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Abstract

Arsenic, iron and nitrate coexist in groundwater at a wide range of concentrations in various regions of the world. This
study aims at investigating the concurrent arsenic and iron removal by combining the advantages of nitrate removal in a
sulphidogenic bioreactor. A laboratory-scale suspended growth reactor was used to assess the performance of mixed bacte-
rial culture at different arsenic, iron and nitrate concentrations. A semi-batch reactor (SmBR) was operated for more than
400 days in anoxic conditions at 30 +4 °C with different influent arsenate (250-1000 ug/L as arsenic), iron (2.0 mg/L) and
nitrate (100-250 mg/L) concentrations in simulated groundwater and HRT of 3-6 days. Effects of different electron donors
to deliver removing power on arsenic, iron and nitrate were also investigated. Nitrate was completely removed at all tested
concentrations, while concentration of arsenic and iron met drinking water standards. The reactor was also charged with
actual groundwater containing arsenic (up to 226 pg/L) as well as iron (up to 8.3 mg/L) and was able to remove both the
contaminants below drinking water standards after addition of sufficient amount of sulphate. Toxicity characteristics leach-
ing procedure results indicated that leachate arsenic concentrations were below the maximum United States Environmental
Protection Agency guideline value for arsenic and biosolids which did not impose any environmental hazard.
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Introduction

The arsenic enrichment of groundwater is a grim problem in
many parts of the world. Naturally occurring groundwater
arsenic is associated with significant health risks including
various type of cancers (skin, kidney, lung and bladder) and
other harmful effects (ATSDR 2000; Sarkar and Paul 2016).
Because of the health issues related to high arsenic concen-
tration, regulatory organizations have recommended maxi-
mum contaminant limit (MCL) of 10 pg/L in drinking water
(BIS:10500 2012; USEPA 2002). A more stringent MCL of
7 ug/L and 5 pg/L has been imposed by Australia and New
Jersey (USA), respectively (Barringer and Reilly 2013). Iron
is commonly co-occurring with arsenic in groundwaters due
to geochemical conditions in many parts of the world. For
instance, up to 106.0 pug/L arsenic and 4.28 mg/L iron were
found in groundwater of Assam (India) and Jamshoro (Paki-
stan) (Baig et al. 2009; Chaturvedi et al. 2014). The MCL
for iron in drinking water is 0.3 mg/L (BIS:10500 2012),
because regular intake of high iron containing groundwater
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may cause hemochromatosis, liver cirrhosis and siderosis
(Chaturvedi et al. 2014).

There are reports on coexistence of nitrate along with
arsenic and iron in groundwater of many parts of the world
(Giménez et al. 2013; Mayorga et al. 2013; Venkataraman
and Uddameri 2012). For instance, up to 200 mg/L nitrate,
1990 pg/L arsenic and 2000 pg/L iron were detected in the
groundwater of Chaco Plain, Argentina (Giménez et al.
2013), which exceeded MCL of nitrate, arsenic and iron.
Excessive use of nitrogenous fertilizers, sewage irrigation,
and unsafe discharges of domestic and industrial wastewaters
may increase nitrate concentration in drinking water sources
(Bhatnagar and Sillanpaa 2011). Due to harmful effects of
nitrate, the USEPA has set the drinking water MCL for
nitrate at 10 mg/L as nitrogen. Conventional method for
iron removal from groundwater includes aeration and rapid
sand filtration (Teunissen et al. 2008), whereas arsenic is
removed by adsorption on to the iron or aluminium hydrox-
ides (Attinti et al. 2015). There are many other methods
practiced for arsenic and nitrate removal from drinking
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water, for example chemical methods, ion-exchange, elec-
trochemical and membrane techniques (Abass et al. 2016;
Ghanbari et al. 2014; Jadhav et al. 2015; Wang et al. 2018).
Stricter drinking water standards have inspired research-
ers to develop new and effective technologies that can pro-
vide simultaneous removal of multi-pollutants in a single
system in affected areas. Biological processes for arsenic
removal are one of the most active research fields in recent
years (Briones-Gallardo et al. 2017). Sulphidogenic bio-
processes employing sulphate-reducing bacteria have been
extensively examined for their arsenic removal abilities from
mining metallurgical and waste waters (Altun et al. 2014;
Liu et al. 2018). These systems offer potential alternatives
to existing technologies practiced for arsenic sequestration
from potable water sources. The main advantages of using
sulphidogenic system for arsenic removal from contaminated
waters are generation of low volume of arsenic-laden sludge
and stable nature of biogenic sulphide phases under chang-
ing environmental conditions (Onstott et al. 2011).
However, few studies have investigated the arsenic and
nitrate removal, yet concurrent removal of arsenic, nitrate
and iron from groundwater in a single system has not been
studied. Upadhyaya et al. (2010) studied the performance of
a train of two fixed-biofilm reactors and found that mixed
bacterial culture could achieve 100% and 90% nitrate and
arsenic removal at an empty bed contact time of 40 min
(20420 min) from 50 to 200 pg/L, respectively. Snyder
et al. (2016) observed removal efficiency of only 50% from
200 pg/L initial arsenic concentration at an HRT of 4.4 days
from synthetic water using an anaerobic biosand filter under
sulphidogenic conditions. These systems, however, achieved
complete nitrate removal but never met drinking water stand-
ard for arsenic. Recently, few studies have investigated the
simultaneous arsenic and nitrate removal using single bac-
terial species of anaerobic Fe(II) oxidation denitrifying
(AFODN) bacteria. Li et al. (2015) was first to use pure cul-
ture (Citrobacter freundii) for removal of nitrate and arsenite
and observed 44% nitrate and 28% arsenic removal from
496 mg/L to 1024 pg/L initial concentration, respectively, in
6 days. The major limitation of these systems is use of pure
culture, which often imposes several limitations in natural
environment those prevailing in real field (Kleerebezem and
van Loosdrecht 2007) and failing to meet drinking water
standards. Furthermore, the filtration performance of fixed-
film reactors is often limited by biomass sloughing with
treated water, separation of solids from liquid, filter ripen-
ing, frequent need of backwashing and down-time during
filter ripening (Amburgey and Amirtharajah 2005; Lee et al.
2001). Almost all the earlier studies used synthetic ground-
water or synthetic mine water for the performance evaluation
of various biological systems. To our best knowledge, no
study has been conducted to evaluate the performance of
sulphidogenic reactors while treating real groundwater and

stability of reduced arsenic-laden biosolids. Hence, there is
aneed to develop a treatment system for groundwaters con-
taining arsenic along with iron and nitrate. The present study
focuses on performance evaluation of a suspended growth
bioreactor for concurrent nitrate, arsenic and iron removal
from simulated and actual groundwater under various oper-
ating conditions. The arsenic- and iron-laden reduced biosol-
ids were also tested under varying environmental conditions
for their stability against leaching.

