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Abstract

This study investigated the removal of selenite from wastewater using the fungus Asergillus niger KP isolated from a laboratory
scale inverse fluidized bed bioreactor. The effect of different carbon sources and initial selenite concentration on fungal growth,
pellet formation and selenite removal was first examined in a batch system. The fungal strain showed a maximum selenite
removal efficiency of 86% in the batch system. Analysis of the fungal pellets by field-emission scanning electron microscopy,
field-emission transmission electron microscopy and energy-dispersive X-ray spectroscopy revealed the formation of spherical-
shaped elemental selenium nanoparticles of size 65—100 nm. An increase in the initial selenite concentration in the media resulted
in compact pellets with smooth hyphae structure, whereas the fungal pellets contained hair like hyphae structure when grown in
the absence of selenite. Besides, a high initial selenite concentration reduced biomass growth and selenite removal from solution.
Using an airlift reactor with fungal pellets, operated under continuous mode, a maximum selenite removal of 94.3% was achieved
at 10 mg L™ of influent selenite concentration and 72 h HRT (hydraulic retention time). Overall, this study demonstrated very
good potential of the fungal-pelleted airlift bioreactor system for removal of selenite from wastewater.
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Introduction

Selenium (Se) is a naturally occurring chalcogen element with
both metallic and non-metallic properties. It is an essential
element for living beings at low concentrations. The minimum
amount of Se in diet is 55 pg/day for adults (Ibrahim et al.
2019), but at high concentration it is toxic to living organisms
(Hunter and Manter 2009) as Se generates oxidative stress
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leading to DNA damage (Wang et al. 2016). In nature, seleni-
um usually occurs in one of the four oxyanion forms, namely
selenate (Se (+ 6)), selenite (Se (+4)), elemental selenium (Se
(0)) and selenide (Se (—2)) and among the four different sele-
nium species, selenite, i.e., Se (+4) or 860327 is considered
the most toxic, whereas elemental selenium (Se (0)) is consid-
ered the least toxic.

Hence, water pollution due to discharge of untreated Se (+
4) wastewater from agricultural and industrial activities, in-
cluding pesticides, lime, fertilizer, coal mining, oil refinery,
coal combustion, glass, rubber, and electronic industry is a
major concern (Lenz and Lens 2008; Perkins 2011; Tan
et al. 2016). It is therefore necessary to treat such Se contain-
ing wastewater before it could be released into the
environment.

Different physico-chemical methods such as adsorption
(Howarth et al. 2015), membrane separation (Mavrov et al.
2006), precipitation (Jung et al. 2016), electrocoagulation
(Hansen et al. 2019), ion exchange (Nabi et al. 2011) and zero
valent iron treatment (Li et al. 2018a, 2018b) have been stud-
ied for selenite removal from wastewater. However, due to
certain drawbacks, including high installation and operation
costs, large volume of toxic sludge generation and use of
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costly chemicals have diverted the research focus towards
biological treatment methods which is considered to be sus-
tainable and environmentally friendly. The use of biological
agents (bacteria, fungi) is an environmentally friendly and
inexpensive alternative to traditional physicochemical treat-
ment methods (Zhang et al. 2019; Sinharoy and Pakshirajan
2019) to remove Se oxyanions from wastewater. Various clas-
ses of microorganisms have been reported (Eswayah et al.
2016) to be capable of transforming toxic Se oxyanions, i.e.
selenate (SeO,4>") and selenite (SeO;”), to less toxic and sta-
ble form (Se”) in the nano size range (Staicu et al. 2015).
Selenium nanoparticles possess a high surface to volume ratio,
which display many unique properties such as high photocon-
ductivity, piezoelectric, thermoelectric and non-linear electric
responses (Liang and Qian 2009).

Compared with bacteria, fungi are known to produce
many extracellular enzymes for organics degradation and
other environmental applications (Karigar and Rao 2011;
Kues 2015), but very little attention has been focused to-
wards the use of fungi for bio-reduction of selenite
(Eswayah et al. 2016). In this regard, the use of bioreactor
with fungal pellets is scant. Fungal pellets are compact and
densely packed form of the hairy region of fungal hyphae
(Espinosa-ortiz et al. 2016). Traditionally the formation of
fungal pellets are ascribed as either coagulative or non-
coagulative type. In the coagulative type, spores forms a
cluster quickly and afterwards germinate by hyphal tip
growth. Finally, numerous spores of the coagulative type
form pellets (Zhang and Zhang 2016). On the opposite,
spores of the non-coagulative type arise before pellet for-
mation and, therefore, one pellet can be theoretically
formed by one single spore (Pazouki and Panda 2000).
Non-coagulative pellet formation is interlinked with agita-
tion and aeration. Hydrophobicity and electrostatic interac-
tion between fungal spore wall are the main factors that
trigger the pellet formation (Veiter et al. 2018).

