(tot), black triangle=As(III),
red square=As(V)) represent the observed concentrations, the dashed lines the simulated scenario fits.

E. Kruisdijk et al.
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filter from which the IOCS were obtained. Fig. 5B displays an ESEM
image in which the grain coating is 20,000 times magnified. The image
shows that the surface of the grain was relatively porous. Furthermore,
twisted stalks were observed in the coating, which highlights the
biogenic nature of (a part of) the Fe-(hydr)oxides (Chan et al., 2011;
Müller et al., 2024).

Grains close to the influent of the column were analysed using XPS
for the speciation of the adsorbed As after the experiment. About 53 %
As(III) and 47 % As(V) was sorbed to the IOCS (Fig. 6).

3.5. Arsenic oxidation is of biological nature

Microbial activity was inhibited in the column after approximately
50,000 pore flushes, by dosing of NaN3. A 30-fold reduction of the total
ATP, from 29,500–35,100 pg ATP/g (n = 2) to 1160–1300 pg ATP/g (n
= 2), was observed after inhibition. Fig. 7 shows that the effluent water
only contained As(V) before microbial inhibition, i.e., all As(III) was
oxidized in the column. After microbial inhibition, As(V) concentrations
were lower in the effluent and As(III) was observed again. Therefore,
oxidation was successfully inhibited, which confirms that oxidation was
primarily biological. From Day 9, As(V) concentrations in the effluent
water exceeded the mean influent As(V) concentrations. Simulta-
neously, As(III) concentrations decreased in the effluent, suggesting that
biological As(III) oxidation was initiated again. After ~23 days, the
effluent primarily contained As(V), which resembles the results prior to

microbial inhibition (Fig. 3).
On Day 1 and Day 2 after microbial inhibition, the height profile was

best simulated using scenario Prevalently As(III), as oxidation was only
limited (kox=0 and 0.0047, respectively) (Fig. 8). This corresponds to
the results of Day 8 prior to inhibition, as no As(V) adsorption is being
observed, while As(III) is. The absence of biological oxidation allows for
adsorption of As(III), but the consequent lower concentrations of As(V)
are not taken up. Once the column ran for a longer period (Day 8 and
16), scenario Prevalently As(V) started to fit best, as more As(III)
oxidation occurred resulting in higher As(V) concentrations and thus As
(V) sorption resumed. This sequence of scenarios is similar to the
experiment before microbial inhibition.

The kox increased over time after microbial inhibition, and followed
the same trend and order as before microbial inhibition. A maximum kox
of 0.053 s− 1 was reached on the last day of the experiment (Day 16),
which is in the same order as observed on Day 22 (kox=0.049 s− 1) before
microbial inhibition.

4. Discussion

4.1. Biological As(iii) oxidation results in higher adsorption capacity for
adsorbent

At the end of the experiment (Day 57), biological As(III) oxidation
was fast (kox= 0.09 s− 1). Merely <50 s were needed to fully convert As
(III) and As(V) concentrations were higher than As(III) concentrations at
almost all depths in the column (Fig. 4). The XPS analysis showed that As
(III) and As(V) was somewhat equally adsorbed close to the influent of
the column. We expect that the fraction As(III) will only decrease with
depth in the column, as (i) at the start almost all As(III) sorption
occurred in the upper part of the filter and therefore not much As(III)
was adsorbed deeper in the bed, and (ii) later a substantial fraction of As
(III) was oxidized to As(V). Consequently, As is primarily adsorbed as As
(V), because of its dominant presence and its higher affinity to sorb. This
hypothesis is, furthermore, supported by the scenario modelling, and the
observed sorption behaviour after microbial inhibition. We did not
observe any evidence that As(III) oxidizing biomass masked available
adsorption sites on the iron-coated sand. Casentini et al. (2019), simi-
larly, found that arsenic adsorption remained rapid on iron oxide
nanoparticles covered with bacterial exopolysaccharide.

Table 2 gives an overview of the operating conditions and perfor-
mance of three types of full-scale As treatment filters using the Fe-based
adsorbents; GEH and IOCS (Driehaus, 2002; Petrusevski et al., 2008,
2007). The life time of the media is considerably longer (0.14–2 years)
than the ripening time needed (~weeks) to grow As-oxidizing bacteria
observed in the current study and the study of Gude et al. (2018).
Furthermore, the contact time (3–120 min) is substantially longer
compared to the <50 s needed for complete oxidation observed in the
current experiments. Therefore, we deem it likely that biological As(III)
oxidation is occurring in these filters, and instead of adsorbing As(III)

Fig. 5. Images of surface of single IOCS grain taken using a light microscope (A) and ESEM (B).

