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ARTICLE INFO ABSTRACT

Keywords: Storage containers are usually used to provide a constant water head in decentralized, community groundwater
Groundwater treatment systems for the removal of iron (Fe) and arsenic (As). However, the commonly practiced aeration prior
Treatment to storage assists in rapid and complete Fe?* oxidation, resulting in poor As removal, despite sufficient native-
g\;(zzlce container Fe?* in the source water. In this study, it was found that application of anoxic storage enhanced As removal from
Arsengic groundwater, containing >300 pg/L of As(III) and 2.33 mg/L of Fe?* in an As affected village of Rajshahi district
Tron in Bangladesh. Although the oxidation of Fe?* and As(IlI) during oxic storage was considerably faster, the As/Fe

removal ratio was higher during anoxic storage (61-80+5 pgAs/mgFe) compared to the oxic storage (45+5
ugAs/mgFe). This higher As removal efficacy in anoxic storage containers could not be attributed to the speci-
ation of As, since As(V) concentrations were higher during oxic storage due to more favorable abiotic (As(III)
oxidation by O, and Fenton-like intermediates) and biotic (As(Ill) oxidizing bacteria, e.g., Sideroxydans, Gal-
lionella, Hydrogenophaga) conditions. The continuous, in-situ hydrous ferric oxide floc formation during flow-
through operation, and the favorable lower pH aiding higher sorption capacities for the gradually formed As

(V) likely contributed to the improved performance in the anoxic storage containers.

1. Introduction

The geogenic groundwater contamination of arsenic (As) negatively
affects the quality of drinking water, leading to health risks in many
countries including Bangladesh and India (Chakraborty et al., 2015;
Smedley and Kinniburgh, 2002). Long-term consumption of As
contaminated water may cause skin lesions, melanosis, hyperkeratosis,
skin cancer and internal organs damage (Farmer and Johnson, 1990;
Guo et al., 2013; Li et al., 2012; Luzi et al., 2004). According to the
World Health Organization (WHO), the recommended values for As in
drinking water should not exceed 10 pg/L (WHO, 2011), whereas 50
ug/L is the maximum allowable limit in Bangladesh. However, As can be
found in groundwater-based drinking water supplies in Bangladesh up
to several mg/L (Nordstrom, 2002). In oxidizing conditions and cir-
cumneutral pH, such as in surface waters, arsenate [As(V)] is the pre-
dominant species, which is usually present in the immobile state,
forming oxyanions (HpAsOg, HASO?{) (Katsoyiannis and Zouboulis,
2004; Lafferty et al., 2010). However, under circumneutral pH and
reducing conditions like in groundwater aquifers, arsenite [As(III)]
specie is the more toxic, mobile, and thermodynamically stable in the
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non-ionic form (H3AsOs3) (Villalobos et al.,, 2014). Therefore,
pre-oxidation from As(III) to As(V) is an essential step for As contami-
nated water treatment processes such as precipitation, co-precipitation,
coagulation-filtration, and adsorption on iron (Fe)-oxides, activated
alumina or bone char (Bai et al., 2016; Begum et al., 2016; Niazi et al.,
2018; Pio et al., 2015; Zhang et al., 2010). However, oxidation of As(III)
through dissolved oxygen (DO) is thermodynamically feasible but is
slow (Gude et al., 2018b; Sorlini and Gialdini, 2010).

Aeration is commonly used for oxidizing Fe>™ and removing carbon
dioxide, methane, hydrogen sulfide, and volatile organic compounds
from water (Bruins et al., 2014; Katsoyiannis et al., 2008; Vries et al.,
2017). Moreover, if the water source also contains As, the oxidation of
Fe?" can also enhance As(IIT) oxidation by reactive oxidation species
(ROS) and/or Fenton-like chemical reactions (Hug et al., 2001; Hug and
Leupin, 2003; Roberts et al., 2004). The freshly formed hydrous ferric
oxide (HFO) flocs from Fe®" oxidation can bind and co-precipitate with
As (Katsoyiannis et al., 2015; Roberts et al., 2004; Senn et al., 2018),
where the binding-affinity for As(V) is stronger than for As(III) (Bissen
and Frimmel, 2003; Cui et al., 2018). However, the removal of As with
oxidized HFO flocs has been found to be inefficient due to rapid and
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almost complete Fe?>' oxidation during storage or filtration before
complete As(III) oxidation (Annaduzzaman et al., 2021; Gude et al.,
2016; Roberts et al., 2004). Moreover, as formerly observed, the rise in
pH during aeration increases the negative surface charge on HFO flocs
and hence decreases As removal potential (Dixit and Hering, 2003; Han
et al., 2016).

