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Abstract
This study is aimed to investigate biological oxidation of arsenic [As(III)] in sand component of arsenic–iron removal plant 
(AIRP). Water and sand samples were collected from the municipal and household AIRP units (MAIRP and HAIRPs) at 
Manikganj district, Bangladesh. These samples were analyzed using arsenic speciation cartridge with inductively coupled 
plasma-mass spectrometry for arsenic and iron detection and phylogenetic analysis based on aoxB gene sequencing. It was 
observed that arsenic concentration in the raw water, before and after sand filtration, ranged from 13.0–81.0 to 4.0–21.0 μg/L, 
respectively, which majorly contained reduced arsenic [As(III)] in the inlet and oxidized arsenic [As(V)] in the outlet. The 
results of our batch experiments showed that indeed sand unit of MAIRP oxidized As(III) with 36 g/h estimated biological 
oxidation potential which was considered enough to oxidize all the As(III) loading (6.3 g/h) in the influent. Additionally, 
bacterial arsenite oxidase gene (aoxB) was detected in the sand sample and has 80% sequence similarity with Polymorphum 
gilvum, an alphaproteobacteria on the phylogenetic tree. This study, therefore, revealed that AIRP sand units have enough 
potential of biological activity to ensure overall arsenic removal through As(III) oxidation. However, future research is nec-
essary to unfold the basic mechanistic approach explored in this plant for further modification if need arises.
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Introduction

Arsenic water contamination is a common problem among 
the indigenous of Bangladesh where estimated population 
of about 35 million are consuming water with arsenic level 
above 50 μg/L (national standard level) and fivefold higher 
than the World Health Organization (WHO) guideline (BGS 
and DPHE 2001; WHO 2011). However, the source of this 
contamination is controversial but available evidence sug-
gested that agricultural, industrial activities and geological 
conditions are the major risk factors. Water analysis of the 
affected area has revealed to contain high level of As(III) 
species thus rendering the water unsafe for drinking.

The previous studies have shown that ground water con-
tained oxyanions of arsenic species (Cullen and Reimer 
1989; Masscheleyn et al. 1991). The predominant form in 
well-oxidized water is As(V), whereas As(III) occurs mainly 
in reduced environments. Meanwhile, As(III) has a toxicity 
that is sixty times greater than that of As(V) and is difficult 
to remove without oxidation (Kim et al. 2003).

Many different techniques have been developed to 
remove arsenic from groundwater. These include adsorption, 
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adsorptive filtration, coagulation, membrane filtration, ion 
exchange and reverse osmosis (Ahmed 2001; Wang and Wai 
2004). For most of these technologies, oxidation is required 
to remove overall arsenic, because As(III) is not adsorbed by 
solid material such as iron oxides and hydroxides, alumina or 
clays (Anderson et al. 1976; Lievremont et al. 2003; Gupta 
et al. 2005). In Bangladesh, simplest common inexpensive 
technique used is arsenic–iron removal plant (AIRP). The 
basic principle involves the use of AIRP to remove arsenic 
using iron as co-precipitating factors. As–Fe complex can 
be easily removed as sludge by sand filtration.

Oxidation of As(III) under atmospheric condition is an 
extremely slow process, and hence, chemical oxidants such 
as chlorine, hydrogen peroxide and ozone are widely used 
in arsenic removal processes (Kim and Nriagu 2000; Sime-
onova et al. 2005). Some researchers suggest that microbial 
activity could also contribute to the oxidation of As(III) 
(Quéméneur et al. 2008; Hamamura et al. 2009). In fact, 
many have isolated phylogenetically diverse arsenite-oxidiz-
ing bacteria (AsOB) from various environmental samples, 
including wastewater (Butt and Rehman 2011), sewage (Ito 
et al. 2012), mines (Santini et al. 2000; Battaglia-Brunet 
et al. 2006; Lugtu et al. 2009), soil (Bahar et al. 2012) and 
sediments (Dominguez et al. 2008). Ito et al. (2012) found 
the contribution of biological As(III) oxidation in a labo-
ratory-scale bioreactor where an isolate closely related to 
Ensifer adhaerens was immobilized.

