Water Research 193 (2021) 116855

Contents lists available at ScienceDirect

WATER
) RESEARCH

Water Research

journal homepage: www.elsevier.com/locate/watres

High-rate biological selenate reduction in a sequencing batch reactor n
for recovery of hexagonal selenium

B. Song, Z. Tian, R.D. van der Weijden, C.J.N. Buisman, ]. Weijma*

Department of Environmental Technology, Wageningen University and Research, PO. Box 17; 6700 AA Wageningen, the Netherlands

ARTICLE INFO

Article history:

Received 8 September 2020
Revised 30 December 2020
Accepted 16 January 2021
Available online 25 January 2021

Keywords:

Biological selenate reduction
Ethanol

Selenium recovery

Selenite

Sequencing batch reactor

ABSTRACT

Recovery of selenium (Se) from wastewater provides a solution for both securing Se supply and prevent-
ing Se pollution. Here, we developed a high-rate process for biological selenate reduction to elemental
selenium. Distinctive from other studies, we aimed for a process with selenate as the main biological
electron sink, with minimal formation of methane or sulfide. A sequencing batch reactor, fed with an
influent containing 120 mgSe L-! selenate and ethanol as electron donor and carbon source, was oper-
ated for 495 days. The high rates (419 + 17 mgSe L-! day~!) were recorded between day 446 and day
495 for a hydraulic retention time of 6 h. The maximum conversion efficiency of selenate amounted to
96% with a volumetric conversion rate of 444 mgSe L~! day~!, which is 6 times higher than the rates
reported in the literature thus far. At the end of the experiment, a highly enriched selenate reducing
biomass had developed, with a specific activity of 856 + 26 mgSe'day " gpiomass '» Which was nearly
1000-fold higher than that of the inoculum. No evidence was found for the formation of methane, sul-
fide, or volatile reduced selenium compounds like dimethyl-selenide or H;Se, revealing a high selectivity.
Ethanol was incompletely oxidized to acetate. The produced elemental selenium partially accumulated
in the reactor as pure (>80% Se of the total mixture of biomass sludge flocs and flaky aggregates, and
~100% of the specific flaky aggregates) selenium black hexagonal needles, with cluster sizes between 20
and 200 pum. The new process may serve as the basis for a high-rate technology to remove and recover
pure selenium from wastewater or process streams with high selectivity.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

With ethanol as an electron donor, the selenate reduction reac-
tion is:

Anthropogenic activities have dramatically increased selenium
emissions, especially in the mining and metallurgical industries
(Etteieb et al, 2020). Although selenium (Se) is an essential
micronutrient for animals and humans, it is toxic at slightly
higher intake levels than metabolically needed (Rayman, 2012;
Ullah et al, 2018). Selenate (Se042~), the prevailing Se species
in discharged industrial effluents (He et al., 2018), accumulates in
aquatic ecosystems, causing severe environmental impacts such as
reproductive and teratogenic defects of aquatic life (Lemly, 2004).

A promising method to eliminate selenate from industrial ef-
fluents is the microbiological reduction to elemental selenium
(Se®) under anaerobic conditions. Technologies based on this con-
cept can successfully remove selenate down to low ppb levels
(Lenz et al., 2008a; Staicu and Barton, 2017; Tan, 2018).
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25e02™ + CHsOH + 2 H* — 2Se + 2HCO; + 3H,0

AG? = —828 K] mol ! (1)
Or, when ethanol is partially oxidized to acetate:
SeOf{ +1.5CHs0H +0.5H* — Se® 4+ 1.5CH3C00~ +2.5H,0

AG? = —444 K] mol™! (2)

However, for these biological methods still some issues remain,
in particular the relatively low volumetric selenate conversion rate
in bioreactors, with a reported maximum of only 72 mgSe L~!
day~! (Ontiveros-Valencia et al., 2016). (Hageman et al., 2013) re-
ported a rate of 104 mgSe L~! day~!, but most selenate (95%) was
only partially reduced to selenite (Se032~) and was therefore not
removed from the solution. Although selenate displays a similar
chemical behavior as sulfate, volumetric selenate reduction rates
in bioreactors are up to 100 times lower than for biological sulfate
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reduction (Liamleam and Annachhatre, 2007). Especially at higher
selenate concentrations, such as in effluents from the selenium and
copper refining industry (lke et al., 2017), it becomes relevant to
reach higher bio-reduction rates.

Another issue is the poor recovery of the final selenium prod-
ucts. Selenate bio-reduction at ~pH 7.0 and temperatures of up
to 30 °C was reported to result in the formation of red amor-
phous Se® particles with an estimated average size of 250 nm
(Astratinei et al., 2006; Hageman et al., 2017a; Staicu et al., 2015),
while intermediates form spheres to acicular selenium particles
at pH 74-8 at 30 °C (Hageman et al., 2017a). HySe and or-
ganic Se compounds may form under highly reducing conditions
(Lenz et al., 2008b; Nancharaiah and Lens, 2015). The selenium
content of the generated suspended solids is often low, as it
may also contain methanogenic and sulfate-reducing biomass, in-
organic precipitates that have formed in the anaerobic reactor, or
organic matter (Table 2). This hinders the recycling of the sele-
nium product, which is relevant as selenium represents a poten-
tially scarce element in the future (Weijden et al., 2013). Moreover,
storing selenium-containing solid residues results in environmen-
tal risks when the selenium is remobilized under oxic conditions
(Staicu et al., 2015; Zhang et al., 2004).

Here, we aimed to obtain a high-rate and highly selective
process for biological selenate reduction from simulated selenate
waste streams in order to generate a selenium solid product with
relatively high purity. For this purpose, a sequencing batch reac-
tor (SBR), which has been studied for selenate removal with am-
monium removal (Mal et al., 2017) or nitrate removal (Kim et al.,
2020) and has been reported to be able to rapidly enrich selenate-
reducers (Kim et al., 2020), was operated at pH 7.5, fed with an in-
fluent containing up to 120 mgSe L~! as selenate. Furthermore, we
aimed to produce settleable selenium crystals or clusters thereof,
which are relatively easy to separate from the aqueous phase.

2. Materials and methods
2.1. Source of biomass

The microbial inoculum consisted of anaerobic granular sludge,
originating from a full-scale UASB reactor treating wastewater from
a paper factory in Eerbeek, the Netherlands (Hageman et al., 2017a;
Hulshoff Pol et al., 2001). Sludge from this reactor is mainly
methanogenic but also has sulfate-reducing activity. The microbial
composition of sludge from this reactor has been investigated pre-
viously (Roest et al., 2005; Tan et al., 2018b). The biomass was
stored at 4°C before inoculation of the reactor and was therefore
not adapted to selenate.