The reduction of selenite to Se (0) by fungi has generally
been considered as a detoxification mechanism which re-
sults in red coloration of fungal pellet or media (Li et al.
2018b). This study mainly focused on developing a contin-
uous process for treating Se containing wastewater using
fungal-pelleted airlift bioreactor, which is not reported thus
far in the literature. Effect of carbon source and initial sel-
enite concentration on selenite removal was first studied
using batch shake flasks. The effect of hydraulic retention
time and influent selenite concentration on the bioreactor
performance was then investigated under continuous oper-
ation mode. Characterization of biologically synthesized
selenium nanoparticles using different instrumental tech-
niques was carried out. Furthermore, for better understand-
ing of removal and recovery of Se in the study, mechanism
based on the literature and from the results obtained has
been proposed.

Materials and methods
Fungal culture and medium composition

Five different fungal strains, viz. Aspergillus fumigatus,
Mucor hiemalis, Cunninghamella elegans and two other iso-
lated strains (F1 and F2) were initially screened for selenite
removal. The strains A. fumigatus, M. hiemalis and C. elegans
were procured from CSIR-Institute of Microbial Technology
(IMTECH), Chandigarh, India. Whereas, the strain F1 was
isolated from waste tea leaf and the strain F2 was isolated from
effluent of an anaerobic inverse fluidized bed bioreactor
treating selenite rich wastewater (Sinharoy et al. 2019). All
the fungal strains were initially grown in petri plates contain-
ing potato dextrose agar (PDA) media and incubated at 28 °C
for 4 days. The fungal spore solutions were prepared by har-
vesting the spores using Triton X-100 from the 4 days old petri
plate and transferring into distilled water. The spore solutions
were stored at — 20 °C until future use in the experiments.

Screening of fungal strains for selenite removal

In order to screen the best fungal strain for selenite bio-reduc-
tion, batch experiments were carried out using 250-mL
Erlenmeyer flasks with a 100-mL synthetic wastewater medi-
um containing (g LY glucose (10), KH,PO4 (2), MgSOy-
7H,0 (0.5), NH4CI, (0.1), CaCl,-2H,0 (0.1), thiamine
(0.001) (Espinosa-ortizet al. 2017) and 5 mL of trace elements
solution (Tien and Kirk 1988). The pH of the medium was
adjusted to 3.5 and autoclaved at 121 °C and 15 psi pressure
for 30 min and then the flasks were inoculated with 1% (v/v)
of fungal spore solution, followed by incubation at 30 °C and
150 rpm in an orbital shaking incubator. The low pH condition
used in the study is based on optimum pH required for fungal
growth. The 3 days old fungal cultures were used as the inoc-
ulum (2% v/v) in selenium removal experiments (Espinosa-
ortiz et al. 2017). In order to test the selenium reduction capa-
bility of the individual fungi, 10 mg L™'of selenite was added
to the media. The screening experiment was carried out for
7 days and samples were withdrawn every day for the analysis
of selenite and biomass concentrations. All experiments were
conducted in triplicates. In order to identify the isolated fungal
strain (F2) which showed the best selenite removal capability
among the five different fungal strains, the fungal culture was
sent to genOmbio Technologies Pvt. Ltd. for identification of
the fugal strain; internal transcribed spacer (ITS) region was
sequenced and examined by using basic local alignment
search tool (BLAST).

Effect of carbon source and selenite concentration

To study the effect of carbon source on selenite reduction
by Aspergillus niger KP (F2 strain), four different carbon
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substrates viz. glucose, sucrose, fructose and sodium lac-  were withdrawn every day in order to assess the selenite

tate at a concentration of 10 mgL ™' were taken in the  removal and residual chemical oxygen demand (COD).
media. The initial selenite concentration and pH of the Furthermore, the effect of initial selenite concentration
media were fixed at 10 mgL ™' and 3.5, respectively. The  on its removal by the fungus was studied in the range
flasks were incubated for 7 days at 30 °C, and samples 10-40 mg L' and with sucrose as the carbon source.

