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ARTICLE INFO ABSTRACT

Keywords:
Arsenic

Groundwater contaminated with arsenic (As) must be treated prior to drinking, as human exposure to As at toxic
levels can cause various diseases including cancer. Conventional aeration-filtration applied to anaerobic arsenite
Iron ) (As(II)) contaminated groundwater can remove As(IIl) by co-oxidizing native iron (Fe(I)) and As(IIl) with
gf:gﬁg?at’;mxme oxygen (O3). However, the As(III) removal efficiency of conventional aeration can be low, in part, because of
Drinking water incomplete As(IIl) oxidation to readily-sorbed arsenate (As(V)). In this work, we investigated a new approach to

enhance As(III) co-removal with native Fe(II) by the anaerobic addition of hydrogen peroxide (H205) prior to
aeration. Experiments were performed to co-oxidize Fe(II) and As(II) with H2O» (anaerobically), Oy (aerobi-
cally), and by sequentially adding of H,O2 and O,. Aqueous As(III) and As(V) measurements after the reaction
were coupled with solid-phase speciation by Fe and As K-edge X-ray absorption spectroscopy (XAS). We found
that complete anaerobic oxidation of 100 uM Fe(II) with 100 uM H303 resulted in co-removal of 95% of 7 uM As
(II1) compared to 44% with 8.0-9.0 mg/L dissolved O,. Furthermore, we found that with 100 uM Fe(Il), the initial
Fe(II):H20, ratio was a critical parameter to remove 7 uM As(III) to below the 10 ug/L (0.13 pM) WHO guideline,
where ratios of 1:4 (mol:mol) Fe(I):H203 led to As(III) removal matching that of 7 pM As(V). The improved As
(III) removal with HyO, was found to occur partly because of the well-established enhanced efficiency of As(III)
oxidation in Fe(II)4+H202 systems relatively to Fe(I[)+O, systems. However, the XAS results unambiguously
demonstrated that a large factor in the improved As(III) removal was also due to a systematic decrease in
crystallinity, and thus increase in specific surface area, of the generated Fe(Ill) (oxyhydr)oxides from lep-
idocrocite in the Fe(II)+O; system to poorly-ordered Fe(III) precipitates in the Fe(Il)4+-H202 system. The com-
bined roles of HoO2 (enhanced As(III) oxidation and structural modification) can be easily overlooked when only
aqueous species are measured, but this dual impact must be considered for accurate predictions of As removal in
groundwater treatment.

1. Introduction involves aerating anaerobic As(II)-rich groundwater that contains co-
occurring iron (Fe(Il)), followed by filtration of the generated solids
(Gude et al., 2016; Hug and Leupin, 2003; Roberts et al., 2004). This

method relies on As(III) and Fe(II) co-oxidation by O, to form particulate

An estimated 94-220 million people are exposed to naturally
occurring arsenic (As) in groundwater (mainly as arsenite (As(III))) at

levels above the World Health Organization (WHO) drinking water
guideline of 10 pug/L (0.13 uM) (Podgorski and Berg, 2020). Exposure to
As-contaminated water can pose major threats to human health causing
diseases such as skin, bladder and lung cancers, reproductive disorders,
and neuro-developmental problems in children (Kapaj et al., 2006;
Tseng, 1977). Therefore, it is crucial that groundwater contaminated
with toxic levels of As be treated prior to drinking.

Conventional aeration-filtration is a common treatment method that
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Fe(III) (oxyhydr)oxides (or Fe solids) that can bind As (Bora et al., 2016;
Gude et al., 2016). Compared to other techniques, aeration-filtration is
advantageous as it is economically attractive, no dosing of chemicals is
required, it removes various groundwater contaminants (Fe(Il),
ammonium, manganese) simultaneously, and it generates biologically
stable drinking water (low in nutrients), thereby ensuring microbial
safety in distribution networks (Annaduzzaman et al., 2021a; Gude
et al., 2017). While conventional aeration-filtration is applied widely in
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groundwater treatment and Fe solids are very good adsorbents for As,
this conventional approach can be ineffective for As(III) removal, which
often demands additional dosing of Fe to meet drinking water guidelines
(Annaduzzaman et al., 2018; Annaduzzaman et al., 2021b; Sharma
et al., 2016). For example, previous studies have shown that co-removal
of As(III) with Fe(Il) through aeration-filtration only yields between
8-50% removal, depending on the initial As concentration, As:Fe ratio,
and the presence of other competing ions (i.e. manganese, phosphate)
(van Genuchten and Ahmad, 2020; Holm and Wilson, 2006; Li et al.,
2016).

The low efficacy of As(Ill) co-removal with native Fe(II) during
aeration-filtration can be due to several factors. First, Fe solids generated
by aeration (by O) can be moderately crystalline (Ahmad et al., 2019)
with a lower reactive specific surface area than the poorly-ordered Fe
solids generated with stronger oxidants, such as HOCl and KMnO4
(Ahmad et al., 2019). Second, Fe solids have orders of magnitude lower
sorption affinity for As(IlI) than oxidized arsenate (As(V)) and As(IIl)
oxidation during aeration is slow and partial (Bissen and Frimmel, 2003;
Gude et al., 2017; Roberts et al., 2004). Third, the relatively high pH
resulting from COx(g) degassing during groundwater aeration creates a
less favourable environment for As(V) adsorption (Annaduzzaman et al.,
2021b; Dixit and Hering, 2003), which can be minimized by avoiding
aeration. Thus, the co-removal of groundwater As(III) with native Fe(II)
can be optimized by forming poorly-ordered solids, with high reactive
surface area, and by co-oxidizing As(IIl) effectively and rapidly prior to
aeration to minimize pH increase induced by COz(g) efflux.

