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How sulfur species can accelerate the biological immobilization of the toxic 
selenium oxyanions and promote stable hexagonal Se0 formation 
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• Sulfur species promote generation and 
recovery of a stable hexagonal Se0 

phase. 
• The presence of bio-S0 and SO4

2- can in-
crease the SeO3

2- removal rate. 
• SeS2 bio-reduction induces a cycle of 

SeS2 generation resulting in Se0.  
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A B S T R A C T   

Toxic selenium oxyanions and sulfur species are often jointly present in contaminated waters and soils. This study 
investigated the effect on kinetics and resulting products for bio-reduction of selenium oxyanions in the presence of 
biologically produced sulfur resulting from bio-oxidation of sulfide in (bio)gas-desulfurization (bio-S0) and of sulfate. 
Selenite and selenate (~2 mmol L-1) bio-reduction was studied in batch up to 28 days at 30 oC and pH 7 using lactic 
acid and a sulfate-reducing sludge, ’Emmtec’. Bio-S0 addition increased the selenite removal rate, but initially slightly 
decreased selenate reduction rates. Selenite reacted with biologically generated sulfide resulting in selenium-sulfur, 
which upon further bio-reduction creates a sulfur bio-reduction cycle. Sulfate addition increased the bio-reduction 
rate for both selenite and sulfate. Bio-S0 or sulfate promoted hexagonal selenium formation, whereas without 
these, mostly amorphous Se0 resulted. With another inoculum, ‘Eerbeek’, bio-S0 accelerated the selenite reduction rate 
less than for ‘Emmtec’ because of lower sulfur and higher selenite bio-reduction rates. Bio-S0 addition increased the 
selenate reduction rate slightly and accelerated hexagonal selenium formation. Hexagonal selenium formation is 
advantageous because it facilitates separation and recovery and is less mobile and toxic than amorphous Se0. Insights 
into the interaction between selenium and sulfur bio-reduction are valuable for understanding environmental path-
ways and considerations regarding remediation and recovery.  

* Correspondence to: P.O. Box 17, 6700 AA Wageningen, the Netherlands. 
E-mail address: renata.vanderweijden@wur.nl (R.D. van der Weijden).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

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

https://doi.org/10.1016/j.jhazmat.2022.129367 
Received 15 December 2021; Received in revised form 7 June 2022; Accepted 9 June 2022   

mailto:renata.vanderweijden@wur.nl
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2022.129367
https://doi.org/10.1016/j.jhazmat.2022.129367
https://doi.org/10.1016/j.jhazmat.2022.129367
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2022.129367&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Hazardous Materials 437 (2022) 129367

2

1. Introduction 

Anthropogenic activities, including coal combustion, mining and 
fertilization, release selenium oxyanions into the environment and result 
in selenium (Se) contamination of water and soils (Zoroufchi Benis et al., 
2022). Natural sources, like the weathering of selenium-containing 
rocks and soils and volcanic eruptions, also contribute to selenium 
mobilization (Gebreeyessus and Zewge, 2019). There is a narrow range 
for Se concentrations when it comes to being an essential micronutrient 
or a toxic element with respect to Se intake (Yee, 2011; Rayman, 2012; 
Ullah et al., 2018). Selenite toxicity levels will lead to carcinogenic and 
genotoxic risks (Valdiglesias et al., 2010; Lu et al., 2017) even at low 
concentrations in the environment. The most common Se oxy-anions 
(selenate and selenite) in Se-rich water are found to be 
bio-accumulated in the aquatic ecosystems, resulting in reproductive 
and teratogenic defects for propagation and health of fish and waterfowl 
(Lemly, 2014; Gibson et al., 2012). Se deficiency, on the other hand, 
influences peoples’ as well as environmental health in areas like Finland, 
France, and the UK (Gebreeyessus and Zewge, 2019). Recycling of Se is 
therefore vital for solving both the selenium contamination and scarcity. 

Selenium species are often co-present with sulfur species in 
contaminated waters such as acid mine drainage or drainage from coals 
containing sulfur compounds with levels up to 43 mg Se/kg (Lenz and 
Lens, 2009). Run-off water from fields where fertilizer is used can also 
have increased Se and S levels, with up to 36 mg Se/kg (White et al., 
2007). S and Se both belong to the chalcogen group and display similar 
chemical behavior. Both elements have multiple oxidation states, but 
the same biological pathway does not reach some of these states. For 
instance, elemental sulfur (S0) can be formed by (partial) sulfide 
bio-oxidation but not by sulfate bio-reduction, whereas elemental sele-
nium (Se0) can be formed by selenite/selenate bio-reduction. Se-r-
educing bacteria play a role in the Se-cycle by selenium oxyanions 
bio-reduction and biomineralization using selenite/selenate as elec-
tron acceptor (Gebreeyessus and Zewge, 2019). In relation to microbial 
reduction reactions, sulfate can be an electron acceptor and can either 
inhibit or enhance selenite/selenate reducing processes (Tan et al., 
2016; Wang et al., 2022). Regarding selenate, the same gene or key 
sulfur-assimilation enzymes can be responsible for the bio-reduction of 
selenate and sulfate (Ojeda et al., 2020; Huang et al., 2021) and there-
fore, in some studies, Se oxyanions are found to compete and inhibit the 
sulfate respiration or vice versa, and even inhibition of both selenate and 
sulfate reduction can occur at specific ratios (Zehr and Oremland, 1987; 
Lenz et al., 2008a; Steinberg and Oremland, 1990). In contrast, other 
studies found non-inhibiting or even beneficial effects on selenate 
removal in the presence of sulfate (Tan et al., 2018a; Hockin and Gadd, 
2006; Kashiwa et al., 2000; Lortie et al., 1992; Ontiveros-Valencia et al., 
2016). 