Materials and methods

Preparation of simulated groundwater and seed
suspension

Arsenic, iron and nitrate containing simulated groundwa-
ter were prepared in distilled water and contained (mg/L):
Na,HAsO,-7H,0 (as As) 0.25-1.0; NaNO; (as NO3)
100-250; Na,SO, (as SOi_) 25; NaHCO; (as HCO;) 45-65;
K,CO; (as CO%‘) 1.5; NaCl (as C17) 13; CaCl, (as C17) 13;
MgCl,-6H,0 (as C17) 13; H;PO, (as P) 0.5; CH;COOH
(as C) 35-107. The chemicals Na,HAsO,7H,0 (>98.5%
assay), NaNO; (> 99% assay), Na,SO, (> 98.5% assay),
NaHCO; (>99.7% assay), K,CO; (>99% assay), NaCl
(>99% assay), CaCl, (>93% assay), MgCl,-6H,O (>99%
assay), H,PO, (> 88% assay) and CH;COOH (> 99.6%
assay) used in this project were of analytical reagent (AR)
grade and procured from HIMEDIA®. Fresh simulated
groundwater was supplied with nitrogen gas for about
20 min to expel dissolved oxygen (< 1.0 mg/L). Acetate
was supplemented as an electron donor for reduction in
available electron acceptors (i.e. arsenate, dissolved oxygen
(DO), nitrate and sulphate) in surplus (with safety factor of
1.5) of the carbon needed. The pH of the reactor content
was maintained at 6.8 +0.2. Biomass used as seed sludge for
the present study was mainly the sludge collected from the
bottom of the sewage treatment plant of IIT Guwahati. This
sludge of 3780 mg/L MLSS and 2560 mg/L MLVSS was
mixed with sludge (< 5% as MLSS) collected from two nos.
laboratory-scale bioreactors treating perchlorate and nitrate
(Ghosh 2013) and sulphate (Brahmacharimayum 2014),
respectively. This mixed bacterial culture was used as the
seed suspension for inoculating semi-batch reactor.

Experimental set-up and reactor operation

A laboratory-scale polypropylene reagent bottle (1000 mL
capacity, 600 mL working volume) was used as a sus-
pended growth anaerobic bioreactor. The reactor was
wrapped with black film to stop phototrophic bacte-
rial activity and algal growth before being mounted
on magnetic stirrers and operated at 30 +4 °C in a
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temperature-controlled room. The working volume of the
reactor was considered for the calculation of HRT. HRT
of 6 day was maintained by removal of 200 mL of the
supernatant (treated water after settlement of biomass) at
an interval of 2 days and replacing the equal volume of
untreated water. Similarly, HRT of 3 day was maintained
by replacing 200 mL of the supernatant daily.

The bioreactor operation of 434 days is divided into
three phases. Feeding and operating schedule of the reactor
is given in Table 1. Before inoculation, the reactor content
was deoxygenated by the supply of nitrogen gas. The reac-
tor was filled up with 600 mL of fresh simulated ground-
water. In phase 1, after inoculation, the semi-batch reactor
(SmBR) was operated at an HRT of 6 days and finally at
3 days during setting up stage. After that, influent arsenic
was increased stepwise from 250 to 1000 pg/L for assess-
ing arsenic removal efficiency of mixed bacterial culture.
In phase 2, influent nitrate concentration was gradually
increased stepwise from 100 to 250 mg/L for evaluating the
effect of nitrate on reactor performance in terms of nitrate
and arsenic removal. In phase 3, reactor was supplemented
with different carbon sources as electron donor to test the
effectiveness of malate, succinate, lactate and glucose as the
sole sources of carbon and energy on contaminants removal.

Table 1 The operational schedule of SmBR

During all phases, influent sulphate and iron were kept con-
stant at 25 mg/L and 2 mg/L, respectively.

Actual groundwater collection and reactor
operation

Actual groundwater (AGW) was collected from two loca-
tions at (26°16.45’'N and 90°41.22'E; 26°16.53'N and
90°40.79'E, well depth 160 ft.) Bongaigaon district, Assam
(India), in new high-density polyethylene containers (20 L)
after adequate pumping (10—15 min). The characterizations
of water quality parameters other than metals were analysed
with non-acidified groundwater sample. The AGW for metal
analysis was stored in pre-acidified containers with HCI at
pH 2. To ensure oxygen-limited environment, filled-in con-
tainers were tightened with thread seal tape immediately
and transported to the Environmental Engineering Labora-
tory, IIT Guwahati, within 6 h. The containers were supplied
with nitrogen to bring DO below 1 mg/L, for preventing
iron oxidation and stored at 10 °C prior to use in bioreac-
tor experiments. A multi-parameter water quality analyser
(Professional Plus: YSI, USA) was used for analysing AGW
parameters (DO, ORP, pH and conductivity), while visual
arsenic detection kit (Wagtech, WAG-WEI0600, UK) was

