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A B S T R A C T   

The oxidation of arsenic (As) is a key step in its removal from water, and biological oxidation may provide a cost- 
effective and sustainable method. The biofilm-formation ability of Ancylobacter sp. TS-1, a novel chemo-
lithoautotrophic As oxidizer, was studied for four materials: polypropylene, graphite, sand, and zeolite. After 
seven days under batch mixotrophic conditions, with high concentrations of As(III) (225 mg⋅L− 1), biofilm for-
mation was detected on all materials except for polypropylene. The results demonstrate As(III)-oxidation of TS-1 
biofilms and suggest that the number of active cells was similar for graphite, sand, and zeolite. However, the 
biofilm biomass follows the specific surface area of each material: 7.0, 2.4, and 0.4 mg VSS⋅cm− 3 for zeolite, 
sand, and graphite, respectively. Therefore, the observed biofilm-biomass differences were probably associated 
with different amounts of EPS and inert biomass. Lastly, As(III)-oxidation kinetics were assessed for the biofilms 
formed on graphite and zeolite under chemolithoautotrophic conditions. The normalized oxidation rate for 
biofilms formed on these materials was 3.6 and 1.0 mg⋅L− 1⋅h− 1⋅cm− 3, resulting among the highest reported 
values for As(III)-oxidizing biofilms operated at high-As(III) concentrations. Our findings suggest that biofilm 
reactors based on Ancylobacter sp. TS-1 are highly promising for their utilization in As(III)-oxidation pre-treat-
ment of high-As(III) polluted waters.   

1. Introduction 

Arsenic (As) is a metalloid known for its high toxicity. It may cause 
damage to the skin, liver, lungs, kidneys, nervous system, reproductive 
system, and immune system (Abdul et al., 2015), and is classified as a 
human carcinogen (International Agency for Research on Cancer, 2009). 
Drinking water results in the main As-exposure pathway (Singh et al., 
2015), and therefore the World Health Organization (WHO) has an As 
drinking-water guideline of 10 μg L− 1 (World Health Organization, 
2011). However, more than 100 million people worldwide are exposed 
to higher concentrations (Ravenscroft et al., 2009). 

As compounds exist as organic or inorganic forms (Singh et al., 

2015), with the latter being considered more toxic (International 
Agency for Research on Cancer, 2009; Meharg and Hartley-Whitaker, 
2002). Inorganic As compounds are found in four oxidation states: −
3, 0, + 3, and + 5 (Singh et al., 2015). The last two, arsenite (As(III)) and 
arsenate (As(V)), are highly toxic and abundant in water environments 
(Lièvremont et al., 2009). As(III) has been reported to be 60–80 times 
more toxic than As(V) due to the higher stability of the bond that As(III) 
forms with sulfhydryl groups of proteins (Ratnaike, 2003; Villaescusa 
and Bollinger, 2008). In general, As(III) content is more significant in 
groundwaters than surface waters, where reducing conditions usually 
makes As(III) the predominant species (Singh et al., 2015). As concen-
trations in groundwaters have been described as alarming from 50 
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μg⋅L− 1, but can reach values over 75 mg⋅L− 1 as found in many parts of 
the world (Ali et al., 2019). Furthermore, the highest groundwater 
concentration of As was observed in Australia and reported up to 300 
mg⋅L− 1 (Ali et al., 2019). 

For most As treatment technologies, based on physicochemical pro-
cesses such as coagulation/flocculation, adsorption, ion exchange, and 
membrane filtration (Fazi et al., 2016), As(V) is more efficiently 
removed than As(III). For example, researchers have reported 80–100% 
removals for As(V), versus 20–60% for As(III) (Fazi et al., 2016; Kat-
soyiannis et al., 2004). As a result, conventional technologies usually 
include an oxidative pre-treatment to transform As(III) into As(V) before 
its removal (Battaglia-Brunet et al., 2002). 

As(III) oxidation is typically performed using different chemical 
oxidants, such as oxygen, potassium permanganate, chlorine, ozone, or 
hydrogen peroxide (Malik et al., 2009). While most of these methods are 
efficient, they may leave residuals or produce toxic by-products, as with 
chlorination (Fazi et al., 2016; Katsoyiannis et al., 2004). In addition, 
some of these methods have high capital, operational, and maintenance 
costs, as with ozonation or direct aeration (Fazi et al., 2016). In this 
context, biological As(III) oxidation emerges as an 
environmentally-friendly and cost-effective alternative (Lièvremont 
et al., 2009; Fazi et al., 2016). 

Biological As(III) oxidation has been reported for various microbial 
species in the bacteria or archaea domains (Crognale et al., 2017). These 
can be divided into two groups: chemolithoautotrophic As(III) oxidizers 
(CAOs) and chemoheterotrophic As(III) oxidizers (HAOs). CAOs obtain 
energy from As(III) oxidation coupled to the reduction of an electron 
acceptor, commonly oxygen, while using an inorganic carbon source 
(Battaglia-Brunet et al., 2002; Santini et al., 2000). Conversely, HAOs 
obtain their energy and carbon requirements from organic compounds 
and use As(III) oxidation only as a detoxification mechanism (Oremland 
and Stolz, 2003). Therefore, for water treatment, As(III) oxidation 
mediated by CAOs may be preferred due to their lower nutritional 
requirement (Battaglia-Brunet et al., 2002; Crognale et al., 2017; Das-
tidar and Wang, 2010). Interestingly, some CAOs are also able to grow 
under mixotrophic conditions, i.e., in the presence of an organic electron 
donor concomitantly with As(III) (Anguita et al., 2018a; 
Battaglia-Brunet et al., 2006b; Nguyen et al., 2012; Lugtu et al., 2009). 
Thus, CAOs, especially those with mixotrophic capabilities, have been 
proposed as more suitable microbes than HAOs for studying their po-
tential as part of bio-oxidation technologies. 

Lab-scale studies of biological As(III) treatment have mostly been 
carried out with biofilms in fixed-bed reactors (Battaglia-Brunet et al., 
2002, 2006a; Bag et al., 2010; Crognale et al., 2019; Dastidar and Wang, 
2012; Ito et al., 2012; Kamei-Ishikawa et al., 2017; Li et al., 2016). 
Biofilms can retain more biomass and have greater resistance to stressful 
conditions, such as the presence of toxic compounds (Singh et al., 2006). 
Natural materials have been used as biofilm carriers in lab-scale reactors 
for As treatment, such as rice husks (Bag et al., 2010), perlite (Li et al., 
2016), pozzolana (Battaglia-Brunet et al., 2002, 2006a), and sand 
(Crognale et al., 2019). Synthetic materials, such as Pyrex glass (Dasti-
dar and Wang, 2012), sintered glass (Crognale et al., 2019), sponge 
(Kamei-Ishikawa et al., 2017), and polyvinyl alcohol (Ito et al., 2012), 
also have been used. However, there is still not a comprehensive un-
derstanding of the material-dependent formation differences of 
As-oxidizing biofilms. 