Due to the (bio)chemical similarities of Se to S, the relationship of Se 
with S has attracted interest (Zehr and Oremland, 1987; Hockin and 
Gadd, 2003). Most of these studies have focused on the influence of 
sulfate on selenate/selenite reduction, while not much attention has 
been given to the influence of elemental sulfur (S0) on the cycling of 
selenium and its mobility in the environment. Previous research by 
Hageman (Hageman et al., 2013) has shown that selenate can be 
anaerobically reduced to selenite by ‘Eerbeek’ sludge, and Hockin 
(Hockin and Gadd, 2003) found that selenite can be precipitated with 
sulfide produced by sulfate reduction to produce selenium-sulfur spe-
cies. Selenium-sulfur compounds are 8-rings of variable composition 
(SenS8− n) where n ranges between 2.5 and 3 (Geoffroy and Demopoulos, 
2011). The formula SeS2 is commonly used to represent these Se:S ratios 
(Hageman et al., 2017a). These selenium-sulfur particles were also 
found to be present in sulfate-rich natural waters (Piacenza et al., 2021; 
Vogel et al., 2018). This is in line with the research results that selenite 
quickly chemically reacts with sulfide to insoluble selenium-sulfur spe-
cies at pH 7 (or lower) (Geoffroy and Demopoulos, 2011; Jung et al., 
2016; Pettine et al., 2012). 

Further bio-reduction of SeS2 will result in crystalline black hexag-
onal Se0, as demonstrated by Hageman (Hageman et al., 2017a). The 
hexagonal crystalline elemental selenium is thermodynamically the 
most stable phase. It will not be as easily oxidized as red-orange amor-
phous elemental selenium, which is most commonly formed extracel-
lularly from bio-reduction of selenium oxyanions (Lenz et al., 2008a; 
Zambonino et al., 2021). Biologically-produced amorphous red-orange 
selenium cannot easily ripen to the hexagonal phase because of adsor-
bed organic materials like lipids, proteins, and polysaccharides (Pia-
cenza et al., 2021). Se and S bio-cycling interactions can thus avoid this 
organic crystallization barrier and lead to hexagonal selenium. This will 
contribute to the immobilization of Se and reduction of Se toxicity in the 
environment by advancing bio-reduction reactions and promoting for-
mation of a more stable phase (Hageman et al., 2017a). A list of equa-
tions for selenium and sulfur biogeochemical reduction and their 
possible interactions is given in Table S1. 

Here, we mainly studied the effect of the addition of biologically 
produced S0 on Se-oxyanion reduction using ‘Emmtec’ sludge, which is 
known to have sulfate-reducing capacity. We also made a comparison 
with ‘Eerbeek’ sludge. We postulate that when bio-So is co-present, bio- 
reduction of bio-So may to some extent advance the selenite reduction 
rate. As selenite is the intermediate in selenate reduction (Song et al., 
2021), also selenate reduction may be promoted. The reaction of selenite 
with sulfide would result in selenium-sulfur species (SeS2), and upon 
further bio-reduction, sulfide is released by the bio-reduction of sulfur 
present in SeS2 and then would be available again for reacting with the 
remaining selenite. 

2. Materials and methods 

2.1. Biomass and medium 

The microbial inocula used in batch experiments were two fresh 
granular sludges designated ‘Emmtec’ and ‘Eerbeek’. The ‘Emmtec’ 
granules originated from a UASB reactor treating initialized process 
water containing only sodium sulfate and added ethanol, located in 
Emmen, the Netherlands (Hageman et al., 2017b), leading to very 
specialized microbial communities. ‘Emmtec’ sludge was reported to 
have a reducing capacity for sulfate, selenate, selenite, and SeS2 
(Hageman et al., 2017b). ‘Emmtec’ sludge has a volatile suspended 
solids (VSS) content of 0.88 gVSS/gdry weight, and it contains 19.9 
( ± 12.3) mg Stotal per gram dry weight (D’Abzac et al., 2010). 