Recent molecular studies have revealed the distribution 
of the diverse arsenite oxidase gene such as aroA/asoA/
aoxB in various As-contaminated environments (Inskeep 
et al. 2007; Quéméneur et al. 2008; Hamamura et al. 2013,). 
Contribution of rapid biotic As(III) oxidation was found in 
spring outflow channel waters, and bacterial arsenite oxidase 
gene was detected in channel soil samples (Mitsunobu et al. 
2013). However, little or no information is available on the 
role of microbial As(III) oxidation in the sand filtration units 
of AIRPs.

Thus, this study aimed to examine the contribution of 
biological activity on As(III) oxidation in the sand filtra-
tion units of AIRPs. Arsenic speciation and removal were 

evaluated in AIRP plants in Bangladesh. A batch experi-
ment with AIRP sand samples was conducted to evaluate 
oxidative activity. We also identified the bacterial gene for 
arsenite oxidation in the AIRP sand samples. We therefore 
concluded that sand units of AIRP offer biological activity 
that enhances arsenic removal.

Materials and Methods

Water and sand sample collection

Water and sand samples were collected from AIRP plants 
at Manikganj District, Bangladesh. Series of samples 
were taken from a municipal AIRP (MAIRP) (location: 
23°51′05″N, 90°00′04″E). The plant serves treated water to 
the municipality. The capacity of the plant was 5500 m3/
day. The schematic of the treatment plant is described in 
Fig. 1. Briefly, groundwater is pumped up and subjected to 
primary aeration by exposing the water to the atmosphere 
(1). Next, the water flows into the sedimentation pond (2) to 
remove the formed precipitates, followed by gravel filtration 
(3). After that, the water is again aerated by flowing down a 
stepped channel (4), where it then flows into the sand filtra-
tion unit (5). There were four parallel sand filtration units, 
the dimensions of which are each 3.35 m width, 6.4 m length 
and 1.5 m deep. In total, sand volume was 129 m3. The fil-
trated water is stored in the storage tank (6) before distri-
bution. For this study, water samples were collected from 
four points, namely Primary aeration, Sedimentation pond, 
Secondary aeration and Storage tank. Sand samples were 
collected from the upper part of the sand filtration chamber 
and from the layer below the precipitated iron.

Also, water and sand samples were taken from three 
household AIRPs (HAIRPs: H1AIRP, H2AIRP, H3AIRP, 
respectively) from the same district. HAIRPs are simple 
treatment plants where the pumped groundwater is poured 
onto a sand filter unit for arsenic and iron removal. Water 
was collected before and after the sand filter of the HAIRPs, 

Fig. 1  MAIRP treatment plant 
(1. Primary aeration, 2. Sedi-
mentation pond, 3. Gravel filtra-
tion unit 4. Secondary aeration, 
5. Sand filtration unit and 6. 
Storage tank). Solid line arrows 
represent the sampling points of 
the water samples
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and sand was collected from the sand filter below the iron 
precipitates observed in all the AIRPs.

In both MAIRP and HAIRPs, approximately, 40 ml of 
water samples was filtrated through 0.2 μm (polyethersul-
fone, Advantec, Japan) disposable filter and subsequently, 
half of the water samples were passed through disposable 
arsenic speciation cartridges (MetalSoft Center, USA) that 
were attached to a 20-mL disposable syringe (Terumo, 
Japan) to remove As(V) (details of the cartridge are given 
in the section of chemical analysis) (http://www.metal softc 
enter .com, accessed 31.11.2012). Thus, we had two portions 
of water samples each 20 ml, one portion is free of As(V) 
and the other is not free. Following these separation, the two 
portions of water samples were then acidified with  HNO3 
to be kept at 0.1 N. The samples were kept in ice or in the 
refrigerator during transportation to Japan.

Batch experiment on biological arsenite oxidation

Three hundred milliliters of synthetic medium amended with 
200 μg/L of dissolved As(III) and 2.5 gm of wet sand were 
incubated at 25 °C according to Ito et al. (2012) with little 
modification. The medium consisted of the following ingre-
dients per liter of autoclaved Milli Q water:  MgSO4·7H2O, 
4.0 mg;  NH4Cl, 2.0 mg;  Na2SO4, 2.0 mg;  K2HPO4, 0.02 mg; 
 CaCl2·2H2O, 0.13 mg;  FeSO4·7H2O, 0.008 mg;  NaHCO3, 
1.6 mg and  NaAsO2, 0.35 mg [0.2 mg as As(III)]. Abiotic 
control was also prepared by adding 6.5 g/L of sodium azide. 
We properly stirred the mixture and then took water sam-
ples for analysis at interval of 0, 6, 12, 24, 36, 48-h from 
both bottles. The procedure for the analysis was similar as 
described above. Triplicate batch experiments were done for 
both test and control batches.