Biological As attenuation was observed in an extreme environment 
located in the Chilean Altiplano, affected by water scarcity and acid 
mine drainage (Leiva et al., 2014). There, As(III) present in the water 
(~1 mg⋅L− 1) was being oxidized by a microbial consortium, leading to 
its consequent adsorption to iron-bearing sediments (~ 6 mg As⋅kg− 1). 
Later, a new As(III)-oxidizing microorganism, Ancylobacter sp. TS-1, was 
isolated from this consortium (Anguita et al., 2018a). In that study, the 
strain TS-1 was demonstrated to grow, under 225 mg⋅L− 1 of As(III), both 
as a CAO and as a mixotroph, with yeast extract as the organic source 
(Anguita et al., 2018a). Additionally, Ancylobacter sp. TS-1 was shown to 

attach to a polarized graphite electrode, suggesting the ability to grow as 
a biofilm (Anguita et al., 2018b). 

As-oxidizing biofilms have been studied mostly for As(III) concen-
trations lower than 1 mM, i.e., 75 mg⋅L− 1 (Bag et al., 2010; 
Battaglia-Brunet et al., 2006a; Crognale et al., 2019; Ito et al., 2012; 
Kamei-Ishikawa et al., 2017; Gude et al., 2018; Michon et al., 2010; 
Valenzuela et al., 2015; Wan et al., 2010, 2012). Here, the 
biofilm-formation capacity of Ancylobacter sp. TS-1 was studied at 225 
mg⋅L− 1 of As(III) on four granular materials: polypropylene, graphite, 
sand, and zeolite. Under mixotrophic conditions, biofilm growth was 
assessed by scanning electron microscopy (SEM) observation and 
biomass measurements. Additionally, the oxidation of the electron do-
nors, i.e., As(III) and glucose, was monitored. Lastly, As(III)-oxidation 
kinetics were assessed for the biofilms previously formed on graphite 
and zeolite, but under chemolithoautotrophic conditions. This study 
paves the way towards developing As(III)-oxidizing technology for 
pre-treatment of waters polluted with high As concentrations, as found 
in many parts of the world. 

2. Materials and methods 

2.1. Bacterial strain and media 

In this research, Ancylobacter sp. TS-1 was grown in a chemically 
defined medium (CDM) (Anguita et al., 2018a) supplemented with 0.10 
g⋅L− 1 glucose unless otherwise specified. Glucose was chosen according 
to previous growth results using the same medium with different elec-
tron donors (Fig. S1). The CDM contained (per liter): Na2SO4.10H2O 
(0.07 g), KH2PO4 (1.36 g), K2HPO4 (1.74 g), KCl (0.05 g), MgCl2.6H2O 
(0.04 g), CaCl2.2H2O (0.05 g), KNO3 (0.15 g), (NH4)2SO4 (0.10 g), 
NaHCO3 (0.50 g), NaAsO2 (0.39 g), trace elements (1X) and vitamins 
(1X), according to Macy et al. (1996). As(III) concentration (225 mg⋅L− 1 

or 3 mM) was selected because Ancylobacter sp. TS-1 exhibited a mini-
mum inhibitory concentration of 375 mg⋅L− 1 for As(III) (Anguita et al., 
2018a). The initial pH of this medium was 7.2. 

2.2. Granular materials 

Four granular materials were assessed for biofilm growth: poly-
propylene pellet (Comberplast, Chile), graphite (Asbury Carbons, USA), 
coarse sand, and zeolite (clinoptilolite-mordenite; FERTOSA, Chile). All 
materials were sieved between 2.36 and 4.75 mm meshes, repeatedly 
washed with ultrapure water, oven-dried at 100 ◦C for about 12 h, and 
stored in a desiccator before the experiments. 

The physicochemical properties of each granular material were 
measured. Adsorption isotherms of nitrogen (N2) or carbon dioxide 
(CO2) were determined at 77 K or 273 K, respectively. The Brunauer- 
Emmett-Teller (BET) equation was used to calculate the specific sur-
face areas from the adsorbed amount of CO2 for polypropylene and N2 
for the other three materials. The density of granular materials was 
determined using water pycnometry. 

The pH of point of zero charge (pHpzc) was determined by a previ-
ously described method (Valdés et al., 2009), adapted for the current 
experimental conditions. Briefly, for each material, 15 tubes were 
incubated with 20 mL of 35 mM NaCl solution, 1 g (5% m/v) of grains, 
and different amounts of 0.1 M HCl or 0.1 M NaOH. The concentration of 
NaCl was set to emulate the electrical conductivity of CDM supple-
mented with glucose (~ 4.85 mS⋅cm− 1). The added volumes of acid and 
base were determined according to previous measurements of NaCl so-
lution plus acid/base and final pH ranging from 2 to 12. Thus, the 15 
tubes were configured according to the following: seven with acid (1, 5, 
30, 100, 200, 400 or 1000 µL), seven with base (5, 10, 20, 40, 100, 300 
or 1000 µL), and one without acid or base. The equilibrium pH was 
measured after 48 h incubation at 30 ◦C while shaking at 120 rpm. 
Finally, the pHpzc was determined as the value for which pHfinal =

pHinitial. 
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2.3. Biofilm formation on different materials 

Biofilm formation experiments with different granular materials 
were carried out in 100-mL Erlenmeyer flasks containing 50 mL CDM 
supplemented with glucose. Mixotrophic conditions were used to assure 
a higher biomass amount, according to previous characterization 
(Anguita et al., 2018a). For inoculum, Ancylobacter sp. TS-1 cultures at 
exponential growth were harvested using centrifugation (Heraeus 
Megafuge 8R, Thermo Scientific, USA) at 3260 g for 1 h at 10 ◦C. Af-
terward, cells were re-suspended in a small fraction (< 1%) of the su-
pernatant and counted using a Thoma counting chamber and a light 
microscope (CX31, Olympus, Japan). Flasks were inoculated at 108 

cells⋅mL− 1, then 2.5 g (5% m/v) of autoclave-sterilized granular mate-
rial were added. Three biological replicates were used for the strain TS-1 
cultures grown without grains (biotic controls) and with each material. 
Abiotic controls were run using two replicates for each material and one 
without grains. Finally, all flasks were incubated at 30 ◦C with shaking 
at 120 rpm for seven days. 

The biofilms formed on the four materials were assessed through 
biomass quantification (see Section 2.5) and electron microscopy visu-
alization (see Section 2.6). The oxidation of electron donors, i.e., As(III) 
and glucose, was analyzed at the beginning and the end of the experi-
ment (see Section 2.7.). At the end of this experiment, the pH of the 
resulting medium was compared with pHpzc values. Additionally, ac-
cording to biomass-quantification results, the biofilms formed on 
graphite and zeolite were selected to test their As(III)-oxidation ability 
under chemolithoautotrophic conditions. 