In comparison, ‘Eerbeek’, which is mainly methanogenic, originated 
from a full-scale UASB reactor treating highly complex wastewater from 
a paper factory in ‘Eerbeek’, the Netherlands. Besides methane pro-
duction, sulfate reduction, selenate reduction, and selenite reduction 
were also reported for this biomass (Lenz et al., 2008a; Hageman et al., 
2013; Astratinei et al., 2006). ‘Eerbeek’ sludge has a VSS content of 
0.74 gVSS/gdry weight. The ‘Eerbeek’ sludge used in these experiments 
contains 16.1 ( ± 3.1) mg Stotal per gram dry weight (D’Abzac et al., 
2010). 

The elemental sulfur added to solutions was biologically generated 
sulfur from a Thiopaq sulfide oxidizing bioreactor located at a bio-waste 
treatment plant in Germany. The bio-sulfur (bio-S0) was washed with 
MilliQ water three times and dried before use in experiments. This 
process was repeated twice. The ground bio-S0 particles were sieved to a 
particle size ≤ 200 µm. More detailed information on the treatment and 
characterization of the bio-S0 is given in Hidalgo-Ulloa et al., 2020. 

The medium used in batch experiments was adapted from Stams 
(1992), excluding sodium selenite, sodium hydrogen carbonate, and 
sodium sulfide (Hageman et al., 2013). The medium consisted of (g/L): 
Na2HPO4⋅2H2O (0.53), KH2PO4 (0.41), NH4Cl (0.3), CaCl2⋅2H2O (0.11), 
MgCl2⋅6H2O (0.10), and acid- and base trace elements and vitamin so-
lution (Stams et al., 1992). The pH of the medium was adjusted to pH 7 
by using hydrogen chloride or sodium hydroxide. The reagents were of 
analytical grade unless stated otherwise. 
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2.2. Batch experiments 

Batch experiments were carried out in duplicate in 125 mL glass 
bottles with 25 mL medium containing ~2 mmol L-1 selenite or 
~2 mmol L-1 selenate and for both using 1.25 and 2.5 mmol L-1 lactic 
acid as an electron donor. The culture bottles were closed with a butyl 
rubber stopper, and an aluminum crimp seal. The headspace was 
degassed to 0.5 atm and then gassed to 1.5 atm with 100% N2. This step 
was repeated five times with a final overpressure of 0.5 atm of N2. The 
bottles were incubated in a shaker (120 rpm) at 30 ◦C. Control experi-
ments without sludge were carried out under the same conditions. 

Control experiments with inactive biomass were also carried out to 
investigate the potential chemical reactions between selenite and re-
ductants that might be initially present in the sludge. The microbial 
activity was inhibited by adding 0.02% NaN3 to batch bottles, which 
contained 1.2 gVSS L-1 ‘Emmtec’or ’Eerbeek’ sludge with ~2 mmol L-1 

selenite or selenate using 1.25 mmol L-1 lactic acid as the electron donor. 
The NaN3 was refreshed every 3 days. Other conditions (initial pH, 
temperature, gas composition in headspace, incubator settings) were the 
same as in the selenite/selenate bio-reduction experiments. 

Besides, to investigate the bio-reduction activity by ‘Emmtec’or 
’Eerbeek’ sludge on removing sulfur species (1 mmol L-1 bio-S0 or sul-
fate), another series of control experiments were done by excluding 
selenite and selenate from the medium. The other conditions (medium 
composition, pH, temperature, sludge type and concentrations, incu-
bator settings, etc.) were kept the same as mentioned above. 

Different amounts of bio-S0 (0, 1, 2, 4 mmol L-1) or 1 mmol L-1 so-
dium sulfate were added to batch bottles to investigate the interaction 
between Se and S. 

2.3. Analysis and calculation 

Liquid samples were taken with a syringe and filtered over a 0.20 µm 
filter. Dissolved selenate and selenite concentrations were analyzed by 
ion chromatography (Dionex ICS 2100, Thermo Fisher Scientific, Wal-
tham, MA, USA). The sulfide concentration was measured using a Hach 
Lange test LCK-635 and a Hach Lange Xion 500 spectrophotometer. The 
total selenium was analyzed at a wavelength of 196 nm by inductively 
coupled plasma optical emission spectrometry (ICP-OES) equipped with 
an MPX megapixel detector (VISTA-MPX CCD Simultaneous, VARIAN 
co.). The solid samples were washed as described by Hageman (Hage-
man et al., 2017b) and characterized by light microscopy with a Nikon 
Eclipse E400 (1000x magnification, Nikon, Tokyo, Japan) and X-ray 
diffraction (XRD) on a Bruker D8 advanced diffractometer equipped 
with a Vantec position sensitive detector and with a Co Kα radiation 
(λ = 0.179 nm) over a range of 10–70◦ with a step size of 0.02̊and a step 
time of 0.1 s. DIFFRAC.EVA (version 5.0, Bruker AXS, Karlsruhe, 
Germany). 