From the balance of As(V) increase between test batch 
and abiotic control, capacity of biological arsenic oxidation 
rate (Cbao, µg/h) was calculated:

where S
f
 , amount of the sand in the actual sand filtration 

unit (g); V  , volume of the media in the batch test (L); T  , 
incubation period of the batch test (h); M , amount of sand 
used in batch test (g); I

t
 , increase in dissolved arsenate in 

the test batch (µg/L); I
c
 , increase in dissolved arsenate in the 

control batch (µg/L)

Chemical analysis

Disposable cartridges made up of 2.5 g aluminosilicate 
adsorbent in a polypropylene narrow column of length 
10.16 mm and diameter 0.76 mm was used to remove As(V) 
from the samples. At the beginning of this study, the effi-
ciency of this cartridge to remove As(V) was established 

C
bao

=

S
f
× V

T ×M

(

I
t
− I

c

)

using sodium meta-arsenite  (NaAsO2) and sodium arsenate 
 (Na2HAsO4·7H2O). The cartridge recorded 95% efficiency 
in the removal of As(V) (data not shown). It is therefore 
adopted in the experiment by measuring the arsenic con-
centration of the samples before and after passing through 
cartridges. The balance between the two measurements gave 
As(V) concentration. For the analysis of arsenic and iron, 
samples were acidified (1%, v/v) and analyzed by induc-
tively coupled plasma-mass spectrometry (ICP-MS, 7500cx: 
Agilent Technologies, Japan). Gallium (0.1 mg/L) and scan-
dium (0.1 mg/L) solutions were used as internal standards 
for arsenic and iron, respectively, and helium (He) gas mode 
was used for the analysis of both elements.

PCR amplification, cloning and sequencing of aoxB 
gene

Genomic DNA was extracted from 0.5 g sand using a fast 
DNA spin kit for soil (MP Biomedicals) following the 
manufacturer’s instructions. The polymerase chain reac-
tions (PCR) for the amplification of arsenite oxidase gene 
(aoxB) were carried out in a 50 μL reaction mixture con-
taining 100 ng DNA template, 1 μL of each forward and 
reverse primer (100 μM), 10X Takara Ex Taq™ PCR buffer 
(contains 20 mM  MgCl2) 5 μL, dNTP mixture (2.5 mM each 
dNTP) 4 μL, TaKaRa Ex Taq HS (5 units/μL) 0.25 μL and 
nuclease free water up to 50 μL. The degenerated primers 
(69F:5′-TGY ATY GTNGGNTGYGGNTAYMA3′; 1374R:5′-
TANCCY TCY TGRTGNCCNCC-3′) (Rhine et al. 2007) 
were employed for the amplification of arsenite oxidase 
gene. Nucleic acids extracted from Alcaligenes faecalis 
strain LMG 3368 were used as a positive control for PCR 
amplification. All PCR amplifications were performed in the 
thermal cycler (Veriti 200, Applied Biosystem). The initial 
denaturation step was begun at 95 °C for 5 min, followed 
by 35 cycles of denaturation at 94 °C for 30 s, annealing 
at 58 °C for 30 s, and extending to 72 °C for 2 min, with 
a final extension at 72 °C for 10 min. All PCR products 
were checked by gel electrophoresis on a 1.5% agarose gel 
at 100 V for 15 min, and the specific bands were visualized 
under UV trans-illuminator.

PCR products of aoxB gene were purified using a QIA-
GEN purification plus kit. Cloning was performed using a 
QIAGEN PCR cloning kit (QIAGEN) according to manufac-
turer’s instruction. PCR products were ligated into a pDrive 
cloning vector and were transformed into the QIAGEN EZ 
competent cells. The transformants were then grown on 
an LB agar plate containing ampicillin, IPTG and X-gel at 
37 °C until colony formation (~ 17 h). The positive recom-
binant colonies (white colonies) were selected according 
to blue–white screening. The white colonies were directly 
amplified by using the primers of M13f (-40) and M13r. The 

http://www.metalsoftcenter.com
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products were checked by gel electrophoresis and sent to 
the company (FASMAC, Kanagawa, Japan) for sequencing.