Purpose of operation Days of operation HRT (days) Influent characteristics
Arsenic (ug/L) Iron (mg/L) Nitrate (mg/L) COD (mg/L)
Phase-1 1-40 250 2 100 150
41-69 3 250 100 150
70-90 350
91-112 450
113-134 550
135-156 750
157-178 1000
Phase-2 157-178 3 1000 2 100 150
179-201 150 194
202-223 200 240
224-244 250 285
Phase-3 Acetate 224-244 3 1000 2 250 285
Malate 245-275
Succinate 276-307
Lactate 308-338
Glucose 339-369
Operation Type 1 370-378 3 124 29 50 150
with AGW*  Type 2 379-392 226 8.3 150
393-415° 226 8.3 165
416-434°¢ 226 83 180

#Nitrate, sulphate and COD were supplemented externally in AGW
"Influent sulphate concentration was 50 mg/L

“Influent sulphate concentration was 75 mg/L

]
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used for onsite arsenic determination. The DO and ORP were
measured in open environment after collection of pumped
groundwater in a beaker. As the DO and ORP of AGW were
measured in open environment, it might have caused oxygen
dissolution into groundwater showing high values of DO and
thereby ORP. Although the ORP and DO values were seem
to represent an oxidizing environment, total arsenic and iron
in groundwater sample collected for analysis would not have
altered because of the following reasons: For analysis, sam-
ples were collected in pre-acidified bottles and final pH was
below 2. At pH <2, iron will not be oxidized, and therefore,
arsenic removal with iron expected to be nil. The AGW qual-
ity parameters in detail are given in supplementary material
(ESM 1). AGW containing 124 pg/L arsenic and 2.9 mg/L
iron (type 1) and 226 ug/L arsenic and 8.3 mg/L iron (type
2) was fed sequentially in SmBR. Neither nitrate nor nitrite
was present in AGW though 3—4 mg/L of sulphate was pre-
sent. AGW type 1 was fed solely in SmBR for 9 days (from
day 370) with the addition of sulphate, nitrate and COD at
the rate of 25 mg/L, 50 mg/L and 150 mg/L, respectively.
However, from day 379, AGW type 2 was fed for 13 days
at an influent sulphate of 25 mg/L. Furthermore, for next
22 days (from day 393), SmBR was operated at increased
sulphate and COD of 50 mg/L and 165 mg/L, respectively.
From day 416, influent sulphate was escalated to 75 mg/L
and COD was also increased to 180 mg/L to fulfil require-
ment of increased sulphate.

Water sample collection and analysis

The reactor was allowed to stand for 20 min without mix-
ing, to allow biomass settling to prevent any loss of biomass
during treated water collection. Treated water was directly
collected in Erlenmeyer flasks which were made anoxic
by purging nitrogen gas. Samples were filtered with nylon
syringe filters with a pore size of 0.2 um. Analysis for pH
(Systronics upH system 361, India), nitrate, nitrite (Varian,
CARYS50BIO, USA), sulphate (Systronics, Nephelo Turibid-
ity Meter 132, India) and COD (Hach, Hach DRB 200, USA)
were performed on the same day. In general, APHA (2005)
has been followed for standard protocols unless otherwise
specified. Nitrate and nitrite concentrations were determined
by 4500 NO;™-B and 4500-NO,™-B, respectively. Sulphate
concentration and chemical oxygen demand (COD) of
samples were analysed by 4500 SO42_-E and 5220-C. The
detection limits of nitrate, nitrite and sulphate were 1 mg/L,
25 pg/L and 1 mg/L, respectively.

Samples were acidified with 0.02 N HCl, prior to arsenic
and iron determination, to solubilize precipitates (if any)
and preserved at 4 °C for analysis. Total arsenic concentra-
tion was analysed using hydride generation atomic absorp-
tion spectrophotometer (VGA-77 and SpectrAA 55B, Var-
ian, USA) having electrodeless discharge lamp at 193.7 nm

wavelength (Behari and Prakash 2006). The detection limit
of arsenic was 1 pg/L. Iron content was determined by 3500-
Fe B with detection limits of 50 ug/L (APHA 2005).

Microbial community structure and population
dynamics

To identify microbial community and predicted role of
mixed bacterial population present in complex polybacterial
population, metagenomic analyses of the bioreactor com-
munity were performed on V3-V4 variant regions of the
16S rRNA genes. After completion of performance study
of SmBR, biomass suspension was collected in a polyeth-
ylene bottle. The bottle was filled up with N, gas (to avoid
interference of oxygen) prior to biomass collection. It was
sealed immediately after biomass collection and the sealed
bottle was packed properly with an ice gel pack, which was
then shipped to SciGenom Labs Private Limited, Kerala,
India, for metagenomic sequencing. Genomic DNA was
extracted using a DNA extraction kit (Purelink™, Ther-
moFisher Scientific, USA) as per manufacturer’s protocol.
Extracted DNA was quantitatively and qualitatively analysed
by Qubit™ double-stranded DNA High Speed Assay Kit
with the Qubit® 2.0 fluorometer. The bacterial 16S rRNA
gene was amplified using the following V3-specific primers:
314F (5'-CCTACGGGAGGCAGCAG-3") and 518R (5'-ATT
ACCGCGGCTGCTGG-3') annealing to the V3 region of
the 16S bacterial gene. Two polymerized chain reactions
(PCRs) were performed by using Master Mix in the follow-
ing sequence: denaturation at 98 °C for 30 s followed by 15
cycles (denaturing at 98 °C for 10 s, annealing at 72 °C for
30 s, extension at 72 °C for 5 s) with 4 °C hold. Illumina
MiSeq platform was used to sequence amplicons generated
from the V3 region of the 16S rRNA gene (Illumina Inc.,
CA, USA).

Sequencing of amplicons was done by using the pair-end
method, and the raw data generated from pyrotag sequenc-
ing were processed and analysed following QIIME platform.
All unwanted sequences such as spacer, conserved region
and primer were trimmed off from sequence reads to keep
average quality score for each read above 20. Prior to opera-
tional taxonomic units (OTUs) identification, the de novo
chimera removal method UCHIME was employed for Chi-
mera removal. After the quality filtration, Uclust (QIIME)
program was used for pooling and clustering these reads into
OTUs based on their 97% sequence similarity. Taxonomic
classification of the representative sequences was done using
RDP classifier and Greengenes OTUs database based on the
fixed similarity threshold of 80% confidence (DeSantis et al.
2006). Based on the obtained OTU, observed species, Shan-
non and Chaol metrics calculation was used for compu-
tation of Alpha microbial diversity in the sample. QIIME
software was employed for metric calculation. However,
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Beta diversity analysis for the given sample was not possi-
ble because it requires a minimum of three or more samples.