Fig. 6. XPS analysis of As3d spectra of the coating of the grains collected close
to the influent of the column.

E. Kruisdijk et al.
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the filters are adsorbing As(V). We strongly recommend to study one of
the existing As treatment plants based on GEH or IOCS over the height of
the filter, in order to assess As(III) oxidation kinetics. When biological As
(III) oxidation is observed, the next step for future research would be to
identify which bacteria are executing this specific process, and to study
the effects of pH, water matrix, and temperature.

Fig. 9 depicts the adsorption capacity trends for a GEH filter where
biological As(III) oxidation is occurring (=biotic filter) and not (=abiotic
filter). For this analysis, we used the adsorption capacity of As(III) and
As(V) on granular ferric hydroxide (GEH) as observed by Driehaus and
Dupont (2005). The shown adsorption capacities are a rough estimate,
as in the study of Driehaus and Dupont (2005) the influent concentra-
tions are a tenfold lower and GEH is used instead of IOCS. However, note
that similar trends for As(III) and As(V) adsorption capacity with pH are
also observed for amorphous iron oxides and goethite (Dixit and Hering,
2003), and IOCS (Hsu et al., 2008; Petrusevski et al., 2002). The
adsorption capacity in the biotic filter, loaded with As(V), is substan-
tially higher than the abiotic filter loaded with As(III) at a pH below 8.
The lower the pH the higher the adsorption capacity in the biotic filter.
The adsorption capacity in the abiotic filter is relatively stable from pH
6–9. At pH 6, the adsorption capacity is about an order of magnitude
higher for the biotic compared to the abiotic filter. This finding

Fig. 7. As(III) (black) and As(V) (red hatched) concentrations in effluent of the column before and after microbial inhibition. The grey and red highlighted back-
ground depict the range of influent As(III) and As(V) concentrations, respectively.

Fig. 8. Height profiles of As concentrations of the IOCS column taken over time after microbial inhibition. The markers (blue circle=As(tot), black triangle=As(III),
red square=As(V)) represent the observed concentrations, the dashed lines the simulated scenario fits.

Table 2
Overview of operational conditions of full-scale As treatment plants using iron-
based adsorbents.

Operational
conditions:

GEH (Driehaus,
2002)

IHE-ADART (
Petrusevski
et al., 2007)

IHE As removal
family filter (
Petrusevski et al.,
2008)

As in influent
water (µg/L)

10–40 20–295 180–480

Flow rates (m3/
h)

4–160 2.3 >0.004

Annual supply
(m3)

10,000–1300,000 ~20,000 >36,5

Life time media
(years)

~2 >1 0.14 - >2.5

Contact time
(min)

3–10 (mean= 4.2
min)

72 120

Treatment
capacities (bed
volumes)

50,000–200,000 unknown unknown

E. Kruisdijk et al.
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underlines the value of biological As(III) oxidation in Fe-based adsor-
bent reactors, as As-free water yields per filter lifetime, i.e., before media
replacement, might be up to 10-fold.

4.2. Leveraging biological As(iii) removal in new filter designs

The adsorbents in an As treatment plant need to be periodically
exchanged, as the adsorbents become exhausted. After the media is
exchanged, a ripening period is again needed for the microbiome in the
new media to perform biological As(III) oxidation. This ripening period
can be eliminated, when the upper layer of the filter, wherein all
oxidation occurs, is kept in place. A double-filter system, i.e., two filter
tanks in sequence, or a dual media filter, i.e., one tank with two layers of
different density, could be suitable to achieve this. In these systems,
compartmentalisation of processes can be achieved (Corbera-Rubio
et al., 2023). In the case of a dual media bed, this is due to density
difference that allow for separation during backwashing. Note that the
sorption capacity of the upper layer of the filter will decrease over time
until sorption becomes negligible. Therefore, oxidation will occur in the
upper layer and sorption in the lower layer. The advantage of the dual
media filter is that it takes up a smaller area compared to a double-filter
system. For the top layer suitable media should be chosen to host the As
(III) oxidizing biofilm, which could be IOCS as in this study, but a lighter
material might be more appropriate (e.g., plastic biocarriers, anthra-
cite). The bottom layer has the function to adsorb As(V), so IOCS could
be applied, but also activated alumina or ion exchange resins. Frank and
Clifford (1986) showed a comparison of an As(III) and an As(V) break-
through curve of a laboratory experiment using activated alumina. The
50 % breakthrough for As(III) already occurred after 300 pore volumes,
while the 50 % breakthrough for As(V) only occurred after 23,400 pore
volumes. Similarly, anion exchange is not efficient to treat As(III)
(H3AsO3), as it can only be applied to remove negatively charged ions.
As(V) (H2AsO4− or HAsO42− ) is negatively charged and can be removed by
anion exchange (Bissen and Frimmel, 2003). On top of this, exchange
resin is interesting because it can easily be regenerated in-situ; main-
taining its position below the biological layer. An additional advantage
is that the As(V) can be recovered in the regeneration brine, which is of
interest, as since 2023, As is on the Critical Raw Materials list of the EU
(ENTR, 2023; Wang et al., 2023). This highlights the importance of As as
a critical raw material for economic growth, as well as its vulnerability
to supply disruptions.