The addition of hydrogen peroxide (H203) is an attractive option for
anaerobic As(III) and Fe(Il) co-oxidation because HyO2 reacts rapidly
with Fe(II), and is relatively inexpensive to generate on- or off-site, and
is considered a green alternative to harsher chemical oxidants because of
its non-toxic reaction products (Bandaru et al., 2020; Pham et al., 2012a,
2012b). Additionally, HyO5 is an intermediate formed during Fe(II)
oxidation by Oy (Hug and Leupin, 2003) and may as such be considered
a natural additive in anaerobic groundwater treatment. In principle, the
presence of HyO5 in As(III) and Fe(II)-rich solutions is beneficial because
it oxidizes Fe(II) at a rate four orders of magnitude higher than O,
(Bandaru et al., 2020; King and Farlow, 2000; King, 1998), which can
result in the generation of poorly-ordered Fe(III) solids (Bandaru et al.,
2020; van Genuchten and Pena, 2017). In addition, while direct As(III)
oxidation by HyOs is kinetically limited, the oxidation of Fe(I) by H,O4
leads to a high stoichiometric yield of reactive oxygen species (ROS),
such as *OH or Fe(IV), that can effectively oxidize As(III) (Hug and
Leupin, 2003). The theoretical ROS yield per mol of oxidized Fe(II) is 1:1
for HyO, compared to 1:3 for O (Hug and Leupin, 2003), which would
translate to more As(III) co-oxidation per mole of oxidized Fe(II) if HoO2
is applied. While Fenton-type systems (i.e. those containing Fe(II)+
H205) have been investigated in the context of As(III) removal previ-
ously (Bandaru et al., 2020; Catrouillet et al., 2020), most studies per-
formed, are over-dosing HO5 in solutions open to the atmosphere,
initially containing O,. Careful control of the HyO5 input and thus the Fe
(ID):H204 ratio, could thus be more effective, particularly in the case of
treating anaerobic groundwater, because it can optimize the use of
natural Fe(II), minimize the consumption of Hy05, and can avoid an
increase in pH due to COx(g) efflux.

In this study a novel approach is therefore proposed to enhance As
(III) removal in groundwater with the native Fe(II), through anaerobic
oxidation of the native Fe(II) by HyO prior to aeration. Moreover, we
compared the impact of oxidizing Fe(II) with O, (aerobically), HoO4
(anaerobically), and sequentially with H,O5 (anaerobically) followed by
O (aerobically) on As(III) removal. The reactions were tracked by
aqueous As(II) and As(V) speciation measurements and by character-
ization of the solid reaction products by synchrotron-based Fe and As K-
edge X-ray absorption spectroscopy (XAS). In addition, we examined the
impact of under- and over-dosage of HyO» (anaerobically) on the extent
of Fe(Il) and As(III) co-oxidation. Finally, we validated this approach by
studying H0» addition to Fe(II)-containing raw anaerobic groundwater
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2. Materials and methods
2.1. Chemicals

Ultrapure water (18.2 mQ.cm) was used to prepare all experimental
solutions and was spiked with to 2.5 mM NaHCO3 and 10 mM NaCl by
dissolving 0.32 g of sodium bicarbonate (J.T. Baker™) and 0.88 g of
sodium chloride (J.T. Baker™) in 1.5 L. The concentration of NaHCO3
(2.5 mM) and NaCl (10 mM) were selected to achieve an alkalinity and
conductivity (990 uS/cm) similar to previous studies in synthetic
groundwater (Ahmad et al., 2019; van Genuchten et al., 2012). As(III),
As(V), and Fe(II) were added from stock solutions, which were freshly
prepared daily. Stock solutions were generated by dissolving defined
amounts of sodium (meta)arsenite (NaAsO,) or sodium arsenate dibasic
heptahydrate (NagHAsO4.7H50) (Sigma-Aldrich) to ultrapure water and
ferrous sulfate heptahydrate (FeSO4.7H20) (Sigma-Aldrich)) to 1 mM
HCI respectively. Hy02 stock solutions were also freshly diluted with
defined volumes of the 30% w/w Hy05 solution (Sigma-Aldrich) in ul-
trapure water. For pH adjustment, 1 M HCl or 1 M NaOH (Merck Mil-
lipore) was used.