Storage containers are usually used to provide a constant water head
in decentralized, community treatment systems for the removal of iron
(Fe) and arsenic (As) (Chakraborty et al., 2016). However, the
commonly practiced aeration prior to storage results in rapid and
complete Fe?" oxidation, resulting in poor As removal despite sufficient
native-Fe>" in the source water. As a result, the conventional oxic
storage and filtration processes require additional chemical oxi-
dants/adsorbents for As removal. In a recent study (Annaduzzaman
et al., 2021), it was found that delayed aeration before sand filtration
enhanced overall As removal. It is hypothesized that the observed partial
Fe?* oxidation during anoxic storage promoted As removal in the
following aeration-filtration steps. However, the oxidation mechanisms
and effects of temporal changes in various water quality parameters in
such storage containers are not yet fully understood. Therefore, this
study aims to address the following knowledge gaps: (i) the mode of
Fe?* and As(III) oxidation, being either homogeneous, heterogeneous
(surface-related process), biological, or in various combinations (van
Beek et al., 2015; Vries et al., 2017), (ii) the role of various biological
processes by subsurface-derived indigenous microorganisms (Crognale
et al., 2019; Gude et al., 2018a), and (iii) the effect of a larger surface
area to adhere biofilms by application of bio-carriers in the storage
container.

Thus, this novel concept of anoxic storage was monitored to under-
stand the oxidation processes of groundwater native-Fe2" and As(I1D),
and their effect on As removal, compared to the conventional oxic
storage in the presence and absence of bio-carriers. The oxic and anoxic
storage container experiments were conducted over 30 days with nat-
ural groundwater, in the presence of native-Fe?* (2.33 mg/L), As (>300
pg/L), and other con-t-a-m-i-nants like PO3~ (2.15 mg/L) and NHZ(0.96
mg/L). Furthermore, this research also studied the role of bio-carriers
and consequent changes in bacterial growth in the storage containers.

2. Materials and methods
2.1. Groundwater sample quality

The experiments were performed in polypropylene storage con-
tainers (GAZI, Bangladesh) with a capacity of 75 L, using As contami-
nated groundwater in the affected Uttar Kazirpara village in Paba,
Rajshahi district, Bangladesh. The relevant water composition of the
used groundwater is shown in Table 1. The anoxic groundwater was
extracted from a borehole of 50+1 m depth using a submersible pump
(GAZI, Bangladesh).

Table 1
The relevant groundwater compositions used in the study.

Water Quality Parameters Unit Raw Groundwater
pH [-] 6.94

Dissolved Oxygen (DO) mg/L 0.07*

Oxygen Reduction Potential (ORP) mV —110+10
Electrical Conductivity (EC) pS/em 675
Temperature °C 26.7

As(total) ug/L 329+3%

As(V) pg/L 3945%

As(I11) ug/L 290+5%

Fe** mg/L 2.33+3%
Manganese (Mn) ug/L 600+£5%
Ammonium (NHJ) mg/L 0.96+0.02(SD)
Nitrate (NO3) mg/L 0.39+0.02(SD)
Phosphate (PO3 ") mg/L 2.154+0.03 (SD)

" The observed DO value is the lower limit of the measuring device.
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2.2. Experimental set-up of storage containers