2.2. Medium composition

The basal medium used as influent for the bioreactor was
adapted from Stams et al. (1992), omitting sodium selenite, sodium
sulfide, and yeast extract (Stams et al., 1992). The medium con-
sisted of (g L~'): NaHCO;3 (4), NayHPO4+2H,0 (0.53), KH,PO,
(0.41), NH4Cl (0.3), CaCl,2H,0 (0.11), MgCl,«6H,0 (0.10), and
acid- and base trace elements and vitamin solution (Stams et al.,
1992). Sulfate was not added to the influent medium until day 66
in order to suppress the growth of sulfate-reducing bacteria, which
are known to be present in the inoculum sludge (Hageman et al.,
2013). From day 66 onwards, around 142 mg L~! Na,SO, was
added to the medium to provide sulfur as a nutrient for biomass
growth. Ethanol was added as the electron donor to the medium.
The reagents were of analytical grade unless stated otherwise.
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2.3. Reactor setup

A reactor with a working volume of 0.40 L was operated in se-
quencing batch mode with four stages: feeding, mixing, settling,
and discharging (Figure S1, SI).

The reactor temperature was controlled at 30 °C using a water
bath. Nitrogen gas was bubbled continuously through the reactor
solution at a rate of 0.02 mL s~! to maintain anoxic conditions. The
pH of the reactor solution was measured with a 210 mm glass S8
pH electrode (QP181X/210) and kept at 7.5 & 0.1 by a pH controller.
The redox of the reactor liquid was measured from day 220-495 of
the experiment with a 210 mm glass S8 Pt-billet redox electrode
against Ag/AgCl and monitored with a PHM 210 Radiometer. The
hydraulic retention time of the SBR was 24 h during day 0-351,
12 h during day 352-413, 6 h during day 414-419, 12 h during day
420-427, and 6 h until the end of the experiment.

The following operational disturbances occurred that temporar-
ily affected the reactor performance in terms of selenate reduction:
day 146-160: influent tubing clogged, day 186-204: air leakage,
day 259-266: too much (8 mL) of 70% ethanol (v/v) as influent
to the rector on day 259 and reactor leakage on day 263, day 311-
331 & day 358-363: feed pump failure and influent clogging, day
433 & day 463 & day 478-482: influent clogging.

Two gas scrubbers were connected to the gas outlet of the reac-
tor. The first scrubber contained 200 mL of concentrated ethylene
glycol (AllRide coolant, Newco Europe UK Ltd, the Netherlands)
to capture any volatile organic Se compounds, while the second
scrubber contained 200 mL of 3 M KOH to capture any possibly
formed H,Se (Hageman et al., 2013).

2.4. Batch experiments

Utilization of the electron donors ethanol and H, by reactor
sludge in the presence of selenate was assessed on day 498. For
each experiment, a volume of 20 mL well-mixed content (contain-
ing 1163 + 21 mgCOD L-! acetate) from the reactor was incubated
in 125 mL bottles with 60 mL of fresh medium containing selenate
and sulfate to reach a starting concentration of 1.1 mmol L~ sele-
nate and 1 mmol L~ sulfate (further composition of medium same
as described in Section 2.2). In total 200 mL content was taken
from the reactor for batch experiments.

The culture bottles were closed with a butyl rubber stopper,
and aluminum crimp seal. The headspace was degassed to 0.5 atm
and then gassed to 1.5 atm with 100% N,, except the experiment
with H, as the electron donor, which was flushed with 80% H,
and 20% CO,. This was repeated 5 times with a final overpressure
of 0.2 atm. The bottles were incubated in a shaker (120 rpm) at
30 °C. The selenate, selenite, ethanol concentration in solution, and
the headspace gas composition were regularly analyzed. Batch ex-
periments were carried out in duplicate.

For comparing the COD change among experiments with dif-
ferent electron donors, the H, concentration is also expressed as
mgCOD L' (calculated based on the ideal gas law and related to
the liquid volume).

We designed an additional experiment to further elucidate the
reaction pathway. In this experiment, hydrogen was added in ex-
cess to an incubation also containing selenate, selenite, and fur-
thermore biomass and medium. With an excess of hydrogen, the
fermentation of ethanol to hydrogen and acetate becomes thermo-
dynamically unfeasible (Conrad et al., 1986). Ethanol consumption
in the presence of hydrogen supports the direct pathway, while the
absence of ethanol consumption would support the indirect route.

After day 498, the reactor’s biomass was transferred to a sealed
culture bottle with 1.2 atm 100% N, in the headspace. The culture
bottle was stored at 4 °C, and 50% of the medium inside the bottle
was refreshed every month. The medium contained 1.5 mmol L~!
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sodium selenate, 1 mmol L~! sodium sulfate, and 200 mgCOD L~!
ethanol. The other components of the medium were the same as
described in Section 2.2.

The ethanol utilization route was assessed using biomass from
the reactor stored at 4 °C for ~3 months. 1 mL well-mixed content
(containing < 10 mgCOD L~! ethanol and acetate) was incubated
in 125 mL bottles with 30 mL of fresh medium containing ethanol,
selenate, and sulfate, leading with a starting concentration of 191
mgCOD L-! ethanol, 1.2 mmol L~! selenate, and 1 mmol L~! sul-
fate. The culture bottles were sealed as described above and filled
with 1.5 atm 100% N, in the headspace. The bottles were incubated
in a shaker (120 rpm) at 30 °C. Liquid samples were taken on days
1, 3, and 5.

Afterward, 10 mL fresh medium was added to the culture bot-
tles to mix with the residual components, and the headspace was
refilled with 1.2 atm of 80% H, and 20% CO,. Therefore, the starting
concentration in assays was 25 mgCOD L~! ethanol, 84 mgCOD L-!
acetate, 1572 mgCOD L~! H,, 0.74 mmol L' selenite, 0.34 mmol
L1 selenate, and 1 mmol L~! sulfate. The bottles were incubated
in a shaker (120 rpm) at 30 °C. Liquid samples and gas composi-
tion were analyzed on day 1 and 2.

To investigate the morphology change of the produced elemen-
tal selenium (phase V), we transported the upper liquid from the
reactor to culture bottles and tracked the size and structure change
of samples by microscope. 0.02% NaN3 was added to control exper-
iments by mixing Se®-laden effluent and NaNj; solution to inhibit
microbial activity, and the NaN3; was refreshed every 3 days. The
culture bottles were sealed as described above and kept anaero-
bic by filling the headspace with 100% N,. The batch bottles were
incubated in a shaker (120 rpm) at 30 °C. Samples of the mixed
content were collected on day 3.