2.2. Experimental setup and procedure

The experiments were conducted at room temperature (20+3 °C) in
2 L glass jars with perforated lids (Fig. S1). The jars initially contained 1
L of ultrapure water (18.2 mQ.cm) with 2.5 mM NaHCO3, 10 mM NacCl,
and 7 uM As(III) or As(V). The solution was then purged with Ny to
obtain dissolved O3 concentrations of <0.1 mg/L and the pH was set to
7.3-7.5. Next, Fe(II) was added to the Oy-purged solution. The oxidation
of Fe(II) was initiated by dosing HO2 or O3 alone or by sequentially
dosing Hy0> followed by O, (H202+02). To dose O, an air-pump was
used to raise the dissolved O5 to 8.0-9.0 mg/L (from initial levels of <0.1
mg/L) after adding Fe(II). The solution was mixed with a magnetic
stirrer (LABINCO L23) at 150 rpm for 30 min after Fe(II) oxidation
began. In H,O; experiments, Na(g) was continuously purged throughout
the mixing period to minimize the impact of atmospheric O3 influx and
to maintain dissolved O3 levels <0.1 mg/L. For the sequential HoO3+O3
experiments, partial Fe(II) oxidation was performed first by adding H,O5
and mixing for 5 min under continuous Ny(g) purging (dissolved Oz <0.1
mg/L), followed by O dosing using the air-pump (dissolved Oy = 8.0-
9.0 mg/L) for the remaining 25 min. The pH of all solutions was
maintained between 7.3-7.5 during experiments by manual additions of
1 M NaOH or 1 M HCI. The pH and dissolved O, were monitored using a
multimeter (WTWTM MultiLineTM Multi 3630 IDS).

2.3. Experimental conditions

To determine the impact of various Fe(II) oxidant conditions on As
(III) co-removal, experiments were performed in the Hy02, O, and
sequential Hy02+02 systems by completely oxidizing 100 uM Fe(II)
with 100 uM H,05 (anaerobically), 8.0-9.0 mg/L O, (aerobically), or
sequentially by 5, 10, 20, or 40 uM H20 (anaerobically) followed by O4
(aerobically). Another set of experiments was performed to examine the
effect of HyO, concentration (and thus Fe(I):H;O, ratio) on the co-
oxidation and removal of 100 pM Fe(II) and 7 pM As(III). For these ex-
periments, the HoO5 concentrations (i.e. 10, 20, 40, 60, 100, 200, 300,
and 400 uM) were selected to span the stoichiometric amount required
for total Fe(I) oxidation. A set of experiments was also repeated with
initial 7 uM As(V) in place of As(IIl). In addition to laboratory tests,
experiments were performed using raw Dutch groundwater, which was
obtained directly from the influent of a drinking water treatment plant.
For these experiments, the raw anaerobic water (initial composition
given in Table S1) was spiked with 7 uM As(III). The removal of As(III)
was investigated by completely oxidizing the groundwater-native Fe(II)
with either HyO5 or O,. In the HoO; experiments with raw groundwater,
Ny was not used to decrease the dissolved Oy to <0.1 mg/L. All
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experiments were replicated at least twice. A schematic overview of the
experimental conditions is shown in Fig. S1.

2.4. Chemical analysis

During the 30 min reaction time, filtered and unfiltered water sam-
ples were collected at 0, 2, 5, 10, 20, and 30 min. Filtration was per-
formed with 0.2 pm polyethersulfone filters (Macherey-Nagel GmbH &
Co. KG). Immediately after collection, the samples were acidified with
1% (v/v) ultrapure nitric acid (ROTIPURAN® Ultra 69%) to stop further
reactions and dissolve any solids. Acidified samples were stored at 4 °C
until analysis. We refer to Fe measured in the filtered solution as Fe(II),
which we verified by measuring Fe(I) in a subset of filtered samples
using an Fe cell test kit (Merck Millipore). For dissolved As speciation,
we followed the approach described in Gude et al. (2018), which is
based on using an anionic exchange resin (Amberlite* IRA-402 chlorite)
to separate non-ionic As(IIl) and negatively-charged As(V). The unfil-
tered samples were used to determine the total Fe and Fe(III) concen-
tration, where the difference between total Fe and dissolved Fe
represented the Fe(III). The samples were analyzed for As and Fe (in
triplicates) by inductively coupled plasma mass spectrometry (ICP-MS,
Analytikal Jena model PlasmaQuant MS).

2.5. X-ray absorption spectroscopy

2.5.1. Data collection

Solids for XAS analysis were collected using filter papers at the end of
the oxidation experiments. The filter papers with solids attached were
stored at -80 °C before affixing the sample (filter and solids) to custom
sample holders using Kapton tape. Fe and As K-edge XAS data were
collected at beam line 2-2 of the Stanford Synchrotron Radiation
Lightsource (SSRL, Menlo Park, USA). Fe K-edge XAS data were recor-
ded at room temperature out to k = 13 A~ and As K-edge XAS data were
recorded at liquid nitrogen temperatures (=80 °K) in fluorescence mode
out to k = 14 A~. For beam calibration, the maximum of the first de-
rivative of Fe(0) and Au(0) foils was set to 7112 eV and 11919 eV for Fe
and As data, respectively. Spectral alignment, averaging and back-
ground subtraction of individual spectra were performed using SixPack
software (Webb, 2005), following standard procedures described in van
Genuchten et al. (2012). Extraction of the Fe K-edge EXAFS spectra was
performed using k>-weighting and the Fe K-edge EXAFS spectra were
Fourier-transformed over the k-range 2 to 11 A™! using a Kaiser-Bessel
window with dk of 3 A1,

2.5.2. Data analysis

The Fe K-edge EXAFS spectra were analysed by liner combination fits
(LCFs) (k = 2-11 A’l) with the SixPack software (Webb, 2005) using the
EXAFS spectra of three reference Fe(Ill) (oxyhydr)oxides: moderately
crystalline lepidocrocite (Lp), nanocrystalline 2-line ferrihydrite (2LFh),
and highly disordered oxyanion-rich hydrous ferric oxide (oxy-HFO).
These three reference Fe(IlI) (oxyhydr)oxides were selected based on
previous studies that report these references reproduced the Fe(III)
solids generated by Fe(II) oxidation using a range of chemical oxidants
(Ahmad et al., 2019; van Genuchten et al., 2018; van Genuchten et al.,
2014). The fraction of the three references in each experimental sample
derived from the LCFs was normalized to one.