The experiments were evaluated for selenite and selenate removal 
efficiency (Rselenite, Rselenate, respectively), as calculated with the 
following equations: 

Rselenite = (1 −
Cselenite

C0
selenite

) × 100% (9)  

Rselenate = (1 −
Cselenate

C0
selenate

) × 100% (10)  

Where C0
selenite, C

0
selenate is the initial concentration of selenite/selenate, 

Cselenite and Cselenate is the concentration of selenite/selenate left in the 
liquid phase. 

3. Results and discussion 

The potential reaction routes investigated here for Se-oxyanion 
reduction in the presence of sulfur species are shown in Fig. 1. 

3.1. Effects of elemental sulfur (bio-S0) on the removal of selenite with 
‘Emmtec’ 

Using about a 1:1 molar ratio of selenite and bio-S0, and assuming 
bio-cycling of sulfur resulted in precipitation of SeS2 (Fig. 1 green part), 
‘Emmtec’ sludge had a higher removal rate for selenite with bio-S0 than 
without bio-S0 addition (Fig. 2). In the first three days, no significant 
difference in the residual selenite concentration with or without bio-S0 

was found (1.70, 1.74 mmol L-1 on day 3 in experiments with 
1.92 mmol L-1 selenite, respectively). Microorganisms first need to start 
to bio-reduce solid bio-S0 into sulfide. On day 7, the difference between 
experiments with and without bio-S0 became clearer and even more so 
on day 20; 0.45 versus ~0, and 0.55 versus 0.16 mmol L-1 of selenite 
remained from starting concentrations of 1.73 and 1.92 mmol L-1, 
respectively. Control experiments without sludge or with inactivated 
sludge did not show any selenite concentration change in 20 days, 
affirming that selenite does not adsorb to or react with bio-S0 during this 
experiment time, and no sulfide is bio-generated. 

There is a remarkable difference in the type of solids formed. After 20 
days (Fig. 3A), XRD analysis showed that addition of bio-S0 resulted in 
more hexagonal Se0, although amorphous red selenium is still present. 
In the study of Hageman (Hageman et al., 2017a), it was shown that 
further reduction of SeS2 leads to black hexagonal Se0 nanoparticles. The 
green line in Fig. 3A represents seven hexagonal Se0 peaks in the range 
of 20–60 ̊2θ from the particles formed in the experiments with bio-S0, 
sampled on day 20. No hexagonal Se0 peaks matched the black line of 
the particles formed in the experiments without bio-S0, sampled on day 
20. By using DIFFRAC.EVA, it could be estimated that the crystallinity 
on day 20 had increased from 6.1% of a global area of 316.24 in the 
experiment without bio-S0 to 13.0% of a global area of 300.76 with 
sulfur addition. These results show that the addition of bio-S0 promotes 
the formation of black crystalline Se0. 

The different solids’ morphology was also indicated by the color 
change with time. At the start of each batch experiment, the medium 
was colorless and transparent, with only the black granular biomass 
visible as solids. Without added bio-S0, red attachments were found on 
the surface of the granules from day 3 onwards. Red suspensions made 
the liquid appear pinkish by day 3. Then, the liquid’s color became 
lighter while the red attachment became darker red than before (Fig. 3B- 
1). The color change in this experiment is in line with findings in the 
selenite bio-reduction study by Gonzalez-Gil (Gonzalez-Gil et al., 2016). 

Fig. 1. Potential reaction routes to reduce the toxic Se oxy-anion mobility in 
the environment by reducing soluble selenate or selenite to Se0 with S bio- 
cycling. When selenite is present or produced as the intermediate from sele-
nate bio-reduction, it could chemically react with the produced sulfide from the 
bio-reduction of sulfur species to form SeS2. SeS2 would then be bio-reduced to 
elemental selenium and sulfide, and the latter becomes available to react with 
selenite again. 
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Microscopy (Fig. 3B-3) showed that the red solids were spherical par-
ticles, either attached to the ‘Emmtec’ granules or suspended in solution 
while being attached to suspended bacteria. However, with bio-S0 

addition, the liquid’s color was orange-red, and the orange-red attach-
ment on the granules became black-red by day 20 (Fig. 3B-4,5). Both 
spherical and acicular solids were found in this experiment on day 20. 
Specifically, the black particles collected on the bottom of the batch 
assay were clusters of acicular particles (Fig. 3B-6), indicating the pro-
duction of hexagonal crystalline Se0. 

Regarding the Se recovery potential, the formation of the hexagonal 
Se0 is more favorable compared to the amorphous Se0 due to the for-
mer’s properties of higher density, less attachment to biomass, the 
bigger (crystal) size (≥10 µm as shown in Fig. 3B-6), leading to a faster 
settlement from the treated water and easier separation from the 
biomass (Hageman et al., 2017b; Alivisatos, 2000; Minaev et al., 2005). 
The formation of hexagonal Se0 also has a lower potential environ-
mental risk because of its thermodynamic stability and lower oxidation 
potential compared to amorphous Se0. Also, amorphous Se0 was re-
ported to remain stable as colloidal suspensions in the aquatic system for 
weeks and could be remobilized to Se-oxyanions in the oxygenated 
zones of water bodies (Tan et al., 2016). 