2.4. Chemolithoautotrophic As(III) oxidation 

Ancylobacter sp. TS-1 biofilms formed on graphite and zeolite were 
tested to assess their ability to oxidize As(III) under chemo-
lithoautotrophic conditions. After mixotrophic incubation, the super-
natant was removed, and grains were washed with 15 mL of CDM 
without any electron donor (CDM-d), i.e., without glucose or As. Then 
the flasks were filled with 50 mL of CDM (with no glucose) and then 
incubated at 30 ◦C with shaking at 120 rpm. As(III) oxidation was 
monitored at 0, 3, 24, and 168 h. Oxidation rates were calculated from 
the linear fitting of the three first time points, based on the oxidation 
results. 

2.5. Biomass quantification 

Each biotic flask with grains produced three biomass samples: 
planktonic cells (P), loosely attached cells (L), and biofilms (B). After 
seven days of incubation, the supernatant was collected from each flask 
(sample P). Then the grains were washed with 15 mL of CDM- 
d collecting the effluent (sample L). Later, flasks were filled with 50 
mL of CDM-d, and biofilms were dislodged through bath sonication at 
40 kHz (10-L Ultrasonic Cleaner, ISOLAB, Germany) for 40 min at 
~15 ◦C, using ice packs inside the cleaner for cooling the water (Anguita 
et al., 2018b; Zeng et al., 2018). Finally, the supernatant of sonicated 
flasks was collected (sample B). Samples P and L were also collected for 
the control flasks. 

Since the dislodging procedure detached not only biofilms but also 
particles from most of the materials, the biomass of all samples (i.e., P, L, 
and B) was assessed through volatile suspended solids (VSS) determi-
nation according to Standard Methods (APHA et al., 2005). Prior to the 
filtration through 0.7-µm glass-fiber membrane filters (AP40, Millipore, 
USA) demanded by the method, all samples were centrifuged (3260 g; 1 
h; 10 ◦C) to concentrate most of the cells. After that, liquid samples were 
collected and immediately re-filtered using 0.22-µm PES membrane 
filters (Express PLUS, Millipore, USA) to quantify the mass not retained 
by the glass-fiber filters. 

Biomass values were calculated as the subtraction of the experi-
mental values and the control values. Controls were performed filtering 

different liquid samples through 0.7-µm filters. The controls were ob-
tained as follows: for B samples, supernatant resulting from sterilized 
grains sonicated under the same conditions mentioned before; for P 
samples, it was the culture media resulting from Ancylobacter sp. TS-1 
cultures grown like biotic controls described in Section 2.3.; and for L 
samples, it was filtered CDM-d media. 

2.6. Scanning electron microscopy 

After mixotrophic incubation, grains of each flask were extracted, 
washed with ultrapure water, and stored at − 20 ◦C prior to SEM visu-
alization. The granular samples were fixed using a 2% glutaraldehyde 
solution in a sodium cacodylate buffer (0.2 M, pH 7.2) at 4 ◦C. After that, 
the samples were dehydrated stepwise in a series of water/ethanol so-
lutions (50%, 70%, 90%, and 100% ethanol) for 5 min each. Subse-
quently, the samples were treated for 45 min with a critical point dryer 
(Autosamdri-815, Tousimis, USA) and coated with gold in a desktop 
sputterer (Desk V, Denton Vacuum, USA). Finally, the samples were 
observed using a scanning electron microscope at an accelerating 
voltage of 20 kV (JSM-IT300LV, JEOL, Japan). 

2.7. Chemical analyses 

Liquid samples were collected to monitor the oxidation of the elec-
tron donors. All samples were filtered using 0.22-µm nylon syringe fil-
ters (Clarinert, Agela Technologies, USA). After that, samples were 
divided into two fractions: (1) H2SO4-acidified subsamples, for soluble 
chemical oxygen demand (sCOD) measurement; and (2) HCl-acidified 
subsamples, for As speciation measurements. Subsamples for sCOD 
measurements (pH adjusted to < 2 with concentrated H2SO4) were 
analyzed using COD cell tests (Spectroquant 1.18751.0001, Merck, 
Germany). 

Subsamples for As measurements were acidified to pH < 2 with 1.5 
M HCl. To separate As(III), one fraction was diluted and filtered using 
speciation cartridges (MetalSoft Center, USA), according to the manu-
facturer’s specifications. Finally, both total-As and As(III) concentra-
tions were measured by using Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES) (Optima 7300 DV ICP-OES, Perki-
nElmer, USA), as previously done (Anguita et al., 2018a; Leiva et al., 
2018). Quality assurance of the As method was performed through 
replicates, standard additions, and blank controls. 

2.8. Statistical analysis 

The results are expressed as the mean and standard deviation. Sta-
tistical analyses included: (1) paired and unpaired Student’s t-tests, 
using Excel 2013; and (2) one-way ANOVA and multiple-comparison 
tests, such as Tukey’s and Dunnett’s, done using GraphPad Prism 6 
software. The statistical significance was assessed for a p-value < 0.05. 

3. Results and discussion 

3.1. Granular materials characterization 

Four granular materials were assessed for biofilm growth: poly-
propylene pellet, graphite, coarse sand, and zeolite. The grain size (be-
tween 2.36 and 4.75 mm) was chosen with the perspective of the 
potential development of scalable As(III)-oxidation bioreactors. The 
physicochemical properties of each granular material are summarized in  
Table 1. According to density values, all materials except polypropylene 
were denser than water, which seems reasonable since polypropylene 
granules are the only ones that float on culture media (Fig. S2). Addi-
tionally, density values were used to estimate the volume of the different 
grains and further calculations (see Section 3.4). Regarding specific 
surface area, zeolite had the highest value, followed by sand, with 55 
and 3 m2⋅g− 1, respectively. In contrast, both values for graphite and 
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polypropylene turned out below the detection limit (1 m2⋅g− 1). 
Measuring pHpzc allows estimating the surface charge of granular 

materials under the culture conditions. It is positive at pH values lower 
than pHpzc and negative when pH is more basic (Budinova et al., 2009). 

After incubation, the pH of culture media was 7.0 for all cultures except 
for those incubated with zeolite, which was 5.9. This situation was 
expectable due to the well-known acidic behavior of zeolitic materials 
(Arcoya et al., 1994). Hence, according to pHpzc values (Table 1), all 
materials’ surfaces were negatively charged except for sand. Moreover, 
the proximity of medium pH to pHpzc can determine the magnitude of 
the net surface charge (Villanueva et al., 2014). Thus, polypropylene 
was more negatively charged than zeolite and graphite, both of which 
presented a similar surface charge due to the comparable differences 
between their corresponding values of pHpzc and final medium pH. 