The As K-edge XANES spectra were analyzed by LCFs using SixPack
software to determine the fraction of adsorbed As(III) and As(V). The
LCFs were performed with a fit range of 11860 to 11880 eV using
reference spectra of As(III) and As(V) adsorbed to 2-line ferrihydrite. In
the LCFs, negative fractions of the reference spectra were not allowed
and the component sum was not constrained to 1. The concentration of
adsorbed As(III) and As(V) was calculated by multiplying the LCF-
derived fraction of As(IIl) and As(V) by the concentration of total As
removed from solution determined by ICP-MS. We use the As K-edge
XAS data primarily to determine the oxidation state of As bound to the
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solid phase. Shell-by-shell fits of the EXAFS spectra were not performed
partly because many of our samples contained multiple As oxidation
states, which complicates the interpretation of shell fits (van Genuchten
et al., 2012; van Genuchten and Ahmad, 2020). Further details on XAS
sample preparation and data collection are given in the Supplementary
Materials.

3. Results and discussion
3.1. Solid-phase Fe structure and its relation to Fe(Il) oxidation kinetics

Fig. 1(A) and (B) shows the Fe K-edge EXAFS spectra, and corre-
sponding Fourier transforms, of the three reference Fe(IIl) (oxyhydr)
oxides and the experimental samples generated in the Oy, Hy04, and
sequential HoO2+0> systems. Comparing the EXAFS spectral features of
Lp, 2LFh, and oxy-HFO, a peak can be observed in Lp near 7.84 AL,
which dampened in 2LFh and disappeared in oxy-HFO. In addition, the
first oscillation from 4-5 A~! is asymmetric in Lp but becomes more
symmetric for 2LFh and oxy-HFO, with the oscillations at k > 8 A~}
becoming more broad with lower amplitude from Lp to 2LFh to oxy-
HFO. These features are consistent with a progressive decrease in
structural order from Lp to 2LFh to oxy-HFO (Toner et al., 2009; van
Genuchten et al., 2012). Visual comparison of the EXAFS spectra of the
experimental solids indicates that the EXAFS spectrum of the sample
generated by O, oxidation closely matched the line shape and phase of
the Lp EXAFS spectrum. However, a gradual and systematic shift in
EXAFS features from Lp to 2LFh and oxy-HFO was observed with an
increasing concentration of initial HyO5, and thus increasing fraction of
Fe(II) oxidized by H202. As shown in the Fourier-transform (Fig. 1(B)),
these changes in the EXAFS spectra of the samples correspond to a
systematic decrease in the amplitude of second-shell peak, which arises
from Fe-Fe atomic pairs, suggesting a progressive decrease in structural
order with increasing HyoOy concentration (Toner et al., 2009; van
Genuchten et al., 2012). We assign the second-shell peak with Fe-Fe
atomic pairs because no other atoms can be present in the second
shell of Fe at high enough concentrations to contribute significantly to
this peak (i.e., As can occur in the second shell, but its concentration in
the solid phase is too low to be detected in the Fe data).

The LCFs of the EXAFS spectra (Fig. 1(C); Table S2) confirmed the
decrease in Fe(IIl) precipitate crystallinity with increasing initial HyO»
concentration. The LCFs indicated that the highest fraction of moder-
ately crystalline Lp was present in the sample generated by O oxidation
of Fe(Il). The fraction of Lp in the solids derived by LCFs decreased
systematically in favor of poorly-ordered Fe(IlI) precipitates (2LFh and
oxy-HFO) with increasing Fe(II) oxidation by HyO2. Lp was not detected
in the experiments where 100% of Fe(II) was oxidized by H2O5. Instead,
the solids generated by Fe(II) oxidation with HyO, consisted of 100%
poorly-ordered Fe(III) precipitates (Fig. 1(C); Table S2). Such formation
of a higher fraction of poorly-ordered Fe solids with H,O» compared to
O is consistent with the previously reported impact of Fe(II) oxidation
rate on Fe(III) precipitate structure (Ahmad et al., 2019; Bandaru et al.,
2020; Catrouillet et al., 2020; van Genuchten and Pena, 2017). The low
oxidation rate of Fe(II) with O, allows the presence of aqueous Fe(II) to
catalyze the crystallization of freshly-precipitated Fe(III) precursors into
Lp (Ahmad et al., 2019; Pedersen et al., 2005). By contrast, HyO, oxi-
dizes aqueous Fe(II) too rapidly to permit any Fe(II)-catalyzed crystal-
lization of newly-formed Fe(Ill) precipitates (Ahmad et al., 2019;
Pedersen et al., 2005).