The experimental set-up consisted of eight 75 L polypropylene con-
tainers (GAZI, Bangladesh) to study four storage conditions in duplicate,
namely, oxic (with/without bio-carriers) and anoxic (with/without bio-
carriers) (Fig. 1). The containers with bio-carriers were half-filled with
AnoxKaldnes K3 shaped bio-carriers, purchased from a local shop in
Dhaka (OSMOSIA Water), Bangladesh (Fig. 1). To ensure an abiotic
environment at the start of the experiments, the containers were thor-
oughly sterilized with 35% (w/w) hydrogen peroxide (H0) (Sigma-
Aldrich). Every 24 h, the stored water was replaced with freshly
extracted groundwater without removing the precipitated Fe-oxide
sludge. This refill process was chosen to replicate the conventional
storage practices, where the precipitated Fe-oxide sludge generally ac-
cumulates in the storage container for several weeks. The groundwater
was aerated by passing it through a showerhead, placed 35 cm above the
top of the containers with oxic storage. In the containers with anoxic
storage, the inlet of the extracted groundwater was filled without
aeration from the bottom of the containers. The anoxic containers were
overflown for an additional five minutes to avoid any incidental aeration
of water. The water sampling was performed every 60 min for the first
eight hours on days 1, 5, 10, 20, and 30 of the experimental period. The
experimental time of eight hours was selected to prevent full emptying
of the storage container (max +90%) and consequent discontinuation of
the column feed.

During each sampling event, the pH, dissolved oxygen (DO), oxygen
reduction potential (ORP), and temperature (T) were directly measured
on-site. In the course of each sampling time, 15 mL water samples (both
0.45 um (VWR) filtered and unfiltered) were collected in polypropylene
transparent 15 mL centrifuge tube (Sigma Aldrich) and acidified with
ultrapure HNOj3 acid (ACS reagent, 70%; Formula weight 60.01 g/mol;
Sigma Aldrich) to make up for 1.5% acidification of the solutions to
preserve for elemental quantification (such as Fe, As, etc.). The water
sample was collected using a 60 mL syringe and pre-fixed sampling tube
(IV injection tube, SQUARE, Bangladesh) at approximately 10 cm above
the bottom of the container (Fig. 1). This arrangement was used to avoid
opening of the container’s lids, risk of aeration during water sampling
and to maintain consistency of sample quality. Additionally, three times
a day (0, 4, and 8 h), 250 mL filtered (0.45 pm) water samples (without
acidification) were collected in the 250 mL polypropylene laboratory-
grade water vials for ammonium (NH3), nitrate (NO3), and phosphate
(PO3") analyses. The used chemicals, instruments and reagents during
this pilot-scale study are detailed in supplementary data (Table S1),
where Fig. S1 represents the experimental approach with relevant pa-
rameters in the respective steps. All sample collections and parameter
measurements were performed in duplicate from each container.

l Spray | Submerged
aerator Bio-carriers inlet

Uds

L 3%

Water
sampling

Oxic storage

Anoxic storage

Anaerobic groundwater well
containing As(lll) and Fe?*

Fig. 1. Schematic overview of the experimental storage container set-up with
oxic (left) and anoxic (right) storage conditions. Half of the containers were
filled with bio-carriers and all container settings were constructed in duplicate.
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2.3. Chemical analyses

The pH, DO, ORP, and T were directly measured in the field using
WTW electrodes (SenTix 940, FDO®925, SenTix ORP 900, and TerraCon
925, respectively) and calibrated using standard method before use. The
measurement consistency was maintained by placing the WTW elec-
trodes at +10 cm above the bottom of the container. All sample col-
lections and parameter measurements were performed in duplicate from
each container. Elemental analysis was carried out by Inductively
Coupled Plasma Mass Spectrometry, ICP-MS (Alanlytik Jena model
PlasmaQuant MS) at Delft University of Technology, the Netherlands.
Other ions such as NH{, NO3, and PO}~ were quantified at Rajshahi
Regional Laboratory, Department of Public Health Engineering (DPHE),
Bangladesh.

2.4. Arsenic speciation

For the As speciation, the ion-exchange resin Amberlite® IRA-400
chlorite was used. This speciation was performed by a 60 mL syringe
with 30 mL jon-exchange resin. After 0.45 pm filtration, 100 mL sample
were passed through 30 mL ion-exchange resin column. The remaining
As concentration in the resin filtrate was considered as reduced As(III)
species (Gude et al., 2016; Karori et al., 2006). Finally, the obtained As
(IT) species level from the resin filtrate was subtracted from 0.45 um
filtrate (total) As concentration to determine dissolved As(V).