3.2. Sulfur cycling: effects of different elemental sulfur concentrations on 
selenite removal 

The sulfide bio-production from bio-S0 was also investigated 
(Fig. 4A). No sulfide was detected in the control solutions on all sam-
pling days. Any sulfide produced by sulfur already present in the original 
‘Emmtec’ in the batch without bio-S0 was too small to be considered to 
play a role in selenite removal. More sulfide was produced with higher 
amounts of bio-S0. What can be assumed is that the addition of bio-S0 

produced sulfide (tested in experiments without selenite) and promoted 
selenite removal efficiency. However, the aqueous sulfide measured was 
less than the amount that could be produced by a complete bio-S0 

reduction (based on equation 2). At the experimental pH of 7, nearly half 
of the produced sulfide is present as H2S and resides in the headspace, 
and the bio-S0 bio-reduction may not have been completed in 20 days. 

To better understand whether bio-S0 plays a role in selenite con-
version to crystalline elemental selenium, the effects of various amounts 
of bio-S0 during selenite removal were studied. Surprisingly, an increase 
in the amount of bio-S0 did not increase the selenite removal rate 
(Fig. 4B). On day 7, an average of 0.83, 0.92, and 0.79 mmol L-1 selenite 
was left in the batch bottle with 1, 2, and 4 mmol L-1 bio-S0, respec-
tively. On day 20, a negligible concentration of selenite was left for all 
bio-S0 concentrations (1.6 ×10-4 ± 3.7 ×10-5, 1.2 ×10-4 ± 7.8 ×10-6, 

and 5.8 ×10-3 ± 8.0 ×10-3 mmol Se L-1 respectively). The sulfide pre-
sent in the solution was determined on days 3, 7, 14, and 20. Aqueous 
sulfide could only be detected on day 20 when all selenite had been 
reduced. The concentrations measured on day 20 were 0.33, 0.37, and 
0.55 mmol L-1 in bottles with 1, 2, and 4 mmol L-1 bio-S0, respectively. 
This indicates that bio-S0 is bio-reduced to sulfide and followed by a 
reaction with selenite to produce (amorphous) SeS2 alongside the bio-
logical conversion of selenite to red amorphous elemental selenium, 
after which S in SeS2 is reduced to sulfide. 

Furthermore, with the reported chemical reaction kinetics between 
selenite and sulfide (Jung et al., 2016), the estimated S0 bio-reduction 
rate (according to Fig. 4A) was not high enough to remove all selenite 
via the chemical precipitation of SeS2 (according to the varied S: Se ratio 
(1.7–2.3) reported in previous research to eliminate selenite by sulfide 
(Geoffroy and Demopoulos, 2011)); also direct biomineralization was 
on-going. Even when assuming all bio-S0 can be reduced to sulfide, only 
the maximum sulfide production (4 mmol L-1) might be sufficient for 
complete selenite removal as SeS2. However, the sulfide that is intro-
duced can cycle according to the sulfur bio-cycling pathway (Fig. 1, 
green part), where Se0 particles can be formed when sulfur (in SeS2) is 
reduced and becomes available again as sulfide. So we speculated that 
sulfur is re-introduced and can react again with selenite, and so less 
bio-S0 is needed to reduce selenite because of bio-S0 cycling (Fig. 1). 
According to thermodynamic data (Equation 4, Table S1), bio-reduction 
of SeS2 may even be slightly more favorable than bio-S0 bio-reduction. 

Evidence for SeS2 was found twice by XRD; analysis of the solids in 
the experiment with bio-S0 on day 3 did have a signal matching with the 
SeS2 crystal pattern, but there was not enough sample mass to produce a 
more convincing result. Furthermore, SeS2 may also be amorphous and 
thus not be detected by XRD. Most of the time, the XRD analysis for 
samples to which bio-S0 was added showed crystalline Se0, which means 
that the SeS2 had been further reduced. The produced solids were also 
inspected for composition by digesting sludge granules with precipitates 
attached with ICP-OES. This confirmed the presence of selenium for 
both experiments, with and without bio-S0. 