2.5. Analysis and calculation

Liquid samples were filtered (0.45 pm) before analysis. Ethanol
and acetate concentrations were measured by gas chromatogra-
phy (as described by (Hageman et al., 2017b)). CHy, CO,, and N,
were analyzed by a gas chromatograph (Shimadzu GC-2010) con-
taining Porabond Q and Molsieve 5A columns, and H, was ana-
lyzed using gas chromatography (Hewlett-Packard 5890A) (as de-
scribed by (van Eerten-Jansen et al., 2015)). The sulfide concentra-
tion was measured using a Hach Lange test LCK-635 and a Hach
Lange Xion 500 spectrophotometer. When the sulfide concentra-
tion was lower than the detection limit of this method (0.1 mg L~!
sulfide), an additional analysis with lead(Il) acetate paper (Merck,
Darmstadt, Germany) was performed to check if trace sulfide lev-
els (less than parts per billion) were present (de Rink et al., 2019;
Ter Heijne et al., 2018).

The selenate, selenite, and sulfate concentrations were analyzed
by ion chromatography (Dionex ICS 2100, Thermo Fisher Scientific,
Waltham, MA, USA). The total selenium concentration was ana-
lyzed at wavelength 196 nm by inductively coupled plasma opti-
cal emission spectrometry (VISTA-MPX CCD Simultaneous, VARIAN
co. equipped with an MPX megapixel detector). The samples for
total selenium analysis were first digested with 10 mL aqua regia
in a microwave (ETHOS EASY Advanced Microwave Digestion Sys-
tem, Milestone Srl, Italy). The solid samples were washed as de-
scribed previously (Hageman et al., 2017a) and characterized by
light microscopy with a Nikon Eclipse E400 (1000x magnification,
Nikon, Tokyo, Japan), X-ray diffraction (XRD) on a Bruker D8 ad-
vanced diffractometer equipped with a Vantec position sensitive
detector and with a Co K« radiation (A = 0.179 nm) over a range
of 10-90° in 0.02 step sizes with an integration time of 0.5 s, and
scanning electron microscope (SEM, Magellan 400, FEI, Eindhoven,
the Netherlands). For SEM analysis, samples were washed with
Milli-Q water and dried at room temperature. The method for SEM
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analysis was described previously (Mol et al., 2020). The chemical
composition was analyzed by Energy-dispersive X-ray spectroscopy
(EDX) using the Aztec X-Ray analyzer (Oxford Instruments Analyti-
cal, High Wycombe, England) with a resolution of 0.4 nA at 10 kV.

The biomass was collected from the reactor on day 220 and
concentrated by centrifugation to remove the supernatant. The
sample pellet was subsequently frozen by liquid nitrogen and
stored at —80°C. The composition of the microbial community was
analyzed by 16S rRNA Gene Amplicon Sequencing, as described
previously (De Leeuw et al., 2020). The sequencing data were sub-
mitted to the ENA database, and the accession number for the pre-
sented 16S rRNA sequencing set is PRJEB41212.

The biomass concentration was measured as the total organic
nitrogen using Dr. Lange cuvette test LCK138 (Hach Lange, Ger-
many). The specific method was described previously (de Rink
et al,, 2019). The biomass formula is regarded as CH;gOg 5N, thus
the measured total organic nitrogen accounts for 11%,,,, of the to-
tal weight biomass.

The difference between selenate load and the load of dissolved
selenium (sum of selenate and selenite) in the effluent was re-
garded as the production of elemental selenium (Se®). This as-
sumption is based on the finding in the literature that Se? is the
dominant product of biological selenate reduction under similar
conditions (Table 2) and our experimental findings that Se® was
found to precipitate in the reactor as a final product and so that
no volatile Se species were detected in the gas scrubbing solution
of the reactor.

3. Results and discussion
3.1. Selenate conversion rate at HRT of 24 h

The reactor was inoculated with 5 g wet anaerobic granular
'Eerbeek’ sludge and operated at a hydraulic retention time (HRT)
of 24 h for the first 350 days, divided into 3 Phases (I-III). The re-
sults of the reactor performance are shown in Fig. 1A-D.

During the start-up (Phase I, day 0-100), the volumetric sele-
nate conversion rate gradually increased until a fairly stable level
of 25-34 mgSe L~! day~! was reached from day 69 to 100. Al-
though the influent contained 4 to 6-fold excess of ethanol-COD
relative to the stoichiometric needed COD for complete selenate
reduction (Fig. 1B), the selenate conversion efficiency was only 67—
79%, with 7-14 mgSe L~ still present in the effluent (Figure S3, SI).
The low efficiency may have been caused by substrate limitation
because ethanol was consumed entirely (data not shown), and the
effluent acetate concentration remained below 15 mgCOD L~! from
day 69-100. Presumably, a large fraction of the ethanol-COD was
converted to methane by the methanogenic consortia present in
the inoculum. This is supported by the poor COD recovery, which
remained below 50% in Phase I (Fig. 1D).

At the start of Phase II (day 100-225), the selenate load was
doubled to 80 mgSe L-! day~! while the ethanol load was in-
creased by only 20% to 170 mg COD L-! day~! (Fig. 1A, B), in
an attempt to steer the competition for reducing equivalents from
ethanol towards selenate reduction. Although the selenate conver-
sion rate increased immediately, a fraction of selenate was only
partially reduced to selenite (Fig. 1A). After stepwise decreasing
the ethanol load to ultimately 60 mgCOD L~ day~! on day 169, se-
lenite formation further increased, with about 1/3 of the depleted
selenate appearing as selenite (Fig. 1A). The ethanol load was in-
creased stepwise to 150 mgCOD L~ day~! from day 205-225, after
which the selenite formation rate decreased to below 5 mgSe L1
day~! while the selenate reduction rate increased.

The start of Phase IIl (day 225-350) was marked by a 50% in-
crease of the ethanol and selenate load. Selenite was formed tran-
siently (Fig. 1A) until day 254, and again after periods of oper-
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Fig. 1. Performance of the SBR for selenate conversion at HRT 24 h in Phase I-III. Legend: A) O - selenite formation rate, ®- selenate reduction rate, eeeee- selenate load;
B) M- ethanol load, #- stoichiometric COD load to selenate reduction; C) O- acetate formation, ®- ethanol consumption, _- molar ratio acetate formed: ethanol consumed
(moving average 10 datapoints); D) A- COD recovery (moving average 10 datapoints); Note that operational disturbances (specified in methods section) on days 146-160,

186-204, 259-266, 311-331 temporarily affected reactor performance.

ational disturbances (day 259-266 and day 311-331). The reac-
tor performance remained stable with a high conversion efficiency
(>94%) from day 332 to 350 with no selenite.