2.5. Microbial sampling and analyses

For the microbial community profiling, the biomass from the
container wall (inside) and bio-carriers were collected and stored at
—80 °C. From these samples, around 0.25 g was used for DNA extraction
using the DNeasy UltraClean microbial kit (Qiagen) at Department of
Biochemistry and Molecular Biology, Rajshahi University, Bangladesh.
Afterward, the DNA samples were used for metagenomics analysis at
Novogene Hongkong, China. The cetyl-trimethylammonium bromide/
sodium dodecyl sulfate (CTAB/SDS) method was used to extract total
environmental DNA from the samples. The purity and concentration of
the DNA were examined on 1% agarose gel horizontal electrophoresis.
The environmental DNA samples were used for metagenomics analysis
with further dilution to 1 ng/uL and amplification of the V3 region of
16S rRNA genes were performed using the universal primers 341F (5'-
CCT ACG CGA GGC AGC AG —3) and 517r (5'- ATT ACC GCG GCT GCT
GG —3') (Muyzer et al., 1993) at Novogene Hongkong, China. Poly-
merase chain reactions (PCR) were performed with Phusion®
High-Fidelity PCR Master Mix (New England Biolabs). The same volume
of 1X loading buffer was mixed (containing SYBR green) with PCR
products and electrophoresis on 2% agarose gel electrophoresis was
performed for detection. Samples with a bright prominent band strip
between size 400-450 bp were chosen for further experiments. The PCR
products were mixed in equal ratios and purified with the Qiagen Gel
Extraction Kit (Qiagen, Germany). The Illumina HiSeq paired-end raw
reads were generated with NEBNext® UltraTM DNA Library Prep Kit
and quantified via Qubit and qPCR.

The Illumina HiSeq paired-end raw reads were checked for quality
(Base quality, base composition, GC content) using the FastQC tool
(Andrews et al., 2010). The QIIME (Version: 1.9.1) pipeline (Caporaso
et al., 2010) was used for the selection of 16S RNA, clustering, and OTU
picking followed by taxonomic classification based on the SILVA data-
base and statistical analysis. The chimeric sequences were removed from
the libraries using the de-novo chimera removal method UCHIME
implemented in the tool VSEARCH. Pre-processed reads from all samples
were pooled and clustered into Operational Taxonomic Units (OTUs),
based on their sequence similarity using the Uclust program (similarity
cutoff = 0.97). A representative sequence was identified for each OTU
and aligned against the SILVA core set of sequences using the PyNAST
program (Caporaso et al., 2010). The representative sequences of the
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OTUs were also used to predict KEGG orthodoxy (KO) abundances using
PICRUSt2 (Langille et al., 2013) and microbial pathways were inferred.
The six metagenomic library datasets from the containers under oxic
(S1, S2, S3) and anoxic (S1, S2, S3) conditions were clustered, based on
the arithmetic mean of weighted Unifrac distance using Unweighted
Pair Group Method (UPGMA). An unrooted Neighbor-Joining (NJ) tree
of the 35 predominant and common bacterial 16S rRNA sequences was
build using the software MEGA X version 10.1. The raw sequencing data
have been submitted to the NCBI Sequence Read Archive; accession
number PRJINA673456 (https://www.ncbi.nlm.nih.gov/sra/
PRJINA673456).

3. Results and discussion
3.1. Immediate changes in pH, DO, ORP and Fet

The pH, ORP, DO, and Fe?* concentration during oxic and anoxic
storage without the presence of bio-carriers, measured at the start of the
experiment (day 1), are shown in Fig. 2. While the natural groundwater
pH, DO, and ORP were 6.94, 0.07 mg/L, and —110 mV, respectively,
after aeration the average pH, DO, and ORP increased to 7.5(+0.03),
6.75(+0.05) mg/L, and 130(£+10) mV, respectively. This was due to
atmospheric gaseous exchange resulting in the release of CO, and uptake
of O,. The results for the containers with bio-carriers are shown in
Supplementary Fig. S2. During the 8 h of observation, the pH and ORP
remained stable during oxic storage (Fig. 2a,c, and S2a,c), and DO
remained above 6.26 mg/L (Fig. 2b, S2b). The dissolved Fe concentra-
tion (considered as Fe?*) dropped to an average of 0.30 mg/L from its
initial (groundwater) concentration of 2.33 mg/L, which was due to
rapid Fe>™ oxidation at the high DO and pH (t;»: roughly 2-3 min;
Fig. 2d) (Morgan and Lahav, 2007; Stumm and Lee, 1961).