To verify rapid Fe(II) oxidation with H20,, the kinetics of Fe(III)
generation was tested over 30 min for the same oxidation conditions
(Fig. 1(D)) as used to generate the solids for XAS analysis (i.e. oxidation
of 100uM Fe(II) in the Oq, Hy05, and Hy02+03 systems). It was observed
that all the Fe(II) was oxidized within 10 min regardless of the oxidant
(Fig. 1(D)). However, with 100 uM H20,, complete Fe(II) oxidation was
faster (<2 min) than with O, (between 5-10 min), which is in-line with
previous research (Bandaru et al., 2020; King and Farlow, 2000; King,
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Fig. 1. Fe K-edge EXAFS spectra and corresponding Fourier transforms of the Fe solids (A and B), relative concentration of lepidocrocite (Lp), 2-line ferrihydrite
(2LFh), and oxyanion-rich hydrous ferric oxide (oxy-HFO) in the Fe solids determined from LCFs (C), and kinetics of Fe(III) generation over 30 min when 100+3 pM
Fe(Il) was oxidized by 8.0-9.0 mg/L O, (aerobically; t = 0-30 min), 100 uM H,O, (anaerobically; t = 0-30 min), or sequentially by 5, 10, 20, or 40 uM H,0,
(anaerobically; t = 0-5 min) followed by 8.0-9.0 mg/L O, (aerobically; t = 5-30 min). The LCF output is overlain on the experimental data in panel A. Solutions
initially contained 7+0.5 pM As(III), 2.5 mM NaHCO3, and 10 mM NaCl. All Fe(III) formed solids and no dissolved Fe(III) was detected (data not shown). Data points
and error bars represent the average and standard deviation of the samples obtained from replicate experiments.

1998). In the sequential experiments with initial 5, 10, 20 or 40 uM
H20,, Fe(II) oxidation was fast but incomplete, with the expected stoi-
chiometric 2:1 mol:mol ratio of Fe(II) oxidation by HyO observed for all
H20; experiments. This 2:1 stoichiometry led to residual Fe(II) con-
centrations of 85, 76, 64, and 17 uM at 5 min using HoO5 dosages of 5,
10, 20, and 40 uM, respectively, with the remaining Fe(II) oxidized by
O added by aeration at t > 5 min. These results show that anaerobic Fe
(II) oxidation with Hy0O closely followed the expected 2:1 ratio and
favoured the formation of poorly-ordered Fe(III) solids, in contrast to Oo,
due to its more rapid oxidation rate with Fe(II).

3.2. As(IlI) removal by Fe solids

Fig. 2(A) shows the co-removal of initial 7+0.5 uM As(III) when

oxidizing 100+3 pM Fe(II) in the Oy, HoO,, and sequential HyO2+05
systems. Comparing the different oxidant conditions, As(III) removal
was the lowest in the Oy system, where the residual dissolved As con-
centration (t = 30 min) was 3.840.2 uM (44% removal). In the
sequential HoO2+03 system, As(III) removal was moderate and the re-
sidual dissolved As concentration (t = 30 min) decreased systematically
(3.6+0.2, 2.9+0.4, 2.6+0.1, and 1.3+0.10 pM) with increasing initial
H50, concentration (5, 10, 20, and 40 uM H505). The most removal of
initial As(IIT) was observed using 100 uM H205, with a residual dissolved
As concentration (t = 30 min) of 0.4+0.1 uM (95% removal). Thus, the
poorest As removal was observed when Fe(II) was oxidized by O, alone
and removal increased with an increase in the fraction of Fe(II) oxidized
by H0,. This trend is consistent with the increasing fraction of poorly-
ordered Fe solids with increasing initial HyO> concentration (Fig. 1(C)),
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Fig. 2. Removal of initial As(III) over 30 min (A), As K-edge XANES spectra of the generated Fe solids (B), and As speciation at the experiment end (t = 30 min) when
100+3 pM Fe(II) was oxidized by 8.0-9.0 mg/L O, (aerobically; t = 0-30 min) (red line), 100 pM H,O,, (anaerobically; t = 0-30 min) (green line), or sequentially by 5,
10, 20, or 40 uM H,0; (anaerobically; t = 0-5 min) followed by 8.0-9.0 mg/L O, (aerobically; t = 5-30 min) (yellow line). Solutions initially contained 74+0.5 uM As
(IID), 2.5 mM NaHCOs, and 10 mM NaCl. Data points and error bars represent the average and standard deviation of the samples obtained from replicate experiments.

as observed in the previous section.

Fig. 2(B) shows the As K-edge XANES spectra of samples generated in
the Oq, HyO», and sequential HpO2+0; systems, with the LCFs of the
XANES spectra reported in Table S3. The XANES spectra show that As(V)
was the dominant species adsorbed on the solids, based on the position
of the absorption maximum near 11875 eV. The predominance of solid-
phase As(V) was confirmed by the XANES LCFs (Table S3). This suggests
effective sorption of As(V) generated via As(III) oxidation by ROS,
formed during Fe(I) reactions with both Oy or HyO,, since direct
oxidation of As(III) by Oy or HyO3 in the experimental time frame (30
min) was not feasible (Hug and Leupin, 2003).