3.3. Effects of sulfate on bioconversion selenite to selenium by ‘Emmtec’ 
sludge 

As it is difficult to follow the solid bio-S0 concentration change 
without sacrificing the entire solids content (organics as well) for 
analysis, we included batch experiments with sulfate for ‘Emmtec’, as 
soluble sulfur species can be followed in solution to better understand 
the biochemical interaction between selenite and co-existing sulfur 
species. Fig. 5A shows that sulfate, after bio-reduction to sulfide, like 
bio-S0, can also accelerate the selenite bio-reduction rate. However, the 
average selenite removal rate with one mmol L-1 sulfate was much 
higher than with one mmol L-1 bio-S0 (22 and 5 mg Se gVSS

-1 L-1 in 3 days, 
respectively, with sulfate and bio-S0, and 13 and 8 mg Se gVSS

-1 L-1 in 7 
days, respectively, with sulfate and bio-S0). One needs to keep in mind 
that ‘Emmtec’ sludge came from a plant where it reduced sulfate and not 
bio-S0. Moreover, solid bio-S0 is not as homogeneously mixed and bio- 
available, so it may be more challenging to reduce bio-S0 due to phys-
ical limitations, and at a pH of 7, significant solubilization of sulfur by 
the formation of polysulfides is not expected (Chen and Gupta, 1973; 
Millero, 1986). 

Hockin (Hockin and Gadd, 2003) mentioned that 200 µmol L-1 

selenite is the subinhibitory concentration for sulfate-reducing bacteria, 
and found that selenite and sulfate reduction gave rise to Se and S for-
mation in a biofilm without mentioning the in-between product of SeS2. 
In this experiment, the sulfate concentration dropped faster in the bottle 
with selenite than without selenite (used as a control) (Fig. 5B). 
Therefore, an interaction of the two bio-reduction processes is assumed, 
such as SeS2 formation, that positively affected both rates. In another 
study, it was found that sulfate did not inhibit selenite reduction, as 
selenite is reduced by the sulfite reductase-mediated pathway and that 

Fig. 2. Bio-sulfur (bio-S0) increases the selenite removal rate using ‘Emmtec’ 
sludge. Conditions: 1.2 gVSS L-1 ‘Emmtec’ sludge, 30 ◦C, pH 7, initial selenite 
concentration: 1.73 or 1.92 mmol L-1, using 1.25 mmol L-1 lactic acid as elec-
tron donor: 1.92 mmol L-1 selenite, no sulfur ( ); 1.92 mmol L-1 selenite, 
2 mmol L-1 bio-S0( ); 1.73 mmol L-1 selenite, no bio-S0 ( ); 1.73 mmol L-1 

selenite, 2 mmol L-1 bio-S0( ). 

B. Song et al.                                                                                                                                                                                                                                    



Journal of Hazardous Materials 437 (2022) 129367

5

treatment with selenite upregulated the sulfate assimilation pathway 
enzymes (Huang et al., 2021). 

The sulfide production in control experiments by one mmol L-1 of 
sulfate (Fig. 5B) was higher than by one mmol L-1 of bio-S0 measured on 
day 3, 7, and 14, respectively, but was similar on day 20 (0.38 mmol L-1 

by sulfate and 0.34 mmol L-1 with bio-S0). The sulfide production by one 
mmol L-1 of sulfate was even higher than the production by 4 mmol L-1 

of bio-S0 on day 3 and similar on day 7 (Fig. 5B), which explains why 
more selenite was removed by 1 mmol L-1 sulfate than bio-S0 in the first 
7 days. It also shows that chemical precipitation is apparently faster than 
direct bio-reduction of selenite. 

Similar to experiments with bio-So, with selenite present, sulfide was 

only found after selenite was removed entirely after day 14 and reached 
a similar final sulfide level on day 20 as in control experiments without 
selenite. The sulfide production from day 14 to day 20 cannot be 
explained by direct sulfate bio-reduction to sulfide, from which it can be 
concluded that there should be sulfide production by bio-reduction of 
SeS2. This result suggests that sulfide produced in the experiments by 
sulfate reduction was used immediately to reduce selenite to SeS2 and 
was released again (see blue and green-blue arrow, Fig. 1) to the system 
by bio-reduction of SeS2. As shown in Fig. 5B, 0.44 mmol L-1 sulfide was 
produced from day 14–21, while during this period, only 0.05 mmol L-1 

sulfate was reduced, indicating an average production rate of 
0.067 mmol L-1 day-1 (by bio-reduction of SeS2). This rate is higher than 

Fig. 3. A XRD results on day 20 confirmed that crystalline Se0 solids are present in the experiments with bio-sulfur (bio-S0) addition but not in experiments without 
bio-S0. Legend: Black line- particles formed in the experiments without bio-S0 addition, sampled on day 20; Green line- precipitate formed in the experiments with 2 
mmolL-1 bio-S0, sampled on day 20; Red line- hexagonal Se0 in database. Fig. 3B The color and solid structure change in the experiment with and without bio-S0 on 
day 7 and 20. (0) Batch assay without bio-S0 on day 0; (1) Batch assay without bio-S0 on day 7; (2) Batch assay without bio-S0 on day 20; (3) Microscope observation 
of solids in batch without bio-S0 on day 20; (4) Batch assay with bio-S0 on day 7; (5) Batch assay with bio-S0 on day 20; (6) Microscope picture of the acicular cluster 
in batch with bio-S0 on day 20. Conditions: 1.2 gVSS L-1 ‘Emmtec’ sludge, 30 ◦C, pH 7, initial selenite concentration: 1.92 mmol L-1, using 1.25 mmol L-1 lactic acid, 
0 or 2 mmol L-1 bio-S0. 
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the highest rate of sulfide production by 1 or 2 mmol L-1 bio-S0 (Fig. 4A) 
and may explain the minor differences in residual selenite concentra-
tions using different amounts of bio-S0. 