During anoxic storage Fe>* oxidation was slow in comparison with
the oxidation rate during oxic storage, due to the lower levels of pH
(6.9), DO (0.35 mg/L), and ORP (+—100 mV) (Fig. 2a,b,c), as evidenced
during earlier studies (Vollrath et al., 2012; Wang et al., 2013). The ORP
remained stable, similar to its initial value (+=—110 mV) over 8 h
(Fig. 2c), while DO dropped from 0.35 mg/L to 0.23 mg/L. After the
experimental 8 h, 1.39(4+0.05) mg/L of Fe?" remained dissolved in the
anoxic stored water (Fig. 2d, S2d). The observed 0.94 mg/L of Fe2t
oxidation during anoxic storage corresponded to the average consumed
0.13 mg/L of DO, which was equal to the DO drop over 8 h. Part of the
Fe?t (0.40 mg/L) oxidized immediately during the filling of the con-
tainers, as minor DO intrusion could not be avoided upon filling the
container. In the first 24 h of the experiments, no or negligible biological
growth and metabolic processes could be expected, thus abiotic Fe**
oxidation must have been predominated, where DO acted as an
electron-acceptor in both storage conditions.

3.2. Immediate changes in As(III) oxidation and removal

Under both oxic and anoxic conditions, As(III) oxidation started
immediately upon filling of the containers (¢t = 0) and continued over the
observed experimental period of 8 h, as shown in Fig. 3. At the start of
the experiment, 100 pg/L and 55 pg/L of As(III) was oxidized during oxic
and anoxic storage, respectively. Over the next 8 h, an additional 48% As
(III) oxidation (from 188 pg/L to 97 pg/L) was detected in the oxic
storage (Fig. 3a), whereas in the anoxic storage only 22% (from 236 pg/
L to 183 pg/L) additional As(III) oxidation (Fig. 3b) was observed. As a
result, the dissolved As(V) concentration increased in both storage
conditions.

During oxic storage, As(III) oxidation was faster than in the anoxic
storage, probably due to the oxidation of 2.03 mg/L Fe?!, which is
known to result in reactive intermediate species (Ciardelli et al., 2008;
Cui et al., 2018; Leupin and Hug, 2005; Tian et al., 2017). After almost
complete oxidation of Fe?* (2.03 mg/L) in oxic storage (after 5 min), the
oxidation of As(III) slowed down to a rate of 11 pg/L/h, probably due to
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Fig. 3. Arsenic speciation during (a) oxic and (b) anoxic storage containers without bio-carriers over a period of 8 h on the first experimental day. The error bars

represent the standard deviations.

homogeneous oxidation with Oy (DO >6.3 mg/L) (Lowry and Lowry,
2002; Shafiquzzaman et al., 2011), which was in the same order of
magnitude as the homogeneous As(III) oxidation observed by Shumlas
et al. (2016). The oxidation of As(III) under anoxic conditions was slow
(6.5 pg/L/h). The limited concentrations of DO in the anoxic containers
resulted in partial/slow Fe?* oxidation and, consequently, the coexis-
tence of Fe?' and oxidized Fe (HFO flocs) stimulated heterogeneous As
(III) oxidation (Amstaetter et al., 2010; Tian et al., 2017, Wang and
Giammar, 2015).

Although the overall removal of As was higher under oxic conditions,
the ratio between the removed As and oxidized Fe was higher under
anoxic conditions (61 pgAs/mgFe) than under oxic conditions (26 ugAs/
mgFe). This result is in-line with earlier studies, indicating that step-wise
Fe?" oxidation and precipitation improved As removal by adsorption
and/or co-precipitation (Annaduzzaman et al., 2021; Casentini et al.,
2016; Roberts et al., 2004). It appears that the freshly formed HFO flocs
in the anoxic storage containers were more efficient for As removal
under low pH (6.9), compared to the pre-formed HFO and high pH (7.5)
during oxic storage (Kim and Nriagu, 2000; Mercer and Tobiason, 2008;
Senn et al., 2018). The As(Il) oxidation results for storage containers
with bio-carriers was similar to the experiments conducted without
bio-carriers, both for the oxic and anoxic conditions (Fig. 3, S3). This
observation underlines that on the first experimental day,
surface-related biological processes did not contribute to the As(IIl)

conversion, and As(III) oxidation could be considered as abiotic.
3.3. Effect of long-term operation on Fe** oxidation