3.2. Selenate conversion rate at HRT of 12 and 6 h

Phase IV started with an HRT of 12 h and with a selenate
and ethanol loading rate of 210-250 mgSe L-! day~! and 900-
1100 mgCOD L-! day~!, respectively. The selenate conversion rate
rapidly increased to levels close to the loading rate in two days,

with a conversion efficiency >95%. However, the selenate conver-
sion rate started to decline after two weeks, while the selenite for-
mation rate started to increase. This was thought to be caused by
substrate limitation. Therefore the ethanol load was increased to
1920 mgCOD L-! day~! on day 387, resulting in a selenate con-
version efficiency of >95% on day 413. Then it was tested whether
this conversion efficiency would hold with low HRT at the start of
Phase V (day 414), so the HRT was further decreased to 6 h. Within
1 day, the selenate conversion rate increased from 172 to 236 mgSe
L-1 day~! (conversion efficiency 65%), and further increased to 377
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mgSe L~1 day~! (conversion efficiency 79%) on day 415. Yet, up to
25% of selenate was converted to selenite. Selenite formation kept
increasing to 190 mgSe L~ day~! even after doubling the ethanol
load. To avoid the potential toxic effects of the high concentration
of selenite on the microbial biomass (Hunter and Manter, 2009),
the HRT was increased to 12 h for 1 week. The selenite formation
rate dropped within 1 day to 8 mgSe L~! day~! on day 422 and
further decreased to below 0.5mgSe L~! day~! on day 427. Mean-
while, the selenate conversion efficiency recovered to 98% on day
425 (rate 202 mgSe L1 day~1).

The HRT was again changed to 6 h on day 428. The selenate
conversion rate first increased, while the selenite formation rate
rapidly increased the following 5 days. Afterward, selenite forma-
tion decreased from 151 mgSe L' day~! (day 433) to only 1.5
mgSe L~1 day~! (day 450), while the selenate conversion rate grad-
ually increased to around 440 mgSe L~! day~! from day 446 to
495 (efficiency > 90%). Several operational issues (see Materials
and Methods section) resulted in the fluctuation of selenate re-
duction and selenite formation from day 450-490. The average se-
lenate conversion rate was 415 + 17 mgSe L~! day~! in this pe-
riod, with effluent concentrations of 5-8 mgSe L~! selenate and
0-3 mgSe L~! selenite.

The average COD recovery in Phase IV and V was 83413%, of
which 73+15% was attributed to acetate formation and 7.7 + 3.5%
to selenate reduction as either selenite or elemental selenium. In
contrast with previous bioreactor studies, in our study, selenate
reduction was independent of sulfate reduction. As sulfate reduc-
tion (the slight difference between sulfate inflow and outflow) and
methanogenesis (no CH4 detected in headspace) were negligible,
we presume that the 'missing’ COD was covered by the unquan-
tified microbial biomass production and possibly hydrogen forma-
tion (from ethanol fermentation). The latter could not be measured
as it was purged from the solution and reactor with the nitrogen
gas.

The maximum volumetric selenate conversion rate (444 mgSe
L-1 day!) is around 6 times higher than previously reported
(72 mgSe L' day~!, Table 2). When compared to previous re-
search (Table 2), the relatively high selenate load in our study
was achieved by using a low HRT in combination with a rela-
tively high selenate concentration in the influent for a prolonged
period. This enabled the development of a highly specific sele-
nate reducing biofilm in the reactor. This would likely not have
been possible with the low selenate concentration used in pre-
vious studies, as then unrealistically low HRTs would have to be
applied. Interaction of sulfate and selenate reduction has been re-
ported (Hockin and Gadd, 2006; Lenz et al., 2009; Tan et al., 2018a;
Zehr and Oremland, 1987), but here the selenate conversion rate
was not affected by sulfate reduction or the resulting potentially
toxic sulfide (Lenz et al., 2008a) and therefore, there is no compe-
tition for electron donor. The low (or no) production of methane
(also in the batch experiments) confirmed that mainly selenate is
used in the reactor as the terminal electron acceptor by the spe-
cialized selenate reducing biomass.

3.3. Incomplete ethanol oxidation

During day 0-14 in Phase I, up to 55 mgCOD L-! acetate
was formed, but afterward, acetate formation remained low dur-
ing Phase I (Fig. 1C), with concentrations below 15 mgCOD L.
In Phase II, the acetate concentration in the effluent gradually
increased, while the molar ratio [acetate formed]:[ethanol con-
sumed] increased to 0.5 (Fig. 1C), revealing partially incomplete
oxidation of ethanol. This ratio further increased until it stabilized
from day 275-350 with an average value of 1.01+£0.15 [mol ac-
etate produced]: [mol ethanol consumed], which revealed that all
ethanol was incompletely oxidized to acetate. In period IV and V,
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the molar ratio was 1.144-0.23, also indicating incomplete ethanol
oxidation. Thus, at the high rates observed in Phase III-V, sele-
nate reduction proceeded according to Eq. (2). This is in line with
thermodynamics, where the incomplete oxidation results in more
Gibb’s free energy change per electron (—74.0 K] mol~! e~) than
the complete oxidation of ethanol (—69.0 K] mol~! e~) under ac-
tual reactor conditions.

3.4. Specific selenate reduction rate

We attempted to monitor the biomass concentration based on
the nitrogen content of suspended solids in the reactor. Unfortu-
nately, a representative sampling from the reactor without open-
ing the reactor proved impossible. To prevent exposing the biomass
to oxygen (in the air), we refrained from opening the reactor. The
biomass concentration at the start (day 0) and end (day 498) of
the experiment amounted t0 1.59 gpiomass L1 and 0.50 gpiomass L1,
respectively, corresponding to a 73% decrease. The specific selenate
reducing activity of the inoculum, as assessed in a batch assay was
0.82+0.06 mg Se~! day~! guiomass ', While in the reactor at the
end of the experiment it was 856426 mg Se~! day ! gpiomass -
The latter was based on the volumetric selenate reduction rate in
the reactor during day 476 - 495 and the biomass concentration
as assessed after the termination of the reactor experiment on day
495. Thus, the specific selenate reducing activity increased approx-
imately 1000-fold during the almost 500-day experiment, indicat-
ing that selenate reducers were strongly enriched in the sludge.