The higher sulfide production rate was also reflected in the color 
development: with SO4

2- the color became darker (blackish) already after 
day 7. Again the black product indicated crystallization to hexagonal 
Se0. 

3.4. Effect of an increase in electron donor concentration on the removal 
rate of selenite 

We also studied the effect of the electron donor concentration using 
1.2 gVSS L-1 ‘Emmtec’ sludge, as this may affect rates of bio-So/bio-sul-
fate reduction and/or selenite bio-reduction differently. When doubling 
the electron donor concentration, the selenite removal rate increased in 
experiments with and without sulfur compounds (Fig. 6 A). The sulfate 
reduction rate also increased with an increase in the electron donor 
concentration (Fig. 6B). However, the increase in the selenite removal 
rate using an increased electron donor concentration with one mmol L-1 

sulfate is more significant than the increase in the sulfate removal rate, 
which could mean that bio-reduction of selenite is relatively more pro-
moted or that SeS2 bio-reduction is more significantly promoted. 

3.5. Effects of the biomass concentration on the interaction between 
selenium and bio-sulfur by ‘Emmtec’ sludge 

Experiments with 2.8 gVSS L-1 ‘Emmtec’ instead of 1.2 gVSS L-1 

‘Emmtec’ (with and without bio-S0) were carried out to determine the 
effect of increasing the biomass (VSS) concentration. The increased 
concentration of ‘Emmtec’ sludge increased the selenite removal rate 
and accelerated the recrystallization to black selenium. The selenite was 
removed so fast by 2.8 gVSS L-1 ‘Emmtec’ that the removal efficiency 
amounted to 99.9% within 3 days, irrespective of the addition of bio- 
sulfur. The color of suspensions changed from orange-red to black on 
day 7–20 (Fig. S1). 

Black hexagonal crystals can be the result of the aggregation of 
amorphous elemental selenium and subsequent crystallization (Song 
et al., 2021), which nowadays has been recognized as a non-classical 
crystallization route (De Yoreo et al., 2015), or via bio-reduction of 
sulfur from SeS2 (Equation 4, Table S1). Increasing the biomass con-
centration would accelerate both routes. As shown in Fig. 2, compared 
to the biochemical reaction with sulfide, bio-reduction of selenite is the 
more dominant process for removing selenite. Besides, the selenite 
reduction was almost completed on day 3 in this experiment, leaving a 
longer time for aggregation and (re)crystallization until day 20. 

3.6. Effects of bio-S0 on selenate removal by ‘Emmtec’ 

Should selenate be present, then it was hypothesized that since 
selenite is the intermediate reduced species, perhaps the addition of bio- 
S0 could positively affect the selenate reduction rate (Fig. 1). 

Fig. 4. A Sulfide produced from bio-So in experiments without selenite. Con-
ditions: 1.2gVSSL-1 ‘Emmtec’ sludge, 30 ◦C, pH 7, initial selenite concentration: 
0 mmol L-1, using 1.25 mmol L-1 lactic acid as electron donor. Legend: no sulfur 
addition ( ); with initial 1 mmol L-1 bio-S0 ( ); with initial 2 mmol L-1 bio-S0 

( ); with initial 4 mmol L-1 bio-S0 ( ). Fig 4B The selenite removal rate in-
creases in the presence of bio-sulfur (bio-S0), but a further increase in amounts 
of bio-S0 did not increase the rate using ‘Emmtec’. Conditions: 1.2gVSSL-1 

‘Emmtec’ sludge, 30 ◦C, pH 7, initial selenite concentration: 1.73 mmol L-1, 
using 1.25 mM lactic acid as electron donor. Legend: no sulfur addition ( ); 
with initial 1 mmol L-1 bio-S0 ( ); with initial 2 mmol L-1 bio S0 ( ); with 
initial 4 mmol L-1 bio S0 ( ). 