The changes in ORP and Fe?* concentration for the various con-
tainers over the experimental period of 30 days are shown in Fig. 4.
Throughout the experimental periods, the Fe?* concentration during
oxic conditions remained low and constant at 0.2(+0.05) mg/L, and
ORP values remained constant too, at 130(+10) mV (Fig. 4a). However,
during anoxic storage, both in the presence and absence of bio-carriers,
ORP, and Fe?" oxidation increased gradually over the 30 days (Fig. 4c,
d). Where in the anoxic storage containers without bio-carriers, on the
first day, the ORP remained stable over 8 h, the ORP drifted from —100
mV to —46 mV and from —23 mV to 49 mV on days 5 and 30, respec-
tively (Fig. 4c). During anoxic storage, in the presence of bio-carriers,
the ORP drifted from —110 mV on day 1 to —15 mV and —18 mV on
days 5 and 30 correspondingly (Fig. 4d). The detected increase in ORP
over time during anoxic storage might have resulted from the oxidation
of Fe?t (Yue et al., 2016).

During anoxic storage the Fe?' oxidation rate between 1 and 8 h
after filling increased with time from 0.12(+0.01) mg/L/h on the first
day to 0.17(40.02) mg/L/h on day 30. This is probably due to bacterial
growth since it is known that at low DO concentrations, biological Fe**
oxidation is faster than abiotic oxidation (Vollrath et al., 2012). In
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Fig. 4. ORP and Fe" variation over the experimental periods for oxic storage containers (a) without and (b) with bio-carriers; and anoxic storage containers (c)
without and (d) with bio-carriers. The error bars represent the standard deviations.

addition, the oxidation rate upon filling (during the first 10 min)
increased as well, potentially explained by Fe?"/Fe-(hydro)oxide and
biofilm enhanced surface-related Fe®" oxidation (Tian et al., 2017; van
Beek et al., 2015). The combination of heterogeneous and biological
Fe?" oxidation led to an overall drop in Fe?' concentration during
anoxic storage to an average of 0.94(+0.05) mg/L on day 30 after 8 h,
from 1.39(+0.1) mg/L on the first day.

3.4. Effect of long-term operation on As(IIl) oxidation and removal

Arsenic speciation over the 30 experimental days in the oxic and
anoxic storage containers without bio-carriers are depicted in Fig. 5, and
the results for the bio-carriers containing containers are detailed in
Fig. S4. The As(Ill) oxidation during oxic storage was considerably

higher after 30 days than during anoxic storage. During oxic storage in
the containers with bio-carriers, the remaining As(III) concentration
decreased from 97 pg/L on day 1 to 64 ug/L on day 30. The detected As
(III) oxidation rate (13+5 pg/L/h) during oxic storage at day 30 might
have resulted from the high DO concentration (Shumlas et al., 2016) and
the favorable high pH (7.5) (Wan et al., 2011). In addition, the growth of
As(IIT) oxidizing bacteria over the days in the containers could also have
contributed to the increased As(III) oxidation (Ghosh et al., 2018). The
removal of As after the first 8 h on day 1 was 54(£5) ug/L, which
increased to 100(£10) pg/L at day 5 and remained constant afterward.
This higher and constant As removal from day 5 onwards, was possibly
caused by the accumulation of HFO flocs (Annaduzzaman et al., 2021).

During anoxic storage, the As(IIl) oxidation rate also remained
nearly stable throughout the 30-day experimentation (Fig. 5b). The
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oxidation of As(III) was most likely due to the continuous Fe?* oxidation
over time. The removal of produced As(V) was more effective during
anoxic storage compared to oxic storage, and further improved over the
30 experimental days. The As removal per gram of oxidized Fe increased
from 61(+5) pg of As on day 1 to 80(£+10) ug of As on day 30 during
anoxic storage, where during oxic storage the maximum 45(+5) pg of As
removal was achieved after 30 days. Apart from the continuous in-situ
HFO flocs formation and the favorable low pH (6.7) for As(V) adsorption
(Klas and Kirk, 2013; Wan et al., 2011) in anoxic storage, both the oxic
and anoxic storage containers that contained bio-carriers showed 20
(+£5) pg/L higher As(III) oxidation and 17(+5) ug/L higher As removal,
respectively, (Fig. S4) compared to the containers without bio-carriers
over the experimental period of 30 days, indicating biotic influences,
as further discussed below.