3.2. Biofilms of Ancylobacter sp. TS-1 formed in mixotrophic incubation 

The biofilm-forming ability of Ancylobacter sp. TS-1 on four different 

Table 1 
Measured physicochemical properties of granular materials assessed as biofilm 
support media.  

Granular material Density (g⋅cm− 3) Specific surface area (m2⋅g− 1) pHpzc 

Polypropylene pellet  0.9 BDL  5.4 
Graphite  1.8 BDL  6.5 
Coarse sand  2.7 3  8.1 
Zeolite  2.3 55  5.6 

BDL: Below detection limit (1 m2⋅g− 1). 

Fig. 1. SEM micrographs of the different granular materials with (left panel) and without Ancylobacter sp. TS-1 biofilms (i.e., negative controls, right panel). Scale 
bars indicate 1 µm. 
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materials was studied. After seven days of incubation under mixotrophic 
conditions, i.e., with As(III) and glucose as electron donors, biofilms 
were visible to the naked eye for all materials except the polypropylene 
pellet (Fig. S2). To confirm this observation, the surface of the grains 
was studied by SEM microscopy (Fig. 1). 

SEM micrographs showed that biofilms effectively formed on the 
surface of graphite, sand, and zeolite (Fig. 1c, e, and g, respectively), 
unlike the abiotic controls (Fig. 1d, f, and h). Regarding graphite sam-
ples (Fig. 1c), strain TS-1 cells were apparently observed as small rods of 
approximately 0.5 by 1.0 µm, similar to the previous description 
(Anguita et al., 2018a). In contrast, individual cells were hardly visible 
on sand and zeolite samples (Fig. 1e and g, respectively). Previous 
studies with biofilms formed by As(III)-oxidizing bacteria on pozzolana, 
a porous volcanic material, and zeolite grains suggested that the mi-
croorganisms were embedded in an abundant organic matrix of extra-
cellular polymeric substances (EPS) (Valenzuela et al., 2015; Michel 
et al., 2007). Hence, the results suggest that biofilms formed on sand and 
zeolite could be enriched in EPS. Furthermore, Challan Belval et al. 
(2009) also studied As(III)-oxidizing biofilms on pozzolana and sug-
gested that a higher surface area of materials is a determining factor for 
better bacterial attachment and biofilm formation. Surface complexity 
and porosity may produce zones of higher concentrations of nutrients or 
biochemical molecules such as autoinducers. Thus, the higher surface 
area of sand and zeolite, i.e., 3 and 55 m2⋅g− 1 (Table 1), is likely a reason 
for their apparently EPS-abundant biofilms. 

For the polypropylene granules, the abiotic control (Fig. 1b) pre-
sented a very flat surface, while an EPS-like structure was observed on 
the surface of the biological sample (Fig. 1a). In contrast to the sand and 
zeolite samples, it is unlikely that cells were present within the EPS 
matrix because polypropylene pellet has no micropores. Furthermore, it 
has been previously reported that microorganisms presented difficulty 
in attaching to the surface of moving polypropylene balls (Tang et al., 
2016). Hence, a possible explanation is that some cell aggregates grew 
on the polypropylene surface, but their interactions with the surface 
were not strong enough to remain during the incubation or after some 
washing step. However, this situation could change with a longer in-
cubation period due to the influence of maturing time in biofilm sta-
bility, as was noted previously with As(III)-oxidizing biofilms grown on 
pozzolana (Michel et al., 2011). 

To confirm observations made from SEM analysis, a quantitative 
assessment of the different biofilms was made. The estimation of the 
biomass adhered to each material surface at the end of the mixotrophic 
incubation, normalized by the corresponding material volume, is shown 
in Fig. 2a. The biomass estimate included only the fraction retained on 
the 0.7 µm filter. This situation is supported by the fact that the fraction 
between 0.22 and 0.7 µm was not significantly different (p < 0.05) for 
biofilm samples or non-biofilm values (i.e., planktonic plus loosely 
attached cells) with respect to the controls for each material (Fig. S3). 

Results show no detectable biomass on the polypropylene pellet, 
consistent with the visual observation and SEM (Fig. 2a). For the other 
materials, the highest normalized biomass concentration was for zeolite, 
followed by sand and graphite, with 7.0 ± 1.1, 2.4 ± 0.4 and 
0.4 ± 0.3 mg VSS⋅cm− 3, respectively. This trend of biofilm-biomass 
values is similar to the observed for the specific surface area of the 
materials(Table 1). As mentioned, this physical property has been pro-
posed as favorable for attachment of As-oxidizing bacteria (Challan 
Belval et al., 2009). Moreover, the higher surface area could have played 
a protective role from shear forces (Song et al., 2015). 

Surface charges from both the cells and the supports could also be 
relevant for bacterial adhesion. The surface charge of most bacteria has 
been reported to be negative (Song et al., 2015). Furthermore, 
Gram-negative bacteria, like Ancylobacter sp. TS-1 (Anguita et al., 
2018a), have negatively charged groups on their surface (Mondal et al., 
2008). On the other hand, as mentioned, all materials’ surfaces were 
negatively charged except for sand. A previous study with Pseudomonas 
aeruginosa, a Gram-negative rod-shaped and flagellated bacteria (Berra 

et al., 2010), similar to Ancylobacter sp. TS-1, suggested significantly less 
attachment to more negatively charged materials (like polypropylene) 
than to those with moderate charges, either negative or positive (like 
graphite, sand, and zeolite) (Villanueva et al., 2014). In summary, 
together with the surface area effect, another possible explanation of the 
non-biofilm-formation on polypropylene granules could be its highly 
negative charge under the incubation conditions. However, since the 
magnitude of surface charges was similar to the other three materials, it 
seems that this effect was less pronounced than the surface area effect. 

The sum of the different non-normalized biomass amounts (i.e., 
biofilm, planktonic cells, and loosely-attached cells) was also calculated 
(Fig. 2b). Thus, only for the zeolite culture the total biomass, with ~83% 
corresponding to biofilm, turned out significantly different from the 
control (p < 0.05). However, VSS values are not necessarily associated 
with metabolically active biomass. Biofilms usually contain many other 
organic substances, which may include EPS, i.e., polysaccharides, 

Fig. 2. Biomass of cultures incubated for seven days with different granular 
materials (PP, polypropylene pellet; G, graphite; S, sand; Z, zeolite; and C, biotic 
control without grains). Panel (a) shows biofilm biomass adhered to grains 
(n = 3 for all except for S, where n = 2), normalized by the volume (cm3) of the 
corresponding grains. Panel (b) shows biomass amounts (without normalizing, 
n = 3 for all samples) of biofilm (B biomass), planktonic cells (P biomass), 
loosely-attached cells (L biomass), and the sum of the three values (B+P + L 
biomass). All values are shown as mean ± standard deviation. 
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proteins, DNA, and others, and also inert biomass, i.e., dead cells, pre-
cipitates, and captured solids (Laspidou and Rittmann, 2002). Therefore, 
it is not clear that the higher biomass of zeolite biofilms was due to a 
higher amount of active cells. 