Biogenic precipitates separation

After completion of the experiments, the biogenic precip-
itates were recovered from the bottom of the reactor and
characterized for their mineralogy. For this purpose, reac-
tor contents were allowed to settle down for 1 h, and liquid
medium was removed and transferred the precipitates and
residual liquid into sterile 100-ml centrifuge tubes. The pre-
cipitates that formed at the bottom of the reactor were recov-
ered by scraping with a sterilized spatula, homogenized and
transferred to a centrifuge tube prefilled with nitrogen gas.
The precipitates were centrifuged for 10 min at 6000 rpm to
obtain wet paste followed by freeze drying at —20 °C under
10 Pa vacuum for 1 day; under this cold and O,-free environ-
ment, oxidation of iron sulphides and arsenosulphides was
negligible. The dried solids were preserved in sealed cen-
trifuged tubes anaerobically at — 20 °C in zip-locked plastic
bags for further analyses.

The precipitates were examined using field-emission
scanning electron microscopy (FESEM) (Zeiss, Sigma,
Germany) equipped with energy-dispersive X-ray microa-
nalysis system (EDX) (INCA 300, Oxford, UK) for topo-
graphical characterization and elemental confirmation.
Before the examination, the freeze-dried precipitates were
lightly dusted onto the carbon tape of the FESEM stub sur-
face and coated with gold using a Scancoat Six SEM sputter
coater system. TEM and EDX studies were also carried out
for precipitates to know the detailed morphology, micro-
structure and chemical composition of using a microscope
(JEOL, JEM-2100, Japan), equipped with an EDX. An ultra-
sonic vibration method was used to prepare specimens for
TEM observations. First, the precipitates were immersed
in acetone solution and subjected to ultrasound vibration
(Vibra-Cell model VC 505, Sonics, USA) to disperse the
sample homogeneously. Then, one drop of the suspension
was dropped with a micropipette to holey carbon support-
ing film (TEM grids). After being well dried under ambient
conditions, the grid was mounted on the TEM specimen
holder for examination.

Stability check of arsenic-laden biosludge
against leaching

TCLP test

The TCLP test was conducted on stored freeze-dried
arsenic-laden precipitates according to US EPA protocol
(USEPA 1992) to assess their stability against leaching. In
TCLP test, contaminants were extracted from 1 g of pre-
cipitate with an extraction solution at a liquid-to-solid (L/S)
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ratio of 20. USEPA protocol (method 9045d) was used to
determine the pH of biosolids (USEPA 2004). Since pH of
biosludge was below 10 (i.e. low alkaline range), CH,COOH
(0.1 M) and NaOH (0.064 M) extraction solution buffered
at pH 4.93 +0.05 was used for leaching. The sample and
extraction fluid were placed in a screw-capped Teflon bottle
(50 ml) and tumbled at 30 rpm for 84 + 1 h at ambient labo-
ratory temperature (30 +2 °C). The headspace of ambient
air was kept minimal within the bottles. These samples were
centrifuged followed by 10 min of settling and finally filtered
through 0.45-um glass fibre filter for analysis of soluble arse-
nic and iron concentration in the leachate.

Impact of DO on TCLP

TCLP study was also carried out at a constant leachant-to-
solid (L/S) ratio of 20 at different headspace-to-leachant vol-
ume (V,;,/V}) ratio to evaluate the impact of DO on arsenic
leaching. The headspace in the bottles was varied to main-
tain V,;/V ratios of 0.25, 0.50, 1.0 and 1.25. As TCLP test
protocol did not specify the volume of the extraction vessels,
Vai/ V1, ratios of 0.25, 0.50, 1.0 and 1.25 were maintained by
using bottles of different volumes. After extraction period
was over, filtrate was analysed for arsenic, iron and final
DO concentration. A DO meter (DO 32A, TOA-DKK Cor-
poration, Japan) was used to measure DO of the extraction
mixture. A blank containing extraction solution without any
test solids was also performed as duplicate.

pH batch leaching test

To investigate the effect of pH on arsenic leaching from
biosolids, initial pH controlled tests were performed where
de-ionized water (DW) was used as extraction fluid. One
gram biosolids sample was mixed with 50 mL of DW that
was adjusted to pH 3.0, 5.0, 7.0, 9.0 and 11.0 by adding
either NaOH or HCI. The test vessels (100 ml polypropylene
bottle) shaken at 30 rpm for 84 h. The pH values selected
for this study were representative of most nature landfills
(Hooper et al. 1998). After shaking, mixture was filtered and
arsenic and iron were measured.

Results and discussion

Onset of sulphate reduction leads to arsenic
and iron removal

Figure 1 represents the performance of SmBR during phase 1
operation. Nitrate was totally removed from the very first day
of reactor operation. Neither nitrite nor nitrate was detected
in the treated water indicating complete removal of nitrate,
and therefore, nitrate and nitrite profiles are not shown in
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Fig. 1 Performance evaluation of SmBR in phase 1 at initial arsenic =250-1000 pg/L, nitrate = 100 mg/L, iron=2 mg/L and sulphate =25 mg/L