3.5. Effect of long term operation on NH{, NO3, and PO3~ concentration

The groundwater NH4, NO3, and PO3  concentrations were on
average 0.96 mg/L, 0.39 mg/L, and 2.15 mg/L, respectively (Table 1).
During both oxic and anoxic storage, oxidation of NHf was observed
after 10 days (Fig. 6a). The decrease in NH4 concentration during oxic
storage resulted from the commencement of biological ammonium
oxidation (Koch et al., 2019; van Kessel et al., 2015), leading to an
increasing NO3 concentration from 0.25+0.1 mg/L to 0.73(£0.10)
mg/L. However, during anoxic storage without bio-carriers, the NH{
concentration decreased with only 0.15(+0.05) mg/L (Fig. 6a) over the
entire experimental 30 days, where the concentration of NO3 after 10
days increased from 0.25(40.05) mg/L to 0.80(£0.05) mg/L (Fig. 6b).
Both the bio-carriers containing containers (oxic and anoxic) showed a
+5% higher decrease in NHj concentrations which resulted in +9%
elevated NO3 formation (Fig. S5a,b) compared to the containers without
bio-carriers. The nitrification process, although starting-up slowly, was
not hindered by the slow/partial Fe?' oxidation in the anoxic
containers.

The concentrations of PO~ dropped drastically during oxic storages:
from its source groundwater concentration of 2.15 mg/L to an average of
0.65(+0.05) mg/L (Fig. 6¢). This decrease in PO?{ concentration during
oxic storage with and without bio-carriers, compared to anoxic storage,

justified its removal with HFO flocs originated from rapid (2.03 mg/L)
Fe?* oxidation (Fig. 4a). Over 8 h of observation, the PO%‘ removal
remained constant (+3%), likely due to the lack of new HFO floc for-
mation. However, during anoxic storage the PO}~ removal followed the
slow/step-wise Fe?* oxidation and removal process (Annaduzzaman
et al., 2021): over 30 days and after 8 h PO; ™ decreased from an initial
concentration of 2.03(+0.05) mg/L to an average of 1.2(+0.19) mg/L,
where Fe?" concentration decreased from an initial concentration of
1.88(+0.1) mg/L to 1.66(+0.14) mg/L.

3.6. Microbial communities in the container’s biomass

The metagenomics analysis of the microbial community from the
oxic and anoxic container walls showed the presence of various micro-
bial activities. A predominance of Gram-negative bacteria family, spe-
cifically  Proteobacteria groups such as Comamonadaceae,
Hydrogenophilaceae, Rhodocyclaceae was observed (Fig. S6). Gram-
negatives are usually dominant in water bodies, especially in the sub-
terrestrial systems and such predominance has been reported in other
studies from the Ganges-Brahmaputra-Meghna Delta region before
(Chakraborty et al., 2020; Ghosh et al., 2014). Germination of spores
and abundance of Gram positives (such as Geodermatophilaceae, Acti-
nopolysporaceae, Saccharopolyspora, Bacillus, Aeromicrobium, Ocean-
obacillus) were found on the walls of containers with oxic water only.

The metagenomic library datasets from the oxic storage containers
(S1, S2, S3) and anoxic storage containers (S1, S2, S3) were clustered
and are presented in Fig. 7. In the oxic storage containers, after an in-
cubation period of 30 days, the presence of the bacterial species Pseu-
dorhodoferrax, ~Thiobacter, Sideroxydans, Gallionella, Patulibacter,
Pedomicrobium, Tepidicella, and Acidibacillus were observed. These bac-
teria are known to accelerate Fe?' oxidation (Meijler et al., 2002).
However, no or limitedly available Fe?" in the oxic storage containers
does not imply the notion that these bacteria were involved in Fe?*
oxidation only.