The initial sequence analysis was performed using Blast 
service (http://blast .ddbj.nig.ac.jp). ClustalW tool was used 
for sequence alignment. Neighbor-joining phylogenetic tree 
was constructed by MEGA version 5.0 (Tamura et al. 2011).

Results and discussion

Removal of arsenic in AIRP

The concentration of total dissolved arsenic (total D-As) 
in that raw water (groundwater) of MAIRP as presented in 
Fig. 2 is 13 μg/L which is considerable lower than the stand-
ard value for Bangladeshi drinking water (50 μg/L) (http://
www.dphe.gov.bd, accessed 12.12.2018) but however higher 
when compared with the WHO guideline value (10 μg/L) 
(www.who.int/water _sanit ation _healt h/dwq/chemi cals/arsen 
ic.pdf, accessed 12.12.2018). Of the total D-As obtained in 
the study, very tiny fraction is arsenate [As(V)] which is 
consistent with previous reports (DPHE/BGS/MML 1999; 
Smedley et al. 2001). In groundwater, arsenic mainly exists 
in two inorganic forms, As(III) and As(V); our result thus 
confirmed the abundance of arsenite [As(III)] though ten-
dency to contain other species of arsenic is not disputable.

Furthermore, the outcome of total D-As after sedimenta-
tion increased to 32 μg/L. The observation has been linked 
with changing of the solid phase to the dissolved phase of 
arsenic. Previous report (Hasan et al. 2009) described mech-
anism of bioleaching associated with sand filter bed that cre-
ates a biofilm in pore space and top of the surface of the bed 
creating an anaerobic condition that facilitates the bioleach-
ing of arsenic in the outlet water. This mechanism may prob-
ably be responsible for the increment in D-As obtained in 
this study. However, negligible changes in concentration 
were observed in total D-As after secondary aeration, while 
D-As(V) remained unchanged (Fig. 2).

Importantly, apart from 33.3% reduction in total D-As 
obtained after sand filtration, significant reduction and incre-
ment in reduced arsenic mainly As(III) and D-As(V) were, 
respectively, observed. This may suggest that arsenic oxida-
tion took place during sand filtration. Unfortunately, total 
D-As concentration was not only higher than raw water but 
also above the WHO value. Thus, MAIRP is not sufficient 
for arsenic removal. Meanwhile, increment in concentra-
tion may be induced by the sediments in the sedimentation 
pond as described by Hasan et al. (2009). It is therefore sug-
gested that periodic removal of sediment will help to avoid 
the leaching of arsenic.

Along with arsenic concentration, dissolved Fe (D-Fe) 
concentration was also measured and it was found to reduce 
from 6.4 mg/L in the raw water to 0.05 mg/L both in after 
secondary aeration and in the storage tank. It has been shown 
in many studies (Hug et al. 2008, Meng et al. 2002, Roberts 
et al. 2004) that As(V) easily co-precipitates with iron and 
gets removed from the water. Our result (Fig. 2) is consistent 
with this observation, whereas iron co-precipitation is often 
depleted in reduced arsenic hence no obvious removal of 
arsenic in sedimentation pond. Precipitation of As(V) was 
limited in due to the lack of enough D-Fe after sand filtra-
tion. This phenomenon is in line with Meng et al. (2001).

We also evaluated arsenic and iron concentration before 
and after sand filtration in the HAIRPs (Fig. 3). Among 
the three HAIRPs, H1 and H3AIRP removed arsenic well, 
whereas H2AIRP did not. In H2AIRP, arsenic concentra-
tion in the outlet was still higher than the WHO standard 
(10 μg/L). Most part of the D-As was reduced arsenic in the 
inlet and then converted to D-As(V) in the plants. Dissolved 
iron concentration was found to differ in the inlet water of 
H1AIRP(15 mg/L), H3AIRP(13 mg/L) and 0.8 mg/L in 
H2AIRP, but all the plants have similar iron concentration 
(0.06 mg/L) after sand filtration. The low dissolved iron con-
centration in H2AIRP seems not enough to co-precipitate 
with arsenic and thereby arsenic removal is inadequate.