Regarding planktonic biomass, the values associated with the three 
materials that evidenced biofilm formation were approximately zero 
(p < 0.05). This result suggests that most of the planktonic Ancylobacter 
sp. TS-1 cells did attach but, according to biofilm-biomass results, had 
different biofilm-formation behavior depending on the material. 
Conversely, the biomass corresponding to loosely-attached cells had 
similar behavior to biofilm ones. Such evidence is relevant to be 
considered with a view of the development of treatment technologies 
because it could indicate a risk of bioreactor clogging. 

In summary, most of the strain TS-1 cells cultured in mixotrophic 
conditions succeeded in attaching and forming biofilms on three of the 
four different granular materials assessed: graphite, sand, and zeolite. 
However, after several days of incubation, different biomass amounts 
were found on the grains depending on the material on which they 
adhere, with their specific surface area as the most determining factor. 

3.3. Electron donors oxidation in mixotrophic incubation 

The use of electron donors was monitored for the mixotrophic in-
cubation of Ancylobacter sp. TS-1 with the four granular materials. Ac-
cording to Fig. 3, for all biotic cultures, there was a similar decrease in As 
(III) concentrations of ~150 mg⋅L− 1 after seven days. To confirm that 
the decrease was due to biological activity, it is necessary to discard 
other possible mechanisms. As adsorption is a possibility due to both the 
reported As-adsorption ability of zeolites, including clinoptilolites 
(Asere et al., 2019; Lizama-Allende et al., 2017; Ruggieri et al., 2008), 
and the As-biosorption capacity of As(III) oxidizers (Muller et al., 2007). 
Nevertheless, the variation of total As concentration before and after 
incubation was approximately zero for both controls and biotic cultures 
(p < 0.05) (Fig. S4). Additionally, oxygen in the media could mediate 
some abiotic As(III) oxidation, but it was discarded since this reaction 
has much lower kinetics, reaching an oxidation rate of fewer than 
5 µg⋅L− 1⋅d− 1 (Kim and Nriagu, 2000). Hence, the results suggest that the 
As(III) decrease was due to biological oxidation. 

The variation in sCOD concentration (ΔsCOD; the difference be-
tween sCOD values before and after incubation) was similar for all the 
biotic cultures, with an average of ~124 mg⋅L− 1 (Fig. 3). Meanwhile, no 
significant differences in ΔsCOD were observed for abiotic controls 
(p < 0.05), suggesting that sCOD adsorption was insignificant, and 
ΔsCOD was only due to bacterial activity. Since sCOD measurements 
include the contribution of other oxidizable substances present in the 

culture medium, it is crucial to subtract ΔsCOD associated with As(III) 
decrease (~54 mg COD L− 1, according to previous measurements) 
before drawing conclusions about organic matter consumption. Thus, 
the ΔsCOD value effectively derived from organic consumption was 
~70 mg⋅L− 1. 

The organic-matter ΔsCOD should result from three processes: (1) 
oxidation of glucose, with a maximum of ~ 100 mg COD⋅L− 1; (2) con-
sumption of other oxidizable compounds present in the initial medium 
(e.g., vitamins), with a maximum of ~30 mg COD⋅L− 1, according to 
previous measurements; and (3) the generation of soluble microbial 
products (SMP), i.e., organic compounds excreted by the cells (Laspidou 
and Rittmann, 2002). Assuming complete oxidation of glucose and the 
other oxidizable compounds in the media, other than As(III), a ΔsCOD of 
~130 mg⋅L− 1 is estimated. However, since SMP have been indicated as 
the major part of the effluent sCOD in biological treatment processes 
(Laspidou and Rittmann, 2002), the SMP generation may contribute a 
sufficiently high ΔsCOD to reach an overall ΔsCOD of ~70 mg⋅L− 1. 
Consequently, it is not possible to rule out the complete oxidation of 
glucose. In contrast, its null oxidation can be discarded since all final 
sCOD concentrations were lower than 100 mg⋅L− 1. Thus, sCOD analysis 
only allows concluding that glucose was oxidized either partially or 
totally (see supplementary information for more detailed explanation). 

In summary, the results suggest that there was biological oxidation of 
both electron donors, either by sessile or planktonic Ancylobacter sp. TS- 
1 cells. Previous researches with planktonic cultures of CAOs under 
mixotrophic conditions, including Ancylobacter sp. TS-1 itself, have 
shown that the addition of organic substances, such as yeast extract and 
tryptic soy broth, increases bacterial growth (Anguita et al., 2018a; 
Nguyen et al., 2012; Lugtu et al., 2009; Andreoni et al., 2012). 
Furthermore, Lugtu et al. (2009) suggested that the presence of an 
organic donor can even enhance the As(III) oxidation rate by a bacteria 
isolated from mine tailings. 

The evidence suggests that the ability of Ancylobacter sp. TS-1 to 
oxidize As(III) in biofilms is not dependent on the used granular mate-
rial. Even more, it also suggests that there is no difference in the 
oxidation activity among sessile and planktonic cells. On the other hand, 
the results suggest that the biomass differences among cultures grown 
with different materials are not necessarily associated with the number 
of bacteria. Furthermore, the fact that the three materials that displayed 
biofilm formation also presented near-zero planktonic biomass suggests 
that the differences may be a product of the unequal amounts of EPS and 
inert biomass of the different biofilms. Previously, a higher surface area 
has been associated with the formation of significantly thicker biofilms 
in nitrifying reactors (Young et al., 2016). Moreover, biofilm thickness 
has been associated with less cellular activity, most likely due to 

Fig. 3. Electron donor oxidation in Ancylobacter sp. TS-1 cultures incubated for seven days in mixotrophic conditions with different granular materials (PP, poly-
propylene pellet; G, graphite; S, sand; Z, zeolite). C corresponds to the biotic control without granular material. As(III) (a) and sCOD (b) concentrations are shown as 
mean ± standard deviation. Experimental replicates were n = 2 for abiotic controls (except for C control, where n = 1), and n = 3 for Ancylobacter sp. TS-1 cultures. 
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limitations in mass transport (Young et al., 2016; Li et al., 2008). These 
statements support the previous hypothesis that the biofilm formed on 
zeolite was especially rich in EPS and inert biomass. Characterization of 
tested materials shows that the VSS amount initially present on the 
zeolite granules is significantly higher with respect to the other used 
materials (p < 0.05) (Table S1). Thus, this VSS content could have 
played the role of an additional carbon/electron source for the biofilm 
grown on zeolite, which could explain the observed differences in 
biomass among tested granular materials (Fig. 2) despite the similar 
sCOD removal (Fig. 3). 