In the anoxic storage containers, different chemolithotrophic Fe*
oxidizing bacterial genus was found except for Pseudorhodoferrax, which
was available in both the oxic and anoxic storage containers. The
identified possible chemolithotrophic Fe?"-oxidizers in the anoxic
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storage containers were Nitrosomonas, Rhodobacter, and Sphingobacte-
rium (Table S2). Besides Fe?* oxidation and flocculation, the abundance
of Fe-oxidizers along with thiosulfate oxidizers like Thermithiobacillus,
Paucimonas, Thiobacillus, Dyella, Acidibacillus might also lead to acidifi-
cation and lowering of pH (Fisher et al., 2008; Ilgrande et al., 2018). This
pH decreases further supported a higher As removal by adsorption with
the freshly formed HFO flocs in the anoxic storage container.

The absence of the As(IIl) oxidizing bacterial genus in the anoxic
storage containers indicated that the observed As(IIl) oxidation was
probably controlled by continuous and slow/step-wise Fe?" oxidation.
However, the observed stable As(III) oxidation during oxic conditions
might have been associated with detected aioA gene expression of the As
(I11) oxidizing bacterial groups (Fig. 7), such as - Sideroxydans, Gallio-
nella, Hydrogenophaga (de Vet et al., 2011; Ghosh et al., 2018). In
addition, the bacterial population on the wall of the container under
anoxic conditions was characterized by a higher abundance of Nitro-
spirae, (Nitrospiraceae) compared to oxic conditions (Fig. 7), suggesting a
possible enhancement of nitrification (Bryce et al., 2018; Koch et al.,
2019). Furthermore, the presence of ammonia-oxidizing groups like
Nitrosomonas, Chitinivorax, Legionella, Brevibacterium, and the absence of
nitrite oxidoreductase producing bacterial groups like Nitrobacter, may
result in possible nitrite (intermediate NO3) production (Ilgrande et al.,
2018). The NO3 production from NHZ could also attribute to the high

rate of nitrate reduction coupled (Massilia, Candidatus, Paracoccus,
Pseudorhodoferrax, Comamonadceae, Hydrogenophaga, Methylomonas)
with dissimilatory Fe?" oxide reduction in the storage containers (Shaw
et al., 2020). Overall, the microbial processes fortify additional As
removal during the incubation and slow oxidation period in the anoxic
storage containers.

4. Conclusions

The conventional practice of aeration before storage, where rapid
and complete Fe?" oxidation takes place, results in poor As removal
despite the presence of sufficient native-Fe?>* in the source water. The
current study hypothesized that the novel concept of anoxic storage will
delay the groundwater native-Fe?* oxidation, and consequently, the in-
situ HFO flocs formation would allow for higher As sorption per unit Fe
in opposition to the conventional oxic storage. The oxic and anoxic
storage container experiments were conducted in pilot scale in the
presence and absence of bio-carriers, over 30 days with natural
groundwater containing Fe?" (2.33 mg/L), As (>300 pg/L), and other
contaminants like PO%’ (2.15mg/L) and NHj (0.96 mg/L). It was found
that application of anoxic storage enhanced As removal from ground-
water, containing >300 pg/L of As and 2.33 mg/L of Fe?>", in Rajshahi,
Bangladesh. Although the oxidation of Fe?' and As(IIl) during oxic
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storage was considerably faster, the As/Fe removal ratio was higher
during anoxic storage (61—-80+5 pgAs/mgFe) compared to the oxic
storage (45+5 pgAs/mgFe). This higher As removal efficacy could not be
attributed to the speciation of As, since As(V) concentrations were
higher during oxic storage, due to more favorable abiotic (As(III)
oxidation by O, and Fenton-like intermediates) and biotic (As(III)
oxidizing bacteria, e.g., Sideroxydans, Gallionella, Hydrogenophaga)
conditions. The bio-carriers containing storage containers (oxic and
anoxic) improved only +20% of As oxidation and removal compared to
the without bio-carriers containing storage containers. Therefore, the
improved performance in the anoxic containers was likely as a conse-
quence of the continuous, in-situ hydrous ferric oxide floc formation in
this flow-through system, as well as the favorable lower pH (6.9) aiding
higher sorption capacities for the gradually formed As(V).
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