The inoculum sludge originated from a full-scale anaerobic re-
actor treating paper factory wastewater and was predominantly
methanogenic. The biomass collected at the end of the experi-
ment did not produce measurable amounts of methane or sulfide
in batch assays containing 0.12 gy;omass L~ within 72 h. Also, in the
reactor, sulfate reduction was negligible (Figure S5, SI), while the
high COD recovery of 93+14% (Fig. 2D) indicated that also methane
formation did not contribute substantially as a sink for the electron
donor.

In conclusion, the long-term experiment resulted in highly spe-
cific biomass, which incompletely oxidized ethanol, using selenate
as the sole terminal electron acceptor.

3.5. Reaction route

In the reactor, ethanol may be directly used for selenate reduc-
tion (Eq. (2)), or ethanol may first be fermented to acetate and hy-
drogen (Eq. (3)), followed by the use of hydrogen by selenate re-
ducing microorganisms (Eq. (4)).

C2Hs50H + H,0 — CH3CO0™ + 2H, + H* (3)

Se0;” +3H, + 2H" — 2Se® + 4H,0 (4)

To gain more insight into the ethanol degradation pathway,
batch experiments with samples from the reactor taken on day 498
were carried out with either ethanol or hydrogen as added electron
donor and selenate as the electron acceptor.

With 740 + 5 mgCOD L-! ethanol, the molar ratio [acetate
formed]:[ethanol consumed] was 1.0 + 0.2 after 24 h (Fig. 3B),
confirming the incomplete oxidation of ethanol as already ob-
served in the SBR, while hydrogen accumulated to 0.55+0.02%
(v/v) in the headspace. These results indicated that ethanol is oxi-
dized to acetate with H* as an electron sink. Hydrogen decreased
to 0.036+0.003% after 48 h, while the average molar ratio [ac-
etate formed]:[ethanol consumed] increased to 1.34 (+0.01). Hy-
drogen composition further decreased to 0.0008+0.01% after 72 h
while the molar ratio [acetate formed]:[ethanol consumed] was
1.36 + 0.02, similar as after 48 h.
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Fig. 2. Performance of the reactor for selenate conversion at HRT 12 h and 6 h. Legend: A) O - selenite formation rate, ®- selenate reduction rate, ®eeee- selenate load;
B) M- ethanol load, ®- stoichiometric COD load to selenate reduction; C) O- acetate formation, ®- ethanol consumption, —- molar ratio acetate formed: ethanol consumed
(moving average 10 datapoints); D) A- COD recovery (moving average 10 datapoints). Note that operational disturbances (specified in methods section) on days 358-363,

433, 463, 478-482 temporarily affected the reactor performance.

Though the H, concentration (Fig. 3B) decreased from 24 h to
72 h, the maximum measured H, concentration was 2.35+0.09
mgCOD L~! (at 24 h), which was less compared to the COD needed
for selenate reduction. Thus, although this strongly supports that
ethanol oxidation coupled to selenate reduction proceeded at least
partially via hydrogen, we cannot exclude that ethanol was used
also directly.

Unlike in the reactor, the larger part of the reduced selenate
was converted to selenite (Fig. 3A). After a lag phase, the sele-
nate depletion and selenite formation showed a linear trend from

16 to 48 h with a selenate depletion rate of 43.2 mgSe L~! day~!
(R2=0.9963) and a selenite formation rate of 31.2 mgSe L~! day~!
(R2=0.9927) respectively (Table 1). Thus, 73% of the depleted se-
lenate was converted to selenite, while in the reactor, it was only
15% on the day of sampling of the microbial biomass (day 498). Af-
ter 48 h, both the selenate conversion and selenite formation be-
came slower, corresponding with the limitation of ethanol.

With H, as electron donor (323 mgCOD L-! at the start), se-
lenate was depleted within 72 h (Fig. 4) while the H, concentra-
tion dropped to 275+3 mgCOD L~!, providing further support for
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Fig. 3. Batch experiments with ethanol with well-mixed content from reactor. Legend: A) m- selenite concentration, m- selenate concentration; B) -m acetate concentration,m-
ethanol concentration, =- H, concentration, m- COD needed for selenium reduction; — - molar ratio of formed acetate vs consumed ethanol. Conditions: 30 °C, pH 7.5,
initial selenate concentration = 90 mg Se L~!, initial ethanol concentration = 740 + 5 mgCOD L.

Table 1

Rates of selenate conversion and selenite and elemental selenium formation in experi-
ments with different electron donors. Conditions: 30 °C, pH 7.5, initial selenite concen-
tration: 90 mg Se L', using ethanol (740 + 5 mgCOD L~') or H, (323 mgCOD L') as

electron donor.

Average selenate

mgSeL-'day~!  reduction rate

Average selenite
formation rate

Average Se°
formation rate

with ethanol 42.7
(16-48 h)

312 -
(16-48 h)

with H, 52.5/43.5

(24-48 h)

343/ 315
(24-48 h)

19.4/ 12.5
(0-72 h)

Selenium concentration
mgSe L
F 3
o

hour

Fig. 4. Batch experiments using H, as electron donor with well-mixed content from reactor. Legend: m- selenite concentration, m- selenate concentration. Conditions: 30 °C,
pH 7.5, initial selenate concentration = 90 mg Se L1, initial H, concentration = 323 mgCOD L.

the hypothesis that hydrogen is an important contributing electron
donor for selenate reduction in the reactor. It is noted that acetate
was also present (314+1 mgCOD L~1) at the start, transferred to-
gether with the microbial biomass from the reactor. However, ac-
etate did not serve as the electron donor for selenate reduction
(315 + 8 mgCOD L' acetate after 72 h). On average 48 mgCOD
L-! H, was consumed, of which 65% was covered by selenate re-
duction (to both selenite and elemental selenium).

Selenite was also found with hydrogen as the added electron
donor. The calculated Se® production, which was based on the dif-
ference between selenate depletion and selenite formation, showed
a linear trend from 24-72 h (Table 1 & Figure S6B1 and S6B2, SI),
revealing that the Se® production was stable in the presence of
both selenite and H,. The Se® production did not decrease when
all selenate was depleted (<0.1 mmol L~!) after 72 h, indicating
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Fig. 5. Possible reaction route if the selenate reduction was achieved using the H,
produced by the ethanol fermentation.

that the Se® may be formed solely by selenite reduction. Methane
was not detected in any of the batches.