Table 1 Operational conditions

followed using the fungal pelleted SL Operation Phase HRT Influent selenite conc. Influent COD conc.  Selenite
air lift bioreactor no. period (d) (h) (mg L™ gL™ removal (%)

1. 1-15 I 72 10 10 94.3

2. 16-29 72 30 10 75.5

3. 30-44 72 60 10 71.1

4. 45-54 I 48 10 10 782

5. 55-63 48 30 10 71.8

6. 64-75 48 60 10 65.8

7. 76-81 I 24 10 10 72.5

8. 82-88 24 30 10 66.2

9. 89-96 24 60 10 58.0
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Fig. 2 Selenite removal profile 12
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Fig.3 Fungal pellets grown in the (a) absence and (b) presence of selenite; FESEM image showing hyphal structure inside of fungal pellets grown in the
(¢) absence and (d) presence of selenite (selenite 10 mg L™, glucose 10 g L™, pH 3.5, temperature 30 °C)
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Continuous selenite removal using airlift reactor
with fungal pellets

Selenite removal by A. niger KP pellets under continuous
mode of operation was performed using a bench scale airlift
reactor made of acrylic material (Fig. 1). The reactor had a
working volume of 3 L with 10 cm diameter and 90 cm height.
An inner draft tube of 5 cm diameter and 45 cm height was
positioned concentrically inside the reactor. The experimental
setup comprised of a feed tank, an effluent tank, peristaltic
pumps for feeding and withdrawing liquid to and from the
reactor, an air pump, an air filter of 0.45 . pore in size, a flow
meter to measure and regulate the air supply and airflow ve-
locity in the reactor. The reactor was provided with a fixed
airflow at a velocity of 1 VVM throughout the continuous
experiments. For initial startup of the reactor, synthetic waste-
water as mentioned earlier and A. niger KP pellets (0.25 g dry
biomass L ') were fed into the bioreactor. The bioreactor was
then continuously operated at different conditions of hydraulic
retention time (HRT) of 2472 h and influent selenite concen-
tration of 10-60 mg L ™" (Table 1). The bioreactor was initially
operated at 72 h HRT, and later the HRT was lowered to 48 h
and subsequently to 24 h for examining the effect of HRT. The
initial selenite concentration was varied from 10 to 60 mg L™
for all the three HRT values. The influent and effluent selenite
concentrations were measured every day and only after
achieving a steady state value of selenite removal for three
consecutive reading next set of experiments were performed.

Characterization of selenium nanoparticles

For characterization of selenium nanoparticles formed due to
selenite bio-reduction, field-emission transmission electron

microscope (FETEM) and energy-dispersive X-ray (EDX) spec-
troscopy techniques were used. For FETEM and EDX analyses,
samples were centrifuged at 12,600xg for 20 min and washed
with deionized water (Sinharoy and Pakshirajan 2020). The sam-
ples were then fixed onto a carbon-coated copper grid and
viewed using FETEM-EDX (JEOL, Model: 2100F, Japan).

For FESEM analysis, liquid sample containing suspended
fungal pellets with selenium nanoparticles were centrifuged at
12,600xg for 20 min. The pellets were fixed overnight with
2.5% glutaraldehyde, following which the cells were
dehydrated in series of graded ethanol (30-100%). The
dehydrated pellet was kept at 37 °C in a hot air oven for
overnight, and after fixing it on a metallic grid using adhesive
tape, the prepared sample was analysed using FESEM (Zeisss,
Model: Sigma, Germany).

Analytical methods

For analysis of selenite concentration, a modified spectropho-
tometric method was followed (Mal et al. 2016). The liquid
samples collected at different time intervals were centrifuged
at 12,600xg for 20 min to remove the suspended fungal pellets
and Se (0) particles, 1 mL of supernatant was mixed with
0.5 mL of 4 M HCl and 1 mL of 1 M ascorbic acid. After
10 min of incubation at room temperature, absorbance of the
mixture was determined at 500 nm using a UV-Vis spectro-
photometer (Thermo Scientific, Evolution 201, USA).
Selenium removal efficiency (R) was estimated using the fol-
lowing Eq. (1) (Espinosa-ortiz et al. 2016).

CO_C[
0

Removal efficiency (%),R =

x 100 (1)
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where, Cy = Initial concentration (mg LY and C,=
Concentration at time # (mg L™").

For chemical oxygen demand (COD) analysis, samples
were centrifuged at 12,600xg for 20 min and the supernatant
was used for the COD determination by following closed
reflux colorimetric method, a standard procedure of
American Public Health Association (APHA 5220D)
(APHA 1997). For biomass estimation gravimetric method
was followed (Espinosa-ortiz et al. 2017), which however
did not exclude selenium nanoparticles contained within the
biomass.