Combining the aqueous As(III) removal results with the measure-
ments of As oxidation state on the solids (with XANES LCFs) and in
solution (with anionic exchange resins) yields the speciation plot given
in Fig. 2(C). This plot reveals that, while overall aqueous As(III) removal
increased with increasing initial H,O, concentration, the majority of As

bound to the solids was always As(V) and the majority of residual
aqueous As was As(III) for all oxidant conditions. For example, in the O
system As(V) accounted for 2.2 pM of the total adsorbed As content of
3.0 uM (72%), whereas 80% of the 3.8 uM residual As was As(III).
Similarly, in the HyO» system, As(V) was 100% of the adsorbed As and
As(IIT) accounted for 72% of the 0.4 uM residual As. These trends were
reproduced in the sequential HyO2+02 system (Fig. 2(C)) and are
consistent with the orders of magnitude higher sorption affinity of As(V)
than As(III) (Roberts et al., 2004). Although the fraction of As(V) and As
(II1) bound to the solids was similar among many of the samples, the
total amount of oxidized As(IIl) increased with increasing HoOy con-
centration (i.e. total As(V) increased from 2.9 uM in the O3 system to >6
uM in the Hy0O, system). The increase in As(III) oxidation with HyO9
concentration is consistent with more effective ROS generation when Fe
(II) is oxidized by Hy0, compared to O (Hug and Leupin, 2003), which
is attributed to the 1:1 stoichiometric yield of ROS when Fe(II) reacts



M. Roy et al.

with HoO4 compared to the 1:3 yield of ROS when Fe(II) reacts with O,.

Combining the As speciation plots in Fig. 2(C) and the solid-phase Fe
speciation plots in Fig. 1(C) uncovers a key finding about the anaerobic
co-oxidation of As(III) and Fe(II) by HoO5. Comparing the overall As
removal between the O, experiment and the sequential 40 uM Hy02+05
experiment showed a decrease in the residual As concentration from 3.8
uM to 1.3 pM, a difference of 2.5 uM As when 40 uM H,0, was applied,
whereas for the same samples, the total amount of oxidized As(III) was
2.9 uM for the O, experiment and 4.8 pM for the sequential 40 uM
H202+03 experiment, a difference of only 1.9 uM As. The higher overall
As removal efficacy for the 40 uM Hy0,+O2 experiment, cannot be
attributed to an increase in As(III) oxidation alone. Therefore, the results
indicate that the higher reactive surface area of the poorly-ordered
solids generated by Fe(II) oxidation with HyO» played a critical role in
improving overall As removal efficacy.

3.3. Under- and over-dosage of H202

Experiments were performed to identify any benefit from dosing
H0; below or above the stoichiometric amount required to anaerobi-
cally oxidize 100+3 uM Fe(II). Fig. 3(A) shows the concentration of
oxidized Fe(II) and the corresponding removal of the initial 74+0.2 pM As
(III) as a function of different HoO, dosages (10-400 uM) at t = 30 min.
As the H505 concentration increased, the concentration of oxidized Fe
(II) also increased up to the complete oxidation of Fe(Il) at HyOy con-
centrations above 60 uM. For HoO, dosages below 60 uM (i.e., under-
dosage; 10-40 uM), only partial oxidation of 100+3 pyM Fe(II) was
observed (20-80% oxidation). However, the ratio of generated Fe(III) to
dosed Hy0, remained around 2:1 mol:mol for all conditions (Fig. 3(A)),
indicating that the 2:1 stoichiometry of Fe(II) oxidation by HoOy was
maintained.

The results from the sequential HyO2+0 experiments were consis-
tent with the findings mentioned above. Increasing the HyOy concen-
tration from 10-40 pM, which is below the required amount for 100% Fe
(II) oxidation, resulted in improved As removal due to the formation of
more Fe(III) precipitates (Section 3.1 and 3.2). For instance, with 10 uM
H50; the residual As concentration (t = 30 min) was 4.8+0.2 uM (31%
removal), which decreased to 1.7+0.1 uM (76% removal) with 40 uM
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H30, (Fig. 3(A)). However, we also observed that increasing the HoO»
concentration above the amount required to completely oxidize 100+3
uM Fe(ID) (i.e., over-dosage) also improved As(III) removal. For example,
when the H,05 dosage increased from 60 to 400 uM (i.e., over-dosage),
the dissolved As concentration at t = 30 min decreased from 0.6+0.1
(92% removal) to 0.1+0.1 pM (98.5% removal), which resulted in As
levels below the WHO recommended limit (<0.13 uM) (Fig. 3(A)). This
increase in As removal can be explained by the oxidation of As(III) to As
(V) via ROS, formed by decomposition of HyO on the surface of Fe(III)
precipitates (Lin and Gurol, 1998), with subsequent sorption of As(V).

Finally, we noted that the removal of the initial 7+0.2 uM As(III)
with 400 uM H305 (98.5% removal) was almost equal to the removal of
the initial 7+0.5 uM As(V) (99.3% removal; at 60 pM H»05), when a
similar Fe dosage of 100+3 uM was used (Fig. 3(B)). This result high-
lights the advantage of using H2O,, because previous Fe(II)-based As
removal studies, with only O, dosing, have always reported higher re-
movals of initial As(V) compared to As(III) (Kumar et al., 2004; Roberts
et al., 2004; Roy et al., 2020; Wan et al., 2011).