The results of the batch experiments using biomass from the
reactor after storing at 4°C for ~3 months are shown in Figure
S8. With ethanol as the sole electron donor, the selenate was al-
most completely converted (to <0.03 mgSe L~! as selenate) in 5
days to selenite (84% of the total removed selenate) and elemental
selenium while the ethanol was incompletely oxidized to acetate.
Afterward, with ethanol and hydrogen, selenate was reduced with
hydrogen being consumed while the ethanol concentration did not
change. This result revealed that when hydrogen was present in
excess, ethanol degradation is inhibited. This finding suggests that
the indirect route, where hydrogen, formed from ethanol fermen-
tation, serves as the electron donor for selenate reduction, is pre-
dominant.

Though hardly any literature reported this indirect-ethanol con-
sumption pathway, the utilization of H, as an electron donor
(Chung et al., 2006; Huber et al., 2000; Lai et al., 2014; Ontiveros-
Valencia et al., 2018, 2016; Pearce et al., 2008; Van Ginkel et al.,
2011) or incomplete electron donor (lactate) oxidation (Fujita et al.,
1997; Nancharaiah and Lens, 2015; Switzer Blum et al., 1998) for
selenate or selenite reduction has already been studied. Selenite
production as a final or intermediate selenate reduction product
was also found (Astratinei et al., 2006; Chasteen and Bentley, 2003;
Hageman et al., 2013; Switzer Blum et al., 1998).

Therefore, we may conclude that selenate reduction with selen-
ite as an intermediated product is achieved using the H, formed
through the ethanol fermentation (Fig. 5). The transient accumu-
lation of hydrogen in the batch experiments with ethanol and the
inhibition of ethanol consumption by the excess presence of hy-
drogen points to the occurrence of this pathway. Furthermore, the
initial accumulation of selenite indicates that selenate is first re-
duced to selenite (step 1, Fig. 5) and then to elemental selenium
(step 2, Fig. 5).

3.5. Selenite formation in the reactor

The redox was monitored from day 220-495 (Fig. 6). Increases
of the redox potential and selenite formation rate in the reactor
experiment followed either after a process upset (redox/selenite
formation peak 2, 3, 4, 5, 6, 7, 10, 11, and 12) or increase of the
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selenate load (peak 1, 8, and 9). A concomitant increase of selen-
ite accumulation and redox potential was also found in previous
work (Hageman et al., 2013). After process upsets, the selenate re-
ducing biomass may have been partially inhibited or may have de-
cayed, resulting in a high load of selenate per number of active
cells, which is the same effect after a sudden increase of the se-
lenate load. Therefore, we speculate that a high ratio of [selenate
load]:[active cells] triggers the inhibition of the reduction of selen-
ite to elemental selenium, resulting in selenite accumulation. This
would imply that selective selenite production from selenate might
be achieved by controlling the redox, e.g., by maintaining substrate
limiting conditions.

The insights gained from the batch experiments may also help
to better explain the formation of selenite in the reactor (Fig. 1A
and 2A).

3.6. Se speciation

Total selenium in the effluent was measured and shown for se-
lected days (Fig. 7, selenate reduction rate >390 mgSe L~! day~1!).
The total dissolved Se measured by ICP did not show much differ-
ence with the sum of selenate and selenite in the effluent (data
not shown), indicating that no substantial other dissolved sele-
nium species (selenide, organic selenium, or colloidal Se%) were
formed. This is different from what Lenz found, where the dis-
solved selenium concentration was about three times higher than
detected selenate concentration in the effluent (no selenite produc-
tion), which was thought to have resulted from the formation of
colloidally dispersed Se® nanoparticles (Lenz et al., 2008a). Thus,
the slight differences between the total dissolved Se and Se oxyan-
ions also exclude the production of colloidally dispersed Se®.

The difference between the total Se and total dissolved Se (sum
of selenate and selenite) fluctuated from —3 to 11 mgSe L', in-
dicating that a small fraction of the solid selenium washed out
from the reactor. Indeed, red-colored particles, most likely amor-
phous selenium, were present in the SBR effluent, which could be
removed by either 0.45 pum filter or centrifugation. XRD analysis
did not show any crystalline Se® signal for washed-out particles,
suggesting that the red selenium solids indeed were amorphous.

The increase of total washed out amorphous Se at day 471
could be attributed to mixing of the reactor prior to the attempted
sampling for biomass density analysis, which may release attached
amorphous elemental selenium. The short HRT in this phase (6 h)
may be not feasible for settling of all the solids because >5 mgSe
L1 elemental selenium was washed out several days after the at-
tempt for biomass density sampling (day 471-478), which was not
seen in the case of 24 h or 12 h HRT (<3 mgSe L~! before and
after sampling, data not shown).

The total Se concentration in the gas scrubbing solutions was
always lower than the detection limit (1 mgSe L), indicating no
organic Se or H,Se was produced in the reactor. H,Se was reported
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Fig. 6. The selenite formation rate and redox potential in SBR from day 220-495. legend: ....- redox potential,

- selenite formation rate.
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Fig. 7. Se speciation in SBR effluent on selected days (with selenate reduction rate >390 mgSe L~! day~') in Phase V. legend: m- selenite concentration, m- selenate concen-
tration, m- calculated total solid phase selenium. The total solid phase selenium was calculated as the difference between the ICP results of total Se and total dissolved Se
(sum of selenate and selenite). Conditions: selenate load = 45948 mgSe L~' day~!; HRT = 6 h.

to be produced by SRBs (Nelson et al., 1996), and dimethylse-
lenide and dimethyldiselenide were found to be produced by SRBs
and methanogens (Michalke et al., 2000). The absence of volatile
Se species in the SBR after the long-term operation points to
the selection of specialized selenate and selenite reducers while
the sulfate-reducing bacteria and methanogens from the original
Eerbeek sludge were washed out.

The total dissolved selenium concentration was much higher
than allowed according to the discharge limit (<50 ug L~! as se-
lenate, or <10 pgSe L~ as total selenium) (Tan et al., 2016a). Still,
the batch experiments showed the possibility to remove selenate
to less than 20 pgSe L~ (detection limit) within144 h and 0.35
ngSe L1 of selenite. The latter may be further reduced by extend-
ing of the reaction time.