Results and discussion

Screening and identification of fungal strains
for selenite bioreduction in batch culture

Five fungal strains namely, C. elagans, A. fumigatus,
M. hiemalis and two other isolated strains (F1 and F2) were
screened for selenite removal from simulated wastewater. The
selenite removal profiles using these five strains are shown in
Fig. 2, which revealed that a maximum selenite removal effi-
ciency of 86% was obtained with the F2 strain. The strain F2

Fig. 5 Effect of different carbon 12
sources on (a) selenite and (b)
COD removal by A. niger KP.
(selenite 10 mg L', carbon sub-
strate 10 g L', pH 3.5, tempera-
ture 30 °C)
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was later identified as Aspergillus niger KP strain and used for
further experiments. Fungal pellets were observed with the
different strains, regardless of the presence or absence of sel-
enite, which, depends on various factors such as pH, carbon
source, electrostatic interaction and hydrophobicity (Veiter
et al. 2018). The morphology of fungal pellets grown in ab-
sence of selenite were observed to be hairy and white in colour
(Fig. 3a), whereas the fungal pellets exposed to selenite were
found to be more tightly packed and smooth, with a charac-
teristic red orange colour, due to reduction of SeO327 to Se’
(Fig. 3b) (Wang et al. 2016). However, FESEM images (Fig.
3c and d) revealed that selenium affected only a change in the
surface morphology of the pellets, but showed no effect on the
internal hyphae structure of the pellets. Similar findings were
reported previously in case of Phanerochaete chrysosporium
(Espinosa-ortiz et al. 2017). Li et al. (2018a, 2018b) also ob-
served a change in Aspergillus sp. morphology due to pres-
ence of selenite in growth media. Figure 4 shows the biomass
growth curve of A. niger KP in the presence and absence of
selenite in the media, which revealed that the biomass growth
is better in case of control (without selenite) than in selenite
containing media, probably due to the selenite-induced oxida-
tive stress on intracellular thiols (Wang et al. 2016) of A. niger
KP strain.

Effect of carbon source and selenite concentration

The effect of four different carbon sources, viz. glucose, su-
crose, fructose and sodium lactate on selenite bioreduction by
A. niger KP strain was investigated at 10 mg L™ of selenite. A
maximum selenite reduction of 88.5% was obtained using
either sucrose or glucose as the carbon source (Fig. 5a). A
negligible amount of selenite reduction was observed with

fructose or sodium lactate as the carbon source. Figure S5b
shows COD utilization profile by A. niger KP strain for all
the different carbon substrates used in this experiment which
further confirms that sucrose and glucose were the most pre-
ferred carbon source for the fungus. Lactate and fructose were
not utilized by A. niger KP strain, indicating their non-
suitability as carbon substrate for selenite bioreduction.

The effect of selenite concentration in the range 10—
40 mgL " on selenite removal by A. niger KP strain using
sucrose as the carbon source was investigated (Fig. 6). An
increase in initial selenite concentration reduced the selenite
removal efficiency with a maximum selenite reduction of 88%
at 10 mgL ™" of initial selenite concentration. The selenite re-
duction efficiency dropped to 77, 70.3, 67.25% for 20, 30,
40 mgL ™" of initial selenite concentrations, respectively.

Bioreactor performance under continuous operation
mode

In order to study continuous selenite removal from wastewater
by fungal pellets in airlift reactor, effect of different influent
selenite concentration (10-60 mg L") and different HRT in
the range 24-72 h was examined. Figure 7a shows the time
profile of influent and effluent selenite concentration along
with selenite removal efficiency obtained during continuous
bioreactor operation. During phase I, the bioreactor was oper-
ated at 72 h HRT and the influent selenite concentration was
varied from 10 to 60 mg L™". The selenite removal was ini-
tially low but gradually increased to 94.3% after 15 days of
bioreactor operation. However, further increase in the inlet
selenite concentration to 30 and 60 mg L™ resulted in reduced
selenite removal values of 75.5% and 71.3%, respectively. In
Phase II, the HRT was changed to 48 h and the selenite

Fig. 6 Effect of initial selenite 50
concentration on selenite removal
by A. niger KP. (sucrose 10 g L',
pH 3.5, 30 °C)
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concentration was initially kept at 10 mg L™'; the selenite
removal efficiency fluctuated due to the sudden change in
HRT, which, however, reached a stable value of 78.2% on
54th day of bioreactor operation. The selenite removal values
for 30 and 60 mg L™ inlet selenite concentrations were sim-
ilarly low at 48 h HRT compared with that at 72 h HRT. The
selenite removal efficiency significantly reduced at a very low
HRT of 24 h. The values were 72.5, 66.2 and 58% for 10, 30
and 60 mg L™, respectively. Figure 7b shows selenite removal
rates at different selenite loading rate during the continuous
bioreactor operation. Straight line passing through the origin
in this figure represents stable reactor performance with

Selenite loading rate (mg L™ h™")

maximum selenite removal rate and the points denote exper-
imental values of selenite removal rates obtained. From the
figure it is clear that up to a selenite loading rate of
0.83 mg L' h™! stable performance of the bioreactor is
achieved, and above which its performance deteriorated.