Fig. 1. Low sulphate reduction efficiency was observed dur-
ing the first 15 days (average values of 50%), which was
improved to 76% in next 25 days. This might be due to the
heterogeneous seed sludge used as source of inoculum and
slower adaptation of SRBs in a mixed bacterial population
containing system than other active microorganisms (Frunzo
et al. 2012). However, only around 5-6 mg/L of sulphate
remained in the treated water during last few days of this
phase indicating no further sulphate reduction. Iron removal
in the reactor started after onset of sulphate removal. Treated
water iron reduced to below the drinking water permissible
limits of 0.3 mg/L after 22 days and remained below detec-
tion limits after 38 days. Arsenic removal started gradually
with onset of sulphate and/or iron reduction and reduced to
below 10 ug/L after 27 days of operation. Some instability
in the treated water arsenic and iron concentration observed
in the initial periods (first 15 days) which might be associ-
ated with poor sulphate reduction in SmBR. After attainment
of steady state in terms of arsenic removal, the HRT was
changed to 3 days. The SmBR performance was not nega-
tively affected due to reduction in HRT (to 3 days) might be
due to better adaptation of microbial population and attain-
ment of steady state in the reactor. The treated water COD
values remained between 11 and 12 mg/L during last few
days of this phase. A little increase in the pH (7.0-7.4) of
the treated was observed as compared to that of raw water
(6.8 +0.2) owing to alkalinity generation during sulphate
and nitrate reduction (Altun et al. 2014).

Arsenic removal at low nitrate concentration

Figure 1 represents the performance of SmBR on the arsenic
removal at low influent nitrate concentration of 100 mg/L.

Arsenic concentration in the treated water was observed to
be well below 5 pg/L regardless of influent arsenic addition
(up to 1000 pg/L), indicating that increasing influent arse-
nic concentration did not hamper arsenic removal. Iron was
also remained below detection limits in the treated water.
Similarly, regardless of influent arsenic concentration, total
nitrate was removed (from initial 100 mg/L) within the first
24 h of SmBR operation. Nitrite was not detected in treated
water indicating complete nitrate removal in SmBR. The
sulphate, COD and pH values in the treated water were
4-5 mg/L, 10-12 mg/L and 7.3-7.4, respectively. Hence,
it is evident that increase in influent arsenic concentration
did not influence the mixed bacterial culture performance
in SmBR.

Arsenic removal at high nitrate concentration

Arsenic removal at varying influent nitrate concentra-
tions of 100, 150, 200 and 250 mg/L is presented in Fig. 2.
Based on the efficient performance of the SmBR on arsenic
removal, initial arsenic was kept at 1000 ug/L during this
phase of study. Influent COD was maintained at 150, 194,
240 and 285 mg/L, respectively, to meet carbon require-
ment at increased influent nitrate concentration. Complete
nitrate removal was observed during this entire experimental
period. Nitrate and nitrite were always remained undetected
in treated water. Similarly, iron remained below the detection
limit at all tested nitrate concentrations. Regardless of influ-
ent nitrate (up to 250 mg/L), the SmBR was able to remove
arsenic below 10 pg/L from 1000 pg/L initial arsenic con-
centration. The pH of the water samples collected during this
phase ranged between 7.30 and 7.75 for all nitrate concentra-
tions tested; however, it never exceeded permissible limits of
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Fig.2 Performance evaluation of SmBR in phase 2 at varying nitrate concentration between 100 and 250 mg/L, arsenic=1000 ug/L,

iron=2 mg/L and sulphate =25 mg/L

drinking water. This little increase in pH may be due to more
alkalinity generation at initial nitrate of 200 and 250 mg/L.
Furthermore, an increase in COD was observed for first
few days after every increase in nitrate addition but never
exceeded 21 mg/L (Fig. 2), possibly due to the supply of
excess COD to meet higher influent nitrate. However, COD
concentration gradually reduced and remained constant at
11-15 mg/L for all tested influent nitrate. Therefore, it is
evident that influent nitrate concentration up to 250 mg/L
did not influence the mixed bacterial culture performance
in SmBR.

Arsenic removal with different electron donors

Figure 3 shows the performance of SmBR using different
carbon sources as electron donors including acetate, malate,
succinate, lactate and glucose. Based on the performance of
SmBR at influent nitrate concentration up to 250 mg/L and
arsenic of 1000 pg/L, the SmBR was operated with same ini-
tial nitrate and arsenic concentration during this phase. Simi-
lar to the results mentioned above (“Arsenic removal at high
nitrate concentration” section), nitrate, nitrite and iron con-
centration remained below detection limits with all electron
donors tested. It is clear from Fig. 3 that arsenic was removed
to well below 10 pg/L with all electron donors mentioned
above. However, compared with the experiments using other
electron donors, the arsenic was below detection limits when
SmBR was fed with lactate and glucose. Sulphate in the
treated water was between 3.5 and 7.5 mg/L with the lowest
of near about 1.5-3.0 mg/L during the operation of SmBR
with lactate and glucose. The foregoing results demonstrated
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that the mixed bacterial culture effectively utilized all the
electron donors for contaminants removal. Lactate, succinate
and malate are reported as preferred carbon sources for SRB
among organic acids under mesophilic operating conditions
(Hao et al. 1996; Liamleam and Annachhatre 2007) and pro-
mote sulphate reduction at almost the same rates (Postgate
2013). However, in the present study glucose was found
to be the best among other electron donors. This could be
because sugar is easily reduced under anaerobic conditions
and supports the growth of a wide variety of nitrate- as well
as sulphate-reducing bacteria leading to increase in micro-
bial diversity and treatment system resilience (Akunna et al.
1993; Mohseni-Bandpi et al. 2013).