3.7. Solids accumulation in the reactor

In Phase I, similarly to previous work, we found that the
first formed Se solids using Eerbeek sludge were orange-red
spherical amorphous selenium particles attached to the biomass
(Hageman et al., 2017a). Because amorphous selenium is thermo-
dynamically not the most stable phase, it was postulated that
bacterial organic material (polysaccharides, polymers) attached
to the selenium hinders crystallization to hexagonal selenium
(Hageman et al., 2017a; Lenz et al,, 2011). As listed in Table 2, The
amorphous Se® attachment to biomass was found in various pro-
cesses (Hageman et al., 2017a; Lenz et al., 2011, 2008a; Mal et al.,
2017).

However, several factors in this system might still allow the
formation and recrystallization of amorphous selenium into black
hexagonal selenium; the pH, the accumulation of amorphous se-
lenium in the reactor increasing the probability of aggregation,
and the driving force to obtain the thermodynamically most sta-
ble phase. First of all, the pH in our experiments was 7.5, and
according to Hageman'’s findings, with increasing pH from pH 7
onwards, he found black hexagonal selenium forms already at a
pH of ~7.4 (Hageman et al., 2017a). It is reported that the sur-
face potential of biopolymers would become more negative with
pH increase (Carneiro-Da-Cunha et al., 2011); the same is true for
proteins (Schmitt et al., 1998). Therefore, there is more likely that
the selenium particles detach from the negatively-charged bacte-
ria. Besides, the sorption affinity of proteins and lipopolysaccha-
rides (LPS) to selenium surfaces may decrease with an increase in
pH (Parikh and Chorover, 2008).

The accumulation of amorphous Se particles resulting from
feeding the reactor with high selenate concentrations can then
promote the aggregation. It is reported that the organics tend to
detach from the inorganic materials, allowing the formation of
a larger structure because Brownian motion-driven particle col-
lisions, decreasing the effective surface area with the solution,
would overcome the surface tension energy allowing crystalliza-

tion (Banfield et al., 2000). Hence, the (re)crystallization and trans-
formation to the most stable phase is allowed (Banfield et al.,
2000; Jin et al, 2018), which can lead to larger organized
single crystals as mentioned in a comment on the work by
Banfield et al. (2000) (Alivisatos, 2000).

The aggregation of selenium particles has already been reported
previously (Hageman et al, 2017a). Besides, the observation of
morphology changes of the solids from amorphous round to acicu-
lar crystalline phases was confirmed in batch experiments where
biomass activity was inhibited with NaNs, indicating an abiotic
process after biomineralization of amorphous selenium. Figure S9A
showed how sphere particles aggregated with the existed acicu-
lar clusters on day 3. The overview picture of the particles (Figure
S9B) showed that generally quantity and size of the clusters in-
creased when sampled from day 3 to day 30. One may note that
this batch experiment was carried out in phase V when the reactor
has already operated continuously for ~500 days; it is reasonable
to find several large acicular clusters at the beginning of batch as-
says. With the picture shown in Figure S9B, we speculated both
size and numbers of acicular particles in the aggregates increased
with time.

Furthermore, attachment to reactor walls and tubing enhances
this aggregation and recrystallization process as the attachment
also decreases the surface tension energy that has to be overcome,
probably therefore, we found the black hexagonal selenium on the
tubing and reactor walls. As systems tend to progress to the most
stable thermodynamic state, then recrystallization leads to black
hexagonal selenium; recrystallization is based on both the Ostwald
step rule (going from amorphous to crystalline state) and Ostwald
ripening (small particles merge/recrystallize to large particles as to
reduce surface area (i.e., aging). The longer the SRT in the reactor,
the more time for Ostwald processes, and the more likely black
hexagonal selenium will make up the bulk of the solids found in
the reactor.

It is also reported that the attachment of Se® to the sludge
leads to faster settling rates and higher hydrophilicity compared
with sludge without entrapment Se® (Jain et al., 2015), which helps
capture the produced amorphous Se? in the reactor. The sequence
batch mode was also reported to benefit the settling of the pro-
duced Se® (Mal et al., 2017). As a result, red color was observed in
the sludge and on the reactor wall in the first stages of the exper-
iment.

After day 100 (in Phase II), more of the reactor wall area was
covered with solids, and the color changed from red to black. Dried
macroscopic flakes from the N, tubing on day 229 had a metallic
luster. These consisted of clusters of needles with a size ranging
between 20 and 200 pm. The cluster (Fig. 8A) is remarkably sim-
ilar to the cluster of the selenium particles found on day 195 in
a thermophilic (50 °C) selenate reducing reactor (Hageman et al.,
2015), but the reduction rate in our case was much higher than in
the thermophilic reactor (5% of 1 mmol L~ selenate). The length of
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Fig. 8. Solids from the bottom of the reactor and N, tubing were analyzed by the light microscope from day 229 (only image on day 393 (A) and 453 (B) was shown). (A)
a cluster of acicular-like particles with a length of each individual needle at about 10 pm; (B) mixture of needle clusters with a size ranging between 20 and 200 pum.

an individual needle was approximately 10 um. This result is sim-
ilar to the size that Hageman et al. found for pH 8 but somewhat
smaller than at pH 9 (Hageman et al., 2017a).

After 495 days, flaky aggregates (=1 mm) of black solids at-
tached to the N, tubing, solids that had settled at the bottom
of the reactor, solids attached to the reactor wall, and suspended
solids were collected. With ICP, the total Se content in the solid
materials from the bottom of the reactor was 80% (0.8 g Se g!
dry solid). These solid materials were a mixture of biomass sludge
flocs and flaky selenium aggregates. More specifically, the flaky ag-
gregates (not only mixed with biomass in the bottom but also at-
tached to N, tubbing or the reactor wall) contained ~100% pure
Se (-1 g Se g1 dry solid). These Se aggregates are more hy-
drophobic, more adamant, and constitute the largest mass frac-
tion in the sludge. The larger particle sizes of these aggregates
compared with biomass make them easily separable from biomass
by mesh sieves (Ruiken et al., 2013). The density of pure hexag-
onal selenium is also high (4.81 g/cm3), so separation by gravita-
tional methods (i.e., centrifugation (Hageman et al., 2017a), hydro-
cycloning (Coffey, 2009), microbubble flotation(Yoon, 1993) or sed-

400

Counts

L

20 30 40

imentation) may also be applicable. The formation of pure (>80%
of total mixed solids) large selenium precipitates has not yet been
reported in the literature (Table 2). The solid mixture in the bot-
tom contained 67 g Se (6.7 g Se mL~! of in total of ~10 mL solids),
which is 87% w/w of the calculated total selenate load to the re-
actor during the experiment (77 g Se, calculated value). One may
note that the start-up of this process (day 0-50) and during some
operational disturbances, the reactor had relatively low selenate re-
moval efficiency, which was also included in the calculation. Thus,
we may conclude that the Se recovery potential of this process is
>87%.