3.4. Application to raw anaerobic groundwater

To validate that enhanced As(III) co-removal can be achieved by
adding H,05 to groundwater containing native Fe(II), experiments were
performed with raw anaerobic groundwater rich in Fe(II), co-occurring
As(III), and other native dissolved species (such as phosphorous (total P)
and manganese (Mn)). Fig. 4 shows the removal of initial As(III), Mn,
and total P from raw anaerobic groundwater with Fe(III) generation
over 30 min. Consistent with the laboratory experiments (Sections 3.1
and 3.2), all groundwater-native Fe(II) was oxidized with H,O5 and
rapidly formed precipitates (within 2 min), whereas O, oxidation of Fe
(ID) required the full 30 min of the experiment. During the HyO4 dosing
experiment, As(IlI) was also quickly removed, with 97.6% As(IIl)
removal measured in 2 min. When the native Fe(II) in groundwater was
oxidized by O, As(III) removal continued over the full 30 min reaction
duration and at the end of the experiment 1.3+0.1 uM residual As (81%
removal) remained in solution.

While our experiments with natural groundwater were consistent
with the laboratory experiments (i.e., H2O2 addition outperformed
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Fig. 3. Dissolved As and Fe(III) concentration in solutions at t = 30 min plotted as a function of different H,O, dosage when 1003 uM of Fe(II) was oxidized by 10-
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Fig. 4. As, Mn, and total P removal from raw anaerobic groundwater as function of time and Fe(III) generation when 424+12 uM groundwater-native Fe(II) was
completely oxidized by 800 uM H,0, (left) and 8.0-9.0 mg/L O (right). Solutions initially contained 6.8+0.1 pM As(III); 5.3+0.1 uM Mn, and 12.74+0.5 uM total P.
All Fe(Ill) formed solids and no dissolved Fe(III) was measured (data not shown). Data points and error bars represent the average and standard deviation of the

samples obtained from replicate experiments.

aeration), some key differences were observed. First, compared to the
laboratory experiments, raw groundwater samples showed a better
removal of As(III) for both H,O5 and O, oxidation. Second, the differ-
ence between As(III) removal using HyO, or O, was smaller for the raw
groundwater experiments. The less distinct As removal of HyO2 and O,
oxidants applied to natural groundwater could be attributed to the four
times higher Fe(II) concentration in natural groundwater than in the
laboratory experiments, which suggests that optimal conditions for
enhancing As removal by HyO, addition occur at lower initial Fe(II)
levels.

Additionally, the optimal removal of As(III) with HoO3 in ground-
water containing low levels of native Fe(II) can also be impacted by the
presence of other native species that can compete for adsorption sites
and ROS. For example, phosphorous in groundwater is present mainly as
phosphate (PO%’) and studies have shown its competition with As(V) for
adsorption sites on Fe solids (Roberts et al., 2004). As observed in Fig. 4,
along with the removal of As(III), total P removal was also observed for
both Hy03 and O experiments, but the removal of total P was different
for the different oxidants. In the O, experiment, the rate and amount of
total P removal was higher than As(III), whereas the HyOy experiment
did not display a substantial difference between As(III) and total P
removal. This result can be explained by the availability of sufficient
sorption sites for both As and P on the Fe solids owing to the formation of
poorly-ordered solids during H2O2 oxidation, the high Fe(II) concen-
tration (424+12 puM), and to the enhanced oxidation of As(III) using
H50,. However, in situations where native Fe(Il) is low, a possible lower
co-removal of As(III) could be expected due to competition with PO?{
for adsorption sites.

Apart from PO3~, groundwater can also contain dissolved Mn, which
might impact As(IIl) co-removal with native Fe(II). For instance, pre-
vious studies have reported that Mn in groundwater, which is present as
Mn(II), can compete with As(III) for ROS, yielding oxidized Mn(III) that
(partially) incorporates into the co-precipitating Fe(III) solids (Ahmad
et al., 2019; Catrouillet et al., 2020; van Genuchten and Pena, 2017).
However as shown in Fig. 4, Mn removal was relatively low for both
H02 (19% removal) and O3 (13% removal), suggesting that Mn(III)
formation was not substantial. However, since identifying the
solid-phase speciation of Mn was beyond the scope of this study, it is not

clear whether there was any competition between Mn(II) and As(III) for
the generated ROS.