3.4. As(III) oxidation by biofilms of Ancylobacter sp. TS-1 in 
chemolithoautotrophic conditions 

Biofilms formed under mixotrophic conditions were subjected to 
chemolithoautotrophic incubation to assess their As(III)-oxidation 
ability in the absence of an organic electron donor. For this purpose, 
only two of the biofilms previously studied were selected based on the 
biofilm-biomass results (Fig. 2a): the one with the highest value, i.e., 
zeolite; and the one with the lowest non-zero value, i.e., graphite. As(III) 
oxidation by biofilms over time was obtained and is shown in Fig. 4. 

Potential As adsorption on bacterial or material surfaces, as well as 
abiotic oxidation, were again discarded based on the approximately 
constant concentrations of total As, for both controls and Ancylobacter 
sp. TS-1 cultures. Therefore, As(III)-decrease amounts for both biofilms 
could be entirely attributed to their metabolic activity. 

The As(III)-oxidation kinetics differed depending on the material on 
which the biofilm was formed. For both biofilms, no noticeable oxida-
tion was observed after 3 h of incubation, but there was at the end of one 
day (Fig. 4). Previous studies with planktonic As(III)-oxidizing cultures, 
under heterotrophic or chemolithoautotrophic conditions, have re-
ported delays in the initiation of As(III) oxidation (Dastidar and Wang, 
2009; Suttigarn and Wang, 2005). According to the authors, such a 
phenomenon could be due to As(III) toxicity at high concentrations or 
the need for time to induce the oxidation reaction. Numerically, the 
oxidized-As(III) concentrations after 24 h were 120 ± 26 and 
21 ± 7 mg⋅L− 1, which corresponds to ~64% and ~12% of oxidation for 
biofilms formed on graphite and zeolite, respectively. In other words, 
the As(III) was oxidized much faster by the biofilm with much less 
biomass. This difference in the performance is likely associated with the 
difference in thickness between both biofilms. The apparent mono-layer 
structure of the graphite biofilm (Fig. 2c) would avoid the mentioned 
mass transport limitations that affect thicker biofilms (Young et al., 
2016; Li et al., 2008). Since the maximum dissolved oxygen would be 
8 mg⋅L− 1 (0.25 mM) at 30 ◦C, and the needed amount of oxygen for As 
(III) oxidation is half the moles of As(III) (Amend et al., 2014) (i.e., 
48 mg⋅L− 1), the oxygen would be the limitation. These mass-transport 
limitations could have been enhanced by the possible growth inside 
zeolite pores, as previously observed (Bao et al., 2016). However, these 
limitations were not important in the medium term, since after 48 h both 
oxidized-As(III) values resulted practically equal (~150 mg L− 1, ~80%; 
p < 0.05). Furthermore, in both cases, oxidized-As(III) amount did not 
significantly change between 48 and 168 h (p < 0.05), achieving a 
similar As(III) decrease to the observed under mixotrophic conditions. In 
any case, the evidence suggests that a lower biomass amount, like occurs 
with graphite biofilm, could be favorable for reaction kinetics. 

To date, a limited number of studies have used biofilms to oxidize As 
(III) concentrations of 75 mg⋅L− 1 or higher (Table 2). In this study, 
performed in the presence of 225 mg⋅L− 1 of As(III), the highest As(III)- 
oxidation rate was obtained by the biofilm formed on graphite, with 
5.1 mg⋅L− 1⋅h− 1, while zeolite biofilm only obtained an oxidation rate of 
1.1 mg⋅L− 1⋅h− 1. As(III)-oxidation rates were estimated from linear 
fitting using the three first time points (Fig. S5), since the As(III) con-
centrations for graphite biofilm at 48 and 168 h were not significantly 
different from the concentration at 24 h (p < 0.05). According to 
Table 2., higher oxidation rates in literature, between 62.5 and 
166 mg⋅L− 1⋅h− 1, were obtained by bioreactor studies (Battaglia-Brunet 
et al., 2002; Dastidar and Wang, 2012; Li et al., 2016), while biofilm 
formed at a small scale (i.e., microplates or flasks) reported values be-
tween 0.8 and 37.5 mg⋅L− 1⋅h− 1 (Zeng et al., 2018; Challan Belval et al., 
2009; Nguyen et al., 2017). Thus, rates obtained with Ancylobacter sp. 
TS-1 biofilms replicated this tendency turning out similar to the second 
group, still very far from the highest value obtained by the CAsO1 
consortium in a fixed-bed reactor (Battaglia-Brunet et al., 2002). 

As(III)-oxidation reactors usually have been configured as bed re-
actors (Battaglia-Brunet et al., 2002, 2006a; Dastidar and Wang, 2012; 
Ito et al., 2012; Li et al., 2016; Gude et al., 2018; Michon et al., 2010; 
Wan et al., 2010, 2012), then the volume of the grains seems a good 
parameter to take into account for comparison. When oxidation rates are 
normalized by the volume of grains, the trends are very different than 
without normalization (Table 2). The biofilms formed on graphite and 
zeolite obtained normalized oxidation rates (NOR) of 3.6 and 
1.0 mg⋅L− 1⋅h− 1⋅cm− 3 (≥2.04 and 0.01 mg⋅L− 1⋅h− 1⋅m− 2, Table S2), 
whereas the highest non-normalized rate was equivalent to barely 
0.2 mg⋅L− 1⋅h− 1⋅cm− 3. Interestingly, the study of Challan Belval et al. 
(2009), also performed with CAsO1-consortium biofilms formed on the 
same support but using a growth-enhancing strategy in microplates, also 

Fig. 4. Total As and As(III) concentrations over the time during chemo-
lithoautotrophic incubation of Ancylobacter sp. TS-1 biofilms formed on 
graphite (a) and zeolite (b) surfaces. Concentration values are shown as mean 
± standard deviation for abiotic controls (n = 2) and biofilms (n = 3). 
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obtained a much higher NOR value than the one of Battaglia-Brunet 
et al. (2002). Hence, this situation may be associated with factors like 
the incubation conditions (fed-batch versus continuous-flow), the much 
higher residence time (84 h versus 1 h), the lower support surface 
area/reactor volume ratio, and the optimization of the bacterial growth 
prior to treatment. Additionally, a packed-bed reactor inoculated with a 
bacterium isolated from the CAsO1 consortium (Dastidar and Wang, 
2012) also obtained a much higher NOR than the reactor of Batta-
glia-Brunet et al. (2002), possibly influenced by the fact that the con-
sortium contains other strains unable to oxidize As(III). This possibility 
is also supported by the very low value obtained by a bioreactor oper-
ated with a consortium enriched from realgar mine tailings (Li et al., 
2016). Thus, the higher NOR obtained here by the graphite biofilm is 
likely due to several reasons: (i) its assessment on a small scale in batch 
conditions, which may avoid reactor limitations; (ii) the use of a bac-
terial isolate instead of a consortium; and (iii) the use of biofilms pre-
viously formed in growth-enhancing conditions. 