An increase in the retainment of solids (amorphous and hexag-
onal) in the reactor could be achieved by an increase in the surface
area for SeY attachment (for instance, by adding more supporting
material inside the reactor) and an increase in the settling time
compared to the stirring time, which were 2 and 34 min, respec-
tively, repeated in cycles of 40 min.

For phase analysis of the black needles sampled from the re-
actor, XRD (on day 240) and SEM-EDX (on day 287) were used.
The XRD spectra (Fig. 9) matched with the hexagonal crystalline Se

| sample from reactor
| | _PDF 73-0465 Se Selenium, syn

LY RN W AT
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2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 9. XRD diffractograms of solids from Reactor (day 240) confirmed the presence of hexagonal elemental selenium.



B. Song, Z. Tian, R.D. van der Weijden et al. Water Research 193 (2021) 116855

with a probability of 92%. With SEM (Fig. 10), the needle form can
be distinguished, which is typical for hexagonal selenium, and EDX
analysis confirmed that this acicular structure consisted of 100%
Se. Therefore, after the initial precipitation of amorphous selenium
in Phase I, crystallization to hexagonal elemental selenium has oc-
curred. As the bioreactor is continuously precipitating new sele-
nium, this could promote the growth of these needles.

3.8. Biomass community

(Ontiveros-Valencia et al., 2016)

(Tan et al., 2018)
Dessi et al., 2016)

(Kim et al., 2020)
(Mal et al., 2017)

Lenz et al., 2008)
Zeng et al., 2019)

Xia et al., 2019)
Hageman et al., 2013)
(Cheng et al., 2017)

reference
This paper

We chose the Eerbeek inoculum based on its high microbial di-
versity (Roest et al., 2005) and applied selective conditions for over
a year and a half, thereby aiming to select and enrich species that
would be well-adapted.

Next generation sequencing (NGS) analysis of the biomass re-
vealed that the community in the reactor (sampled at day 220,
end of Phase II) was different from the biomass of the original
Eerbeek sludge (Roest et al., 2005; Tan et al., 2018b). The biomass
community was dominated by bacteria, and the most abundant
microorganisms were from the Proteobacteria phylum (30% of the
community sequences, Table S2 SI), followed by Firmicutes (17%)
and Bacteroidetes (16%). Many reported selenate/selenite reducing
bacteria distribute in the Proteobacteria (Knotek-Smith et al., 2006;
Tan et al., 2016b). Though Firmicutes is known to contain sulfate-
reducing species (Tan et al., 2018a), these are often also able to
reduce selenate (Knotek-Smith et al, 2006; Tan et al, 2016b).
Bacteroidetes are also believed to play a role in the reduction of
selenium oxyanions as selenate reductase was identified in the
genomes of this phylum (Fakra, 2015).

Geobacteraceae is the most abundant family, representing 16%
e e of total community families identified. There are various members
of this family known as metal reducers, and selenite is included
(Nancharaiah and Lens, 2015; Pearce et al., 2009; Tan et al., 2018a).
For instance, Strain KMT was reported to be able to use acetate to
reduce selenate and selenite (Nasaringarao and Hédggblom, 2007).

More specifically, Geobacter accounted for 16% of the total gen-
era identified. One member of this genus, Geobacter sulfurreducens
PCA, was reported to couple hydrogen or acetate oxidation with se-
lenite respiration (Nancharaiah and Lens, 2015; Pearce et al., 2009).

The most abundant archaeal group was Methanosaetaceae (6%
of the total microbial families), which are known acetotrophic
methanogens. On the day of sampling (day 220), the molar ratio
[acetate formed]:[ethanol consumed] was 0.5, suggesting that 50%
of the acetate was still consumed by the reactor biomass. Likely,
the acetate was converted to (undetected) methane as indicated by
the low COD recovery of around 60% on day 220. The increase in
the molar ratio [acetate formed]:[ethanol consumed] and the COD-
recovery to approximately 1.0 and 80-90% respectively, from day
280 onwards, indicate that the acetotrophic methanogens gradu-
ally washed out or became inactive.

Desulfuromonadaceae, which are known as sulfate/sulfur reduc-
ers, was found to contribute to 5% of the population. However,
hardly any sulfate concentration change was found in the effluent
(Figure.S5, SI). Many sulfate reducers also reduce selenate, which
may explain their presence.

As so, many members from the abundant phylum are found
to be related to selenate/selenite reduction, we may conclude that
during the 495 days of the microbial community development, mi-
crobes that are well-adapted to the selenium reduction were se-
lected. This is in line with the satisfying reactor performance of on
the average 97% selenate selectivity before the sampling date (day
216-219). The increased COD recovery in Phase I-1ll and the negli-
gible methane production or sulfate reduction (as discussed before
in Section 3.4) is also due to the biomass community change.

The strategy of a) starting with a rich community and b) apply-
ing selective conditions for a prolonged period has proven success-
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1 EBCT = Empty Bed Contact Time.
2 MBfR

4 IFBR

A summary of selenate conversion in mesophilic (25-35 °C) bioreactors operated at circumneutral pH (7-8) reported in literature.
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Fig. 10. Evaluation and characterization of the black needles sampled from the bottom of the reactor on day 287. Acicular-like solid was distinguished by SEM image (left)
and the chemical composition of the selected area (labeled as 1) was analyzed by EDX (top-right) confirmed the needle consisted of 100% selenium.

ful in our environmental biotechnological research (Hageman et al.,
2013; Lindeboom et al., 2011; Weijma et al., 2000). Still, by default,
we cannot exclude that other inocula would have led to the same
biomass development or even higher selenate reduction rates.

4. Conclusion

This study presented a high-rate process for the recovery of se-
lenium based on biological selenate reduction to elemental sele-
nium without the formation of highly toxic hydrogen selenide or
organic selenium species. Pure crystalline hexagonal Se® was iden-
tified as selenium solid accumulating in the reactor in clusters and
was easy to separate. The achieved high purity would facilitate the
recycling of the generated selenium. Selenate was the predominant
electron acceptor in the process, while CO, and sulfate reduction
were absent. However, ethanol was incompletely oxidized, imply-
ing that maximally 1/3 of the electron equivalents in ethanol could
be used for the desired conversion. Selenite was found both in re-
actor and batch experiments, revealing the presence of selenite as
intermediate being produced from selenate. This process can be
used for high concentrated process and waste streams.
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