SmBR performance with actual groundwater

Figure 4 presents the performance of SmBR with actual
groundwater. Nitrate was never detected in the treated water.
From AGW type 1, arsenic and iron were removed to well
below permissible limits of drinking water. From day 379 to
392, when SmBR was fed with AGW type 2, 4.4-4.6 mg/L
of iron appeared in treated water. During this period, only
4-5 mg/L of sulphate was detected, which indicates no fur-
ther sulphate reduction is expected. As precipitation of bio-
genic iron sulphides is the only mechanism for iron removal
in the present system, unavailability of sufficient sulphides
could be the sole reason for higher iron in treated water.
Therefore, influent sulphate concentration was elevated
to 50 mg/L on day 393, which improved iron removal but
leaving 0.6-0.7 mg/L of iron in treated water. The sulphate
concentration in treated water was 4-5 mg/L. Owing to
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Fig.4 Performance evaluation of SmBR with actual groundwater

sulphide unavailability, influent sulphate was again elevated
to 75 mg/L (day 416-434). The iron was removed to below
0.3 mg/L once again in the treated water and remained below
detection limits. Although concentration of iron sometimes
exceeded drinking water MCL (as discussed above), arsenic
was always remained below detection limits in treated water

during the entire study period with AGW. This could be due
to the concomitant removal of arsenic as arsenic sulphide
precipitation as well as adsorption and/or co-precipitation
with iron sulphides (Altun et al. 2014). The sulphate, COD
and pH values were 4.5-7.5 mg/L, 11.0-14.0 mg/L and
7.2-7.34, respectively, during treatment of AGW. Thus, it
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can be concluded that sufficient influent sulphate is neces-
sary for arsenic and iron removal from AGW to meet per-
missible limits of drinking water.

Bacterial community of the SmBR

After sequencing on Illumina MiSeq platform, 1064 OTUs
were recognized from 728,574 reads generated. Alpha diver-
sity was computed using observed species metrics with rare-
fied OTU table size of 100 (ESM 2). Figure 5 shows the tax-
onomic hits distribution at the phylum and class level of the
abundant phylotypes in the SmBR. The phylum Proteobacte-
ria represented about 53% of the total bacteria (Fig. 5a), and
thus, it predominated the bacterial community in the SmBR.
Not surprisingly, many identified denitrifying and sulphate-
reducing bacteria (SRB) belong to the phylum Proteobac-
teria. Besides, the presence of Phylum Actinobacteria,
Bacteroidetes, Firmicutes, Spirochaetes and TM6 was also
detected at low abundance. A previous study also reported
a functional role of Firmicutes, Bacterioidetes, Chlorobia,
Actinobacteria and Chloroflexi members along with Pro-
teobacteria in active denitrifying biofilms generated during
acetate oxidation (Wrighton et al. 2010). The sequences with
very less similarity or no similarity or whose V3 regions
do not have any alignment hits against taxonomic database

1.2% ® Actinobacteria

B Bacteroidetes

(a)

3.5%

o 139% ¥ Proteobacteria

B TMé6

1.4%_-_ 5.5%
.- ® Spirochaetes
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= Cyanobacteria
= GN0O4
Others
% Unknown
Chlorobi

(b) 3.9%

B Actinobacteria
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4.3% B Betaproteobacteria
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Fig.5 Taxonomic hits distribution at phylum (a) and class level (b)
of bacterial population in SmBR
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are categorized as “Unknown”. Among the four bacterial
classes, the Beta subdivision was the most dominant Pro-
teobacteria, followed by Delta, Gamma and Alpha subdivi-
sions (Fig. 5b). The DsrAB catalyses the energy-conserving
step during dissimilatory sulphate reduction pathway that is
conserved in most SRB distributed in Deltaproteobacteria.
Sequences affiliated to genus Desulfosporosinus, Des-
ulfovibrio, Desulfomicrobium and Desulfoglaeba were
observed in SmBR. This observation was in accordance
with the previous studies that observed SRB including
Desulfomicrobium and Desulfovibrio (Altun et al. 2014)
and Desulfosporosinus (Battaglia-Brunet et al. 2012) in
arsenic-removing sulphidogenic bioreactors. Moreover, the
Desulfosporosinus strains are capable of utilizing nitrate and
arsenate as electron acceptors and are reported to play major
role in precipitation of orpiment in sulfphidogenic systems
(Battaglia-Brunet et al. 2012; Ramamoorthy et al. 2006).
Other nitrate reducers detected in SmBR include Achromo-
bacter, Burkholderia, Thiobacillus, Acinetobacter and Pseu-
domonas. Many denitrifying bacteria that are detected in full
and pilot-scale groundwater denitrification bioreactors were
related to Alpha-, Beta-,Delta- and Gamma-Proteobacteria,
Bacteroidetes, Actinobacteria, Acidobacteria, Firmicutes
and Bacterioidetes (Liu et al. 2008; Spain and Krumholz
2011). In addition, sequences related to taxa Acidothiobacil-
lus, Geobacter and Burkholderia are also detected, which
are proficient in utilizing more than one electron acceptors.
The Burkholderia genus proved to contain genes responsible
for arsenic reduction and resistance (Li et al. 2014). The
capacity to utilize arsenic as electron acceptor allowed the
denitrifying taxonomic groups to exist in the studied system.
Thus, the presence of highly diverse microbial community
suggests a much wider metabolic potential and occurrence
of many diverse metabolic processes within the in SmBR.

Biosolids characterization

FESEM/EDX mapping observation of the precipitate was
collected for elemental characterization (Fig. 6). FESEM-
backscattered electron (BSE) image (Fig. 6a) shows homo-
geneous distribution of arsenic, iron and sulphur in the
biosolids in substantial amount. Further EDX mapping was
employed during FESEM characterization to confirm the
elemental composition and distribution. The EDX elemental
mapping indicated the homogeneous distribution of sulphur
(Fig. 6b), arsenic (Fig. 6¢) and iron (Fig. 6d) throughout the
biosolids.

TEM analysis undertaken during this study indicates the
presence of larger-size sulphide grain (Fig. 7a), which is con-
sistent with the experimental analysis of Kirk et al. (2010).
The corresponding selected area electron diffraction (SAED)
revealed crystalline phases of the precipitate (Fig. 7b). Next,
we performed EDX analysis of the precipitate showing that
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Fig.6 FESEM and EDX mapping analysis: a FESEM image of biosolids, b the EDX mapping of element sulphur, ¢ arsenic and d iron, respec-

tively

grains were chemically consisted of arsenic, iron and sulphur
(Fig. 7c). The presence of Cu peaks is due to copper TEM
grid used for TEM analysis. The morphology and elemental
analyses of these grains suggested that they were precipitated
in the SmBR as a result of microbial reduction. The presence
of morphologically irregular grains of pyrite is more com-
mon in bioreactors than natural pyrite (Kirk et al. 2010). Thus,
FESEM and TEM studies revealed arsenic precipitation in the
form of arsenosulphide (As,S5) and its co-precipitation and/or
adsorption with iron sulphides (FeS, FeS, and FeAsS) are the
main arsenic removal mechanism in the reactor (Altun et al.
2014; Liu et al. 2018).