In summary, the results suggest that Ancylobacter sp. TS-1 biofilms, 
especially the one formed on graphite, are promising enough to be tested 
as part of As(III)-oxidation treatment-bioreactors. Furthermore, the high 
As amounts oxidized suggest that these potential reactors could be useful 
even for pre-treatment of groundwaters polluted with concentrations as 
high as the maximum reported all over the world. 

4. Conclusions 

All tested granular materials, except polypropylene, showed biofilm 
formation under mixotrophic conditions. The lack of biofilm on poly-
propylene may have been due to its highly negative surface charge and 
smaller surface area. Furthermore, most of the Ancylobacter sp. TS-1 cells 
were able to attach and to form biofilms on the other three materials, but 
different attached biomass amounts were found depending on the ma-
terial. Thus, the normalized biofilm-biomass values showed that zeolite 
biofilm achieved the highest growth, followed by sand, and finally 
graphite. According to this evidence, the surface area was the most 
determining factor in growing higher-biomass biofilms. 

Under mixotrophic conditions, Ancylobacter sp. TS-1 cultures 
oxidized As(III) and glucose simultaneously. As(III) oxidation was 
similar with or without grains of any type, suggesting that all cultures 
had similar amounts of active cells. Furthermore, for the zeolite culture, 
the total biomass amount was the only one significantly different from 
the control, and its 83% corresponded to biofilm biomass. Thus, it was 
inferred that the biofilm grown on zeolite would be especially thicker 
and consequently richer in inert biomass and EPS than the other 
biofilms. 

Lastly, the results about As(III)-oxidation kinetics under chemo-
lithoautotrophic incubation revealed that the graphite biofilm was the 
most efficient, suggesting that zeolite biofilms presented mass transport 

Table 2 
Comparison of different As(III)-oxidizing biofilms operating at high As(III) concentrations (≥ 75 mg⋅L− 1).  

Reference As oxidizer Support Initial As (III) 
concentration 
(mg⋅L− 1) 

Reported As (III) 
oxidation ratea 

Normalized oxidation 
rateb (NOR; 
mg⋅L− 1⋅h− 1⋅cm− 3) 

Remarks 

This study Ancylobactersp. TS- 
1 

Graphite 
granules 

225 5.1 mg⋅L− 1⋅h− 1c 3.6 Biofilms formed in flasks for seven days 
under mixotrophic conditions. 

Zeolite 
granules 

1.0 mg⋅L− 1⋅h− 1c 1.0 

(Battaglia-Brunet 
et al., 2002) 

CAsO1 consortium Pozzolana 
granules 

180 166 mg⋅L− 1⋅h− 1 0.2d Biofilm formed in a fixed-bed reactor during 
52 days under chemolithoautotrophic 
conditions, including startup and operation 
with different As(III) concentrations. 

(Challan Belval 
et al., 2009) 

CAsO1 consortium Pozzolana 
granules 

100 100%, 84 h 
(1.2 mg⋅L− 1⋅h− 1) 

1.6e Biofilm formed during 5 weeks with fed- 
batch incubation, under 
chemolithoautotrophic conditions, in 
microplates wells with pozzolana. 

(Dastidar and 
Wang, 2012) 

Thiomonas 
arsenivorans strain 
b6 

Pyrex glass 
beads 

510 85.4 mg⋅L− 1⋅h− 1f 2.0g Biofilm formed in a packed-bed reactor for 
77 days, under chemolithoautotrophic 
conditions, including startup and operation 
with different As(III) concentrations. 

(Li et al., 2016) Consortium 
enriched from 
realgar-mine tailing 

Perlite 
granules 

75 100%, 1.2 h 
(62.5 mg⋅L− 1⋅h− 1) 

0.3h Biofilm formed in a biofilm reactor for 3 
weeks under mixotrophic conditions, and 
141 days under chemolithoautotrophic 
conditions, including startup and operation 
with different As(III) concentrations. 

(Nguyen et al., 
2017) 

Strain JHW3 Graphite 
electrode 

150 0.25 mM⋅d− 1 

(0.8 mg⋅L− 1⋅h− 1) 
– Biofilm formed under 

chemolithoautotrophic conditions, first 
with oxygen at open circuit (7 days) and 
later with nitrate with the polarization of 
the electrode (8 days). 

(Zeng et al., 2018) Strain Cug 3 Polystyrene 
microplates 

75 0.75 mMi; 1.5 h 
(37.5 mg⋅L− 1⋅h− 1) 

– Biofilm formed under mixotrophic 
conditions during 6 days.  

a Reported data, and, between parentheses, equivalent As(III) oxidation rate. Calculations were made using 75 mg⋅L− 1 = 1 mM. 
b Reported As(III)-oxidation rate (mg⋅L− 1⋅h− 1) normalized by support volume (cm− 3). 
c Oxidation rate calculated from linear fitting using the three first time points (Fig. S5). 
d Bed volume (1043 cm3) was calculated from the reported working volume in this paper, and the volume percentage occupied by pozzolana in a column, reported 

by another paper of the same group (Michon et al., 2010). 
e Pozzolana volume (0.73 cm3) was calculated from the reported mass in this paper, and the density value, reported by another paper of the same group (Michon 

et al., 2010). Additionally, since biofilm was formed on pozzolana and the microplate-well walls, the oxidation value was multiplied by the percentage of pozzolana 
biofilm (70%). 

f Effluent As(V) concentration was divided by HRT. 
g Bed volume (42.4 cm3) was calculated from the reported number and diameter of beads, and the formula to calculate the volume of a sphere. 
h Bed volume (227 cm3) was estimated by subtracting the theoretical working volume (cylinder volume from reported dimensions) and the reported volume of 

synthetic water added to the reactor. 
i Value estimated from Fig. 5d. in the article (Zeng et al., 2018). 
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limitations likely associated with thickness and biofilm-growth inside 
the pores of the grains. Moreover, the NOR obtained by the graphite 
biofilm turned out one of the highest reported values among the As(III)- 
oxidizing biofilms operating at As(III) concentrations equal or higher 
than 75 mg⋅L− 1. However, several reasons may favor biofilms perfor-
mance on a small scale; therefore, it is crucial to test Ancylobacter sp. TS- 
1 biofilms as part of a reactor with more realistic conditions. Hence, the 
evidence obtained in this study suggests that Ancylobacter sp. TS-1 bio-
films, especially the one formed on graphite granules, are promising 
enough to be tested in As(III)-oxidation bioreactors. 
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Anguita, from DIHA, and María José Abarca, from the Institute for 
Biological and Medical Engineering at the Pontificia Universidad 
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Arcoya, A., González, J.A., Travieso, N., Seoane, X., 1994. Physicochemical and catalytic 
properties of a modified natural clinoptilolite. Clay Miner. 29, 123–131. 