5. Conclusions

This study aimed to investigate the role of biological As(III) oxida-
tion in As removal technologies based on adsorption to iron, e.g., iron
oxide coated sand (IOCS), for drinking water production. It was found
that As(III) oxidation initiated after approximately 10 days of operating
a lab-scale IOCS filter, eventually leading to a first order rate constant of
0.09 s− 1 after 57 days. Consequently, the initial As(III) adsorbing filter
moved towards an As(V) adsorbing filter in ~20 days. After microbial
inhibition with NaN3, As(III) oxidation became negligible, which con-
firms its biogenic nature. The naturally occurring biological As(III)
oxidation, caused by omnipresent bacteria, largely improves the overall
performance of filters, as As(V) adsorption capacities tend to be higher
than for As(III). We expect that biological As(III) oxidation is also a
prevalent process within full-scale As treatment facilities using iron-
based adsorbents, as conditions are similar to the performed experi-
ment. These new insights enable further optimization of As treatment
using iron based adsorbents. We propose a new reactor design, with a
biologically active top layer (i.e., biocarrier) and a bottom layer for the
adsorbent. Alternatively, to fully utilise the charge advantage of As(V) at
circumneutral pH, an anion exchange resin could be applied to recover
As in the brine – since As is recently listed as critical raw material.
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Fig. 9. Adsorption capacity of As(III) as in an abiotic filter and As(V) as in a biotic filter under a range of pH. The oxidation kinetics in the biotic and abiotic filter
which regulate As speciation, are appointed with a red and black arrow, respectively. Adsorption capacity is estimated for GEH filters with a mean residence time of
4.2 min, an influent concentration of 40 µg/L, and a first-order oxidation rate constant of 0.09 s− 1. For the biotic GEH filter we assumed that only As(V) is present.
Adsorption density is based and adapted from Fig. 2 in Driehaus and Dupont (2005).
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Appendix

A.1. Water quality of influent water

Cl (mg/L) 59
NO3 (mg/L) 5.6
HCO3 (mg/L) 120
Na (mg/L) 42
K (mg/L) 6.7
Ca (mg/L) 43
Mg (mg/L) 7.5
Fe (µg/L) <5
Mn (µg/L) <5
NH4 (mg/L) <0.05
DOC (mg/L C) 2.0

A.2. XPS analysis

The surface chemistry of the particles reported in this manuscript were analysed using X-ray photoelectron spectroscopy (XPS). The grain coating
was initially crushed into fine powder using porcelain mortar and pestle. The fine powder was then place on to a 1 × 1 cm2 indium foil substrate. The
substrate with the particles to be analysed was subsequently loaded into the PHI-TFA XPS spectrometer (Physical Electronics, Inc. (PHI)), provided
with an Aluminium (Al) Kα X-ray monochromatic source (hv = 1486.7 eV).

The vacuum inside the XPS equipment during analysis was maintained around 10–9 mbar. All through the XPS analysis, a circular area of the
particle region was analysed with a diameter of 0.4 mm and the depth of analysis was 3 – 5 nm. The pass energy during the full survey study was 89.45
eV with a resolution of 0.5 eV. Followingly, high-resolution multiplex scans of C1s, O1s, Fe2p, Fe3p and Ar3d were performed with a resolution of 0.2
eV, pass energy of 71.55 eV. The take-off angle during both the full survey and high resolution scans was at 45o.

All the obtained spectra using the XPS machine were processed using the MultiPak version 8.0 software provided by Physical Electronics Inc. In
order to compensate the charging of the samples during the XPS analysis, prior to curve fitting of the XPS data, all the spectra were adjusted by doing
the carbon shift, C–C peak of C1s spectrum was set at 284.4 eV.

The As(III) binding energy peak was observed at 44.5 eV, and for As(V) at 46.2 eV. These binding energies correspond to the range of 44.3–44.5 and
45.2–46.2 reported in previous studies (Fullston et al., 1999; Han et al., 2011; Nesbitt et al., 1998; Viltres et al., 2020). The percentage availability of
As(III)/As(V) was determined based on the area of the peaks.
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