Assessing the arsenic leaching potential
of arsenic-laden biosludge

The stability of the arsenic-laden biosludge was evaluated,
and its disposal options were examined by performing TCLP
(Toxicity Characteristic Leaching Procedure) test. The arse-
nic and iron content in dried samples was determined by
the total acid digestion method (USEPA 1996). A sum of
42.2 mg/kg arsenic and 102.6 mg/kg iron (on dry basis)
was extracted from the biosludge of SmBR. As standard
TCLP protocol for 18 h under estimates arsenic leaching
(Hooper et al. 1998), TCLP extraction in this project has
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Fig.7 TEM micrograph and EDX analysis of biosolids precipitated in SmBR: a TEM micrograph, b corresponding SAED pattern and ¢ EDX

analysis of a typical grain

been conducted for longer period of 84 h (extended TCLP)
as suggested by others (Clancy et al. 2013; Sima et al. 2015).
The results showed that the TCLP-extracted arsenic and iron
were 48 + 12 and 412 + 36 ug/L, respectively.

Effects of DO on TCLP leachability

The leachability of arsenic and iron at varying V,;/V; ratios
is presented in Fig. 8 and Table 2. The leachate arsenic
concentration was found to decrease from 24 to 3.7 pug/L
(Fig. 8a), with an increase in V,;/V; ratio from 0.25 to 1.25.
An increase in DO was also observed from 0.72 to 5.8 mg/L.
Similarly, leachability of iron was also found to decrease
from 442 to 3.7 ug/L (Fig. 8b), representing a decrease from
8.6 to 1.4% with an increase in V;/V; ratio. This could be

@ Springer

explained by dissolution of biogenic iron sulphides and sub-
sequent oxidation of Fe(Il) in biosolids in the presence of
air which led to precipitation of iron(III) hydroxides. As
iron(IIl) hydroxides are proven adsorbents of arsenic (II)
and arsenic (V), lower arsenic leaching was observed at
higher V,;/V; ratio. Data obtained in the present study and
that reported by Meng et al. (2001) confirm this hypothesis.

Effect of pH on arsenic release

Leachate arsenic and iron concentrations determined at dif-
ferent pH are presented in Fig. 8c. The DO concentration
for all pH experiments remained at 5.0-6.0 mg/L. During an
84-h mixing period, slight change in pH was observed. The
leachate arsenic and iron were significantly less than the total
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arsenic and iron concentrations and showed a great depend-
ency on pH. A total of 54 + 8 pg/L and 110 + 12 pg/L arsenic
were leached out at pH 3 and 5. At pH 7, 9 and 11, arsenic
leaching was increased by a factor of 5, 8.5 and 14, respec-
tively, to 274 + 14 pg/L, 462 +26 ug/L and 778 +18 ug/L,
relative to pH 3. A similar trend was observed for iron
release, and a total of 186 +26 pg/L and 584 +42 ug/L were
leached out at pH 3 and 5, respectively. The iron leaching
was increased by a factor of 4.6, 6.8 and 9 at pH 7,9 and 11,
respectively. The arsenic and iron leaching from the biosol-
ids is primarily associated with dissolution of less resistant
biosolids or desorption of metals associated with biomass
which are influenced by pH changes. Low arsenic release
in acidic (pH 3 and 5) and circumneutral pH (pH 7) could
be attributed to stability of arsenic minerals as well as the
adsorption and/or co-precipitation with iron(III) hydroxides
(Tabelin and Igarashi 2009). The increase in leachate arsenic
under alkaline pH (pH 9 and 11) can be partly associated
with hydroxyl ion replacement with arsenic on the sorption
sites of iron(III) hydroxide, resulting in decreased adsorption
of arsenic oxyanions (Shafiquzzaman et al. 2010; Tabelin
et al. 2014). Results from TCLP tests conducted under dif-
ferent conditions suggested that arsenic concentrations in
the leachate never exceeded maximum Australian (EA 2002)
or USEPA (USEPA 1986) TCLP guideline values of 700

0.00 0.25 0'50v \?'75 G 100 125 150 and 5000 pg/L, respectively. This result is expected for two
af ratio . . . . . . .
© air/ VL reasons. First, sulphides of arsenic and iron in biosludge will
1000 2000 remain stable as long as reducing conditions are maintained
“O— Arsenic (Jong and Parry 2005). Second, if the biosludge is exposed
8004 | O Iron g to oxygen, the production of iron oxy-hydroxides will re-
3 ~ / - 1500 adsorb the leached arsenic, if any (Meng et al. 2001, Shakya
e 600 T =) et al. . Based on the results, the sulphides o
Ei Q 3 1. 2018). Based he TCLP Its, the sulphides of
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Fig.8 a Effects of Vair/V| ratios on the leachability of arsenic, b
iron determined by the TCLP method (concentrations are average of
duplicates) and c effect of pH on the leachability of arsenic and iron
(mean (n=3) values are presented with the error bars)

of a suspended growth sulphidogenic bioreactor (SmBR) on
concurrent arsenic, iron and nitrate removal from groundwa-
ter. The SmBR was found to be efficient enough to remove
arsenic (250-1000 pg/L) and nitrate (100-250 mg/L) in the
presence of 2.0 mg/L of iron from simulated groundwater,

Table 2 Arsenic and iron

leaching in TCLP . V,i/Vy ratio  As concen- Fraction of total ~ Fe concentra- Fraction of total  Final Final DO
cactiing 1 te,St at varying tration (ug/L) As leached (%) tion (ug/L) Fe leached (%) leachate (mg/L)
V,ir/ V1 ratios from biosolids of pH
SmBR