3.5. Implications for groundwater treatment

We observed improved As(III) removal when co-existing Fe(II) was
oxidized by HyO3 rather than O,. The ratio of As(III) removed to Fe(III)
generated increased from 0.03 to 0.06 mol:mol when 100 uM Fe(II) was
completely oxidized with either 8.0-9.0 mg/L Oy or 100 uM H3Os,
respectively, indicating substantially less Fe is required for equivalent As
removal with HyO». The application of such Fenton-type systems (i.e., Fe
(I)+H303) to improve As(III) removal from water has been reported
previously. For example, Krishna et al. (2001) showed that initial
treatment of 2 mg/L As(III) with 100 mg/L Fe(II) and 100 pL/L of 30%
H50,, followed by passing through zero valent iron columns and a sand
bed, achieved As removal to <10 ug/L (WHO guideline). In addition,
Wang et al. (2013) observed that oxidizing 20 uM Fe(II) with 50 uM
H»0; at pH 7.0 resulted in 70% oxidation of 20 uM As(III) compared to
just 2.5% while oxidizing the Fe(II) with Oy. While these studies are
useful, they interpret their results primarily by improved As(III)
co-oxidation by ROS and did not focus on the influence of Fe(III) pre-
cipitate structure. In this study, we also observed that the improved As
(III) co-removal by Hy0; is partly attributed to the well-established
enhanced efficiency of As(IIl) oxidation in Fe(II)+H30 systems due to
higher stoichiometric yield of ROS compared to Fe(I[)+Os systems
(Bandaru et al., 2020; Hug and Leupin, 2003). However, our results
explicitly showed that the Fe(IlI) precipitate structure played a major
role in improving As(III) removal. The Fe K-edge EXAFS analysis per-
formed in this study indicated a systematic decrease in precipitate
crystallinity (i.e., increase in reactive specific surface area) from
moderately crystalline Lp in the Og system to poorly-ordered Fe(III)
precipitates with HyO5 (Fig. 1(C)). This impact of Fe(Ill) precipitate
structure is often overlooked in Fe-based As removal techniques, but we
show that the type of Fe(IIl) precipitates must be considered to accu-
rately predict As removal in groundwater treatment.

Our results also indicated that oxidizing the groundwater-native Fe
(II) anaerobically with HyO prior to aeration-filtration can be used to
leverage the full potential of native Fe(II) for As(III) treatment.
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Depending on the initial As:Fe and Fe:H,0, ratios, this novel approach
can remove As(III) to below drinking water standards, achieving a high
As(III) removal, which is often difficult with conventional aeration-
filtration. The optimal use of native Fe(II) via HyO, oxidation can help
to avoid the need for additional Fe dosage (as FeCls) in situations where
oxidizing native Fe(II) by aeration is not sufficient to meet As drinking
water limits. This reduction of Fe dosage will also lower the volume of
generated Fe sludge and thus lower the frequency of filter backwashing.
Additionally, anaerobic oxidation of Fe(II) with HyO4 prior to aeration
will not result in the same increase in groundwater pH as is observed
during aeration due to degassing of CO2(g). As long as Fe(1l) is oxidized,
maintaining a low pH is advantageous because As(V) adsorption to Fe
solids decreases with increasing pH (Annaduzzaman et al., 2021b; Dixit
and Hering, 2003).

Usage of other strong oxidants (such as KMnO4 or NaOCl) during
aeration-filtration has been reported previously, effectively oxidizing As
(III) and also generating poorly-ordered Fe solids (van Genuchten and
Ahmad, 2020). However, compared to those oxidants, HyO5 is consid-
ered a green oxidant, because its by-products, namely H>O and O, are
benign (Goyal et al., 2020; Pham et al., 2012b; Zhao et al., 2019). Recent
studies have also shown that HoO; can be electrochemically generated
in-situ (Bandaru et al., 2020), which eliminates the necessity to maintain
chemical stocks of HoO2 on site, thus decreasing the supply chain for
operating groundwater treatment plants.

The results in this work suggest that oxidizing groundwater-native Fe
(I1) with HyO, anaerobically prior to aeration-filtration can be a novel
approach to optimize the co-removal of toxic As(IIl). However, our study
did not take into account potentially different environmental scenarios
that can impact As(IIl) removal. For example, the laboratory experi-
ments were performed in controlled conditions with a fixed Fe(II):As(III)
ratio and pH, and without the presence of other competing ions. While a
set of experiments with raw anaerobic groundwater was performed, the
advantage of oxidizing native Fe(II) with HoO5 over O for As(IIl) co-
removal diminished most likely due to the high concentration of
native Fe(II). In the experiments with real groundwater, although 1 mol
of Hy0;, is sufficient to oxidize 2 mol of Fe(Il), an excess HoO5 was dosed
to minimize the impact of any atmospheric Oy influx and to ensure
complete oxidation of the native Fe(I) by H02 in absence of Ny
dosage as in laboratory experiments. While our laboratory in-
vestigations and tests in real groundwater highlight the potential ben-
efits of HyO, dosing, it is recommended to perform further studies with
real anaerobic groundwater under various environmental conditions,
with optimization of the HyO2 dosage, to further validate the novelty of
the proposed approach. Overall, the advantage of anaerobic HyOy
oxidation of native Fe(II) for As(IIl) removal is that it can be easily
implemented in conventional or decentralized systems to treat As
contaminated groundwater without major changes in infrastructure and
without substantial increases in treatment costs.

Conclusions

In this study, we showed a novel approach where the co-removal of
groundwater As(III) with native Fe(II) can be enhanced by oxidizing the
Fe(II) anaerobically with H,O5 prior to aeration-filtration rather than
conventionally by aeration (or O3) under aerobic conditions. The
enhanced As(III) co-removal with H,O4 was partly due to generation of a
larger fraction of poorly-ordered Fe(III) solids with a higher reactive
specific surface area compared to moderately crystalline Fe(III) solids
generated by O as well as the generation of more ROS per mole of Fe(II)
when dosing H303 (1:1) compared to Oz (1:3), thus favouring As(III)
oxidation to readily adsorbed As(V). Hence, we propose the application
of HpO3, a green oxidant, for anaerobic Fe(II) and As(III) co-oxidation in
groundwater treatment prior to aeration to optimize native Fe(Il) usage,
which will reduce the volume of generated sludge.
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