Asere, T.G., Stevens, C.V., Du, G., 2019. Laing, Use of (modified) natural adsorbents for 
arsenic remediation: a review. Sci. Total Environ. 676, 706–720. 

Bag, P., Bhattacharya, P., Chowdhury, R., 2010. Bio-detoxification of arsenic laden 
ground water through a packed bed column of a continuous flow reactor using 
immobilized cells. Soil Sediment Contam. 19, 455–466. 

Bao, T., Chen, T., Wille, M.-L., Ahmadi, N.E., Rathnayake, S.I., Chen, D., Frost, R., 2016. 
Synthesis, application and evaluation of non-sintered zeolite porous filter (ZPF) as 
novel filter media in biological aerated filters (BAFs). J. Environ. Chem. Eng. 4, 
3374–3384. 

Battaglia-Brunet, F., Dictor, M.C., Garrido, F., Crouzet, C., Morin, D., Dekeyser, K., 
Clarens, M., Baranger, P., 2002. An arsenic(III)-oxidizing bacterial population: 
selection, characterization, and performance in reactors. J. Appl. Microbiol. 93, 
656–667. 

Battaglia-Brunet, F., Itard, Y., Garrido, F., Delorme, F., Crouzet, C., Greffié, C., 
Joulian, C., 2006a. A simple biogeochemical process removing arsenic from a mine 
drainage water. Geomicrobiol. J. 23, 201–211. 

Battaglia-Brunet, F., Joulian, C., Garrido, F., Dictor, M.C., Morin, D., Coupland, K., Barrie 
Johnson, D., Hallberg, K.B., Baranger, P., 2006b. Oxidation of arsenite by Thiomonas 
strains and characterization of Thiomonas arsenivorans sp. nov. Antonie van 
Leeuwenhoek 89, 99–108. 

Berra, L., Sampson, J., Wiener-Kronish, J., 2010. Pseudomonas aeruginosa: acute lung 
injury or ventilator-associated pneumonia? Minerva Anestesiol. 76, 824–832. 

Budinova, T., Savova, D., Tsyntsarski, B., Ania, C.O., Cabal, B., Parra, J.B., Petrov, N., 
2009. Biomass waste-derived activated carbon for the removal of arsenic and 
manganese ions from aqueous solutions. Appl. Surf. Sci. 255, 4650–4657. 

Challan Belval, S., Garnier, F., Michel, C., Chautard, S., Breeze, D., Garrido, F., 2009. 
Enhancing pozzolana colonization by As(III)-oxidizing bacteria for bioremediation 
purposes. Appl. Microbiol. Biotechnol. 84, 565–573. 

Crognale, S., Amalfitano, S., Casentini, B., Fazi, S., Petruccioli, M., Rossetti, S., 2017. 
Arsenic-related microorganisms in groundwater: a review on distribution, metabolic 
activities and potential use in arsenic removal processes. Rev. Environ. Sci. 
Biotechnol. 16, 647–665. 

Crognale, S., Casentini, B., Amalfitano, S., Fazi, S., Petruccioli, M., Rossetti, S., 2019. 
Biological As(III) oxidation in biofilters by using native groundwater 
microorganisms. Sci. Total Environ. 651, 93–102. 

Dastidar, A., Wang, Y.-T., 2010. Kinetics of arsenite oxidation by chemoautotrophic 
Thiomonas arsenivorans strain b6 in a continuous stirred tank reactor. J. Environ. 
Eng. 136, 1119–1127. 

Dastidar, A., Wang, Y.T., 2012. Modeling arsenite oxidation by chemoautotrophic 
Thiomonas arsenivorans strain b6 in a packed-bed bioreactor. Sci. Total Environ. 432, 
113–121. 

Dastidar, A., Wang, Y.-t, 2009. Arsenite oxidation by batch cultures of Thiomonas 
arsenivorans strain b6. J. Environ. Eng. 135, 708–715. 

Fazi, S., Amalfitano, S., Casentini, B., Davolos, D., Pietrangeli, B., Crognale, S., Lotti, F., 
Rossetti, S., 2016. Arsenic removal from naturally contaminated waters: a review of 
methods combining chemical and biological treatments. Rend. Lince. 27, 51–58. 

Gude, J.C.J., Rietveld, L.C., van Halem, D., 2018. Biological As(III) oxidation in rapid 
sand filters. J. Water Process Eng. 21, 107–115. 

International Agency for Research on Cancer, Part C: Arsenic, metals, fibres, and dusts, 
in: A review of human carcinogens, Lyon, France, 2009. 

Ito, A., Miura, J.I., Ishikawa, N., Umita, T., 2012. Biological oxidation of arsenite in 
synthetic groundwater using immobilised bacteria. Water Res. 46, 4825–4831. 

Kamei-Ishikawa, N., Segawa, N., Yamazaki, D., Ito, A., Umita, T., 2017. Arsenic removal 
from arsenic-contaminated water by biological arsenite oxidation and chemical 
ferrous iron oxidation using a down-flow hanging sponge reactor. Water Sci. 
Technol. Water Supply 17, 1249–1259. 

Katsoyiannis, I.A., Zouboulis, A.I., Jekel, M., 2004. Kinetics of bacterial As(III) oxidation 
and subsequent As(V) removal by sorption onto biogenic manganese oxides during 
groundwater treatment. Ind. Eng. Chem. Res. 43, 486–493. 

Kim, M.J., Nriagu, J., 2000. Oxidation of arsenite in groundwater using ozone and 
oxygen. Sci. Total Environ. 247, 71–79. 

Laspidou, C.S., Rittmann, B.E., 2002. A unified theory for extracellular polymeric 
substances, soluble microbial products, and active and inert biomass. Water Res. 36, 
2711–2720. 

Leiva, E., Leiva-Aravena, E., Rodríguez, C., Serrano, J., Vargas, I., 2018. Arsenic removal 
mediated by acidic pH neutralization and iron precipitation in microbial fuel cells. 
Sci. Total Environ. 645, 471–481. 

Leiva, E.D., Ramila, C., Vargas, I.T., Escauriaza, C.R., Bonilla, C.A., Pizarro, G.E., 
Regan, J.M., Pasten, P.A., 2014. Natural attenuation process via microbial oxidation 
of arsenic in a high Andean watershed. Sci. Total Environ. 466–467, 490–502. 
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