0.25 24 1.13 442 8.6 5.40 0.70

0.5 18.2 0.86 268 52 5.42 342

1.0 7.2 0.34 132 2.6 5.36 4.84

1.25 3.7 0.17 76 1.5 5.36 6.10

]
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as well as arsenic (226 pg/L) and iron (8.3 mg/L) from real
groundwater to meet drinking water standards. As chemo-
heterotrophic bacteria gain energy during respiration, which
involves an electron donor’s oxidation coupled with an elec-
tron acceptor’s reduction, and carbon from an organic carbon
source, acetate was supplied as the electron donor cum car-
bon source for the mixed bacterial culture used in the SmBR.
In a groundwater system where multiple number of electron
acceptors are present, mixed bacterial culture utilizes avail-
able electron acceptors in sequential manner based on the
thermodynamic favourability (Gibbs free energy) (Lovley
and Chapelle 1995). As the pH of the content in SmBR var-
ies between 6.8 +0.2, Gibbs free energy at pH 7 (AG®’) was
calculated for different electron acceptors, which are given
below.

CH;COO" + 8Fe** + 3H,0 — HCO; + 8Fe** + 8H* + CO,
(AG” = —814 kJ /mole Ac”)

)
CH,COO™ + %NO; + %H* - 2HCO; + %HZO + %Nz
(AG” = =792 k] /mole Ac™)
@

CH;COO™ + 2HAsO;™ + 2H,AsO] + SH* — 2HCO; + 4H;AsO;
(AG” = —252.6 kI/mole Ac”)

3

CH;COO0™ + SO}~ — 2HCO; + HS~
(AG” = —47.6 kI /mole Ac™) ¥
From Egs. (1-4), the expected preferential terminal elec-
tron acceptors would be Fe(Ill) > NO7 > As(V) > SOZ_, pro-
vided adequate number of iron, nitrate, arsenate and sulphate
reducers are present in the system. Bacterial community
detected in SmBR also confirmed the presence of several
genera capable of utilizing nitrate, sulphate, iron and arse-
nic as electron acceptors. Additionally, it is also important
to mention that preferential use of an electron acceptor and
formation of sulphides of arsenic and/or iron depends upon
several other factors including amount of sulphate reduc-
tion. As sulphate and nitrate reduction generates alkalin-
ity and high alkalinity retards formation of arsenosulphides
precipitation (Henke, 2009), bioreactors treating high sul-
phate containing wastewater often leave high arsenic in the
treated effluent (Altun et al. 2014). Importance of sulphate
on arsenic removal in sulphidogenic bioreactors has been
recently explained elsewhere (Shakya and Ghosh 2018a, b).
Iron and arsenic removal in the present SmBR is expected
mainly through one or more of the following mechanisms:
(1) reduction in Fe(IIl), if any, to Fe(Il) and precipitation as
sulphides of iron, (2) reduction in AS(V), if any to As(III)

* @ Springer

and precipitation as sulphides of arsenic, (3) co-precipitation
of arsenic with sulphides of iron and (4) co-precipitation
of sulphides of arsenic with sulphides of iron (Altun et al.
2014; Shakya and Ghosh 2018b). The TEM/EDX studies
on biosolids precipitated in SmBR indicated the presence
of biogenic sulphides of arsenic and/or iron. Thus, removal
of arsenic and iron in SmBR would have been through any
one combination of the above-mentioned four mechanisms.

Although the bioreactor was found to be efficient enough
to reduce target pollutants to meet drinking water standards,
treated water contained 10-21 mg/L of COD which might
be due to acetate addition in untreated water in excess to
the stoichiometric requirement (“Preparation of simulated
groundwater and seed suspension” section). Excess amount
of acetate was added so that it should not be a limiting fac-
tor in overall biochemical process. Thus, residual amount
of COD concentration (in treated water) could be possible
to reduce further through its addition in raw water in lesser
amount. The residual COD can also be removed in conven-
tional water treatment units. Thus, the present study reveals
that the suspended growth sulphidogenic bioreactor can be
used as an additional treatment unit to a conventional water
treatment plant, specifically where groundwater is contami-
nated with iron, arsenic and nitrate.

Conclusion

With the objective of concurrent nitrate, arsenic and iron
removal, the present study demonstrated the feasibility
of treatment of contaminated groundwater in an anaero-
bic suspended growth reactor system inoculated with a
mixed bacterial culture indigenous to groundwater. The
SmBR was able to achieve nitrate (100-250 mg/L), arsenic
(250-1000 pg/L) and iron (2 mg/L) removal to meet permis-
sible limits of drinking water. Additionally, the SmBR was
able to remove both arsenic (226 ug/L) and iron (8.3 mg/L)
simultaneously from AGW to below permissible limits of
drinking water. When the SmBR was fed with AGW con-
taining 8.3 mg/L iron, 4-5 mg/L of iron was observed in the
treated water owing to deficit in the production of biogenic
sulphide (at initial 25 and 50 mg/L of sulphate) necessitat-
ing addition of more sulphate (75 mg/L) in the untreated
water. Metagenomic analysis confirmed the presence of
diverse sulphate- and nitrate-reducing microbial community
in the reactor after almost 14 months of operation. The use
of analytical techniques indicates that biogenic sulphides
effectively removed iron from the water, likely through
the formation of iron sulphides, whereas precipitation of
arsenosulphides, co-precipitation and/or adsorption on iron
sulphides are the main arsenic removal mechanism. Further-
more, arsenic-laden biosludge was found to be stable against
leaching under reduced as well as oxic environment and does
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not fall under a hazardous sludge. Therefore, the treatment
technology and the residue management offer a sustainable
technology for the treatment of groundwater contaminated
with arsenic, iron and/or nitrate. However, further detailed
studies on developing post-treatment processes including
removal of excess COD from treated water, polishing unit
for removal of arsenic precipitates and disinfection are nec-
essary to validate the applicability of this aspect.

Supplementary material

The Supporting Information provides details of the actual
groundwater, bacterial genera detected in the system and
Alpha microbial diversity within the samples.
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