Biological activity of As(III) oxidation

Investigation of biological activities responsible for arsenic 
oxidation is the main focus here. This was done by batch 
experiment to observe the impact of microbial activity on 
As(III) oxidation using sodium arsenite solution on sand 
sample. An abiotic control was prepared by adding sodium 
azide. Here, the balance between total D-As and D-As(III) 
should be D-As(V).

The total D-As and D-As(V) concentration in the batch 
experiment with MAIRP (Fig. 4) and HAIRPs sands (Figs. 
S1–S3). In both cases, the total D-As in test and control 
batches are comparable and gradually decreasing along the 
incubation time. This may be due to the abiotic activities 
such as adsorption of arsenic onto the sand particulates or 
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the precipitation of arsenic from the dissolved phase to the 
solid phase.

A gradual increase in D-As(V) was observed in the test 
case, whereas in the abiotic control it remained constant 
throughout the incubation period. At the beginning of the 
batch test, D-As(V) originated from the stock solution of 
sodium arsenite, as we observed even in the fresh solu-
tion. After 48-h incubation, it was found that the amount 
of D-As(III) was 19 μg/L in the test case and 76 μg/L in the 
control. Thus, it depicts more removal of D-As(III) in the 
test batch which can ascribed to the oxidation of D-As(III) 
to D-As(V). Hence, the oxidation is biological as it occurred 
only in the test batch.

Despite variation in the concentration of D-As(V) as 
observed in this study, total D-As concentration remained 
unchanged in both test and control batches. Thus, suggest-
ing that precipitation and/or adsorption of D-As was not 
enhanced by the oxidation of As(III) to As(V). We noted 
that, before this experiment, the sand was washed to remove 
Fe particles to reduce the D-As removal rate, as it was too 
rapid to observe biological arsenite oxidation with the origi-
nal sand in the preliminary test.

We next considered the potential of biological oxidation 
in the AIRP unit. Based on the batch experiment of MAIRP, 
the arsenite oxidation rate was 0.15 μg/h/g-sand. This fur-
ther gave assumptive estimation of 36 g/h for biological 

oxidation rate. The loading of the reduced arsenic to the 
sand filtration unit is 6.3 g/h (calculated from 27 μg/L arsen-
ite in the influent to the sand filtration unit and the flow rate 
of 5500 m3/day). Therefore, it can be inferred that sand has 
enough capacity to biologically oxidize all arsenite in the 
influent as shown in (Table S1).

Detection of arsenite oxidase aoxB gene sequences

With degenerated oligonucleotide primers, a fragment of 
the large subunit of aoxB was amplified from the genomic 
DNA extracted from the sand samples. The aoxB gene 
was detected from the MAIRP sand sample. The size of 
the amplicon was approximately 1400 bp, as expected. The 
PCR product was cloned, and four clones were obtained for 
sequencing.

Figure  5 shows the phylogenetic relationship of the 
cloned sequences. The clones had 80% similarity to the 
arsenite oxidase gene of Polymorphum gilvum, an Alphapro-
teobacteria. This bacterium was previously isolated from a 
crude oil-polluted saline soil which was used as source of 
its carbon (Price et al. 2013). Polymorphum gilvum was not 
known to conduct arsenic metabolism even though it had the 
arsenite oxidase gene.

In this experiment, all the data put together demonstrated 
the biological oxidation of arsenite occurred and the aoxB 
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gene retrieved play role in the oxidation. Further study is 
thereby necessary to clarify the arsenite-oxidizing activity 
of the bacteria identified in the study.

Conclusion

This study underscores the inevitability of biological oxi-
dation in the removal of arsenic in all AIRPs and arsenite 
oxidation potential was high enough to oxidize all arsenite 
in the water. Our analysis presumed that biological oxidation 
observed was as a result of aoxB gene which was 80% linked 
to Polymorphum gilvum. However, contrary to our assump-
tion, the performance of MAIRP in the removal of arsenic is 
not satisfactory. Therefore, periodic removal of sediment is 
recommended to mitigate this inefficiency in the municipal 
water distribution in Manikganj District, Bangladesh.
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