Use of fungal pellets in bioreactors are more desirable due
to the rich source of extracellular enzymes produced by fungi
as well as due to their ability to combat harsh conditions,
particularly varying pollutant loads, low pH and tolerance to
low nutrient concentrations (Cruz-morat6 et al. 2014). Several
fungal strains possess the potential to reduce metalloids, but
only a very few studies have been successfully carried out

@ Springer



1000

Environ Sci Pollut Res (2020) 27:992-1003

until date for selenite removal using fungi (Oremland et al.
2004; Stolz et al. 2006). Espinosa-Ortiz et al. (2015) investi-
gated selenite removal using fungal pelleted bioreactor, and
reported nearly 70% selenite removal in the bioreactor which
is comparable with the selenite removal values obtained in this
study. Large amounts of enzymes and reductive proteins se-
creted by fungi are responsible for selenite reduction to sele-
nium. These non-selective intracellular and extracellular re-
ductive enzymes make fungi an ideal candidate for treating
not only selenite but also a wide range of organic and inor-
ganic pollutants containing wastewater (Sen et al. 2016).
Compared with the nutrient used for fungal growth or any
other microbial growth, selenite is highly toxic even at a very

low concentrations. Therefore, its removal is essential.
Moreover, the nutrient media used for fungal growth in this
study is important to maintain activity of the fungus during the
removal process. However, low-cost substrates, e.g. lignocel-
lulosic wastes, could be explored to keep the process cost low.

Characterization of selenium nanoparticle

FETEM images shown in Fig. 8 reveal the formation of sele-
nium nanoparticles within the fungal cell, suggesting intracel-
lular formation of Se” nanoparticle from selenite. By FETEM
analysis, numerous nanoparticles were measured and all of
these were in the size range 65-100 nm. The EDX analysis

Fig. 8 FETEM images of selenium nanoparticles formed within fungal pellets, under different magnifications (a-c¢) and (d) EDX spectra of selenium

nanoparticle
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Fig. 9 Proposed mechanism of intracellular synthesis of Se nanoparticles from selenite by fungi

further confirmed the nanoparticle formation due to selenium
(Fig. 8d). Mukherjee et al. (2001) suggested that intracellular
production of nanoparticles is driven by electrostatic interac-
tion between metal ions in solution and enzymes present in the
fungal cell wall, and binding of metals on fungal cell surface,
which leads to reduction of metals and synthesis of metal
nanoparticles. A number of fungal species especially
Verticillium sp. (Mukherjee et al. 2001; Sastry et al. 2003)
and Aspergillus flavus (Vigneshwaran et al. 2007,
Rajakumar et al. 2012) have been reported to synthesize nano-
particles intracellularly. The exact mechanism of Se nanopar-
ticle formation from selenite by fungi is not well studied, but it
is attributed to intracellular or extracellular enzymes produced
by such fungi (Molnar et al. 2018). Espinosa-ortiz et al. (2017)
proposed a mechanism for intracellular selenium nanoparticle
formation by Phanerochaete chrysoporium, which involved a
series of enzyme mediated steps. Based on these literature
reports, Fig. 9 depicts the proposed mechanism for Se nano-
particle formation by A. niger KP strain used in this study.
Most fungi are highly tolerant towards metals or metalloids
and are capable of binding and intracellular uptake of metals
(Alghuthaymi et al. 2015). Once inside the cell many reduc-
tase enzymes present act on the metal ions for nanoparticle
synthesis (Khandel and Kumar 2018). The size, shape and
surface molecules present on Se nanoparticles depend upon
environmental conditions such as pH, temperature, specific

enzyme activity and nature of the metal/metalloid
(Alghuthaymi et al. 2015).

Conclusions

Fungal pellets of Aspergillus niger KP strain isolated from
effluent stream of a lab scale bioreactor treating selenite rich
wastewater was found highly efficient in reducing selenite to
selenium nanoparticle. The spherical shaped selenium nano-
particles were synthesized intercellularly due to enzymatic
reduction and the fungal pellets loaded with selenium nano-
particles were compact, smooth and with a red orange colour.
Bioreactor experiments under continuous operation mode
using airlift bioreactor with fungal pellets revealed that low
influent selenite concentration and long HRT are ideal for
achieving a stable performance of the system. This study dem-
onstrated the potential of fungal pelleted systems for selenite
removal from wastewater.
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