Fig. 5. A Sulfate addition increases the selenite removal rate for ‘Emmtec’ 
sludge. Conditions: 1.2gVSS/L ‘Emmtec’ sludge, 30 ◦C, pH 7, initial selenite 
concentration: 1.73 or 2.2 mmol L-1, using 1.25 mM lactic acid as electron 
donor, 0 or 1.12 mmol L-1 sulfate. Legend: 1 mmol L-1 sulfate ( ); no sulfate 
( ). Fig. 5B. Sulfate concentration and sulfide concentration change with and 
without selenite present. Conditions: 1.2gVSSL-1 ‘Emmtec’ sludge, 30 ◦C, pH 7, 
initial selenite concentration: 0 or 2.2 mmol L-1, using 1.25 mM lactic acid as 
the electron donor, 0 or 1.12 mmol L-1 sulfate, and 0 or 1 mmol L-1 bio-S0. 
Legend: sulfate concentration in the experiment with 1 mmol L-1 sulfate and 
2 mmol L-1 selenite ( ); sulfate concentration in the experiment with 1 mmol L- 

1 sulfate and 0 mmol L-1 selenite ( ); sulfide concentration in batch with 
1 mmol L-1 sulfate and 2 mmol L-1 selenite( ); sulfide concentration in batch 
with 1 mmol L-1 sulfate and 0 mmol L-1 selenite ( ); sulfide concentration in 
batch with 1 mmol L-1 bio-S0 and 0 mmol L-1 selenite ( ). 
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In the absence of bio-S0, 11 ± 2% selenate was removed by 1.2 gVSS 
L-1 of ‘Emmtec’ sludge by day 21, as shown in Fig. 7. The addition of 
2 mmol L-1 bio-S0 did not show much difference in the removal effi-
ciency (10 ± 2% by day 20) compared to assays without bio-S0. An 
attempt to increase the selenate removal performance by increasing the 
biomass concentration was made. Increasing the biomass concentration 
up to 5.6 gVSS L-1 notably increased the removal efficiency of ‘Emmtec’ 
sludge to 61%. The addition of 2 mmol L-1 bio-S0 did not significantly 
contribute to the selenate removal efficiency (62%). Regardless of any 
possible bio-S0 effects, the higher selenate reduction rate by increasing 
the amount of sludge can be explained by the increased biomass con-
centration (for faster selenate reduction) and the increased endogenous 
substrate initially present in the sludge; the latter was reported to 
illustrate the selenate removal in experiments using ‘Eerbeek’ sludge 
without an external electron donor (Astratinei et al., 2006). 

However, in the first seven days, for the various biomass concen-
trations (Fig. 7B, only showed the results with 5.6 gVSS L-1 ‘Emmtec’), 
when most selenate is reduced (~44% in assays without bio-S0), an 
adverse effect of bio-S0 was seen. Comparing the positive effects of sulfur 
in selenite assays and the fact that ‘Emmtec’ originated from a sulfate- 
reducing reactor, the toxicity of produced sulfide on ‘Emmtec’ sludge 
that inhibited the selenate removal activities may be excluded. The high 
sulfide tolerance of bacteria, which reduced selenate in the sulfate- 
reducing bioreactor, was reported before (Lenz et al., 2008a). One 
explanation is that as the same enzymes can be responsible for both 

selenate and sulfate reduction (Tan et al., 2018b), the same can be true 
for elemental sulfur reduction which could result in competition effects. 
Furthermore, the selenite bio-reduction intermediate (Hageman et al., 
2013; Song et al., 2021; Astratinei et al., 2006), that was determined in 
solutions in studies when the reduction potential increased, may not 
have been long-lived or released in solution. Instead, it was subsequently 
immediately bio-reduced to elemental selenium close to or on the cell 
wall. We had noticed that initially the produced red amorphous sele-
nium stuck to the granule surface. If this is the case, there is hardly any 
scavenging of selenite by sulfide in solution, and bio-So reduction would 
just compete with selenate reduction. Furthermore, selenite was not 
found in all experiments when sampling on day 3, 7, 14, 21, and 28. 

3.7. Effects of bio-S0 on selenite and selenate removal by ‘Eerbeek’ sludge 

As ‘Eerbeek’ sludge has been previously investigated for biological 
selenate reduction also in the presence of sulfate (Lenz et al., 2008a; 
Hageman et al., 2013; Song et al., 2021; Astratinei et al., 2006), assays 
with this sludge were also carried out to compare the selenite/selenate 
removal capacity using bio-So with the same VSS concentration as for 
‘Emmtec’ (Tables 1A–1B). 

From a control experiment with 1.2 gVSS L-1 sludge and 1 mmol L-1 

bio-S0 and measuring sulfide production, it was apparent that ‘Eerbeek’ 
sludge has a lower bio-S0 reducing capacity and rate than ‘Emmtec’ 
sludge. Also for 1 mmol L-1 sulfate, the sulfide production rate was lower 
for ‘Eerbeek’ than for ‘Emmtec’. So we expected a lower effect of adding 
bio-S0 on both selenite and selenate reduction. The addition of bio-So 

still had a small positive effect on the selenite removal rate, which 
without bio-So was already higher than for ‘Emmtec’ (Table 1A). As the 
progress of bio-reduction of selenite without bio-S0 was already 75% 

Fig. 6A. An increase in the electron donor concentration accelerates the sele-
nite removal. Conditions: 1.2 gVSS L-1 ‘Emmtec’ sludge, 30 ◦C, pH 7, no sulfur 
with 1.25 mmol L-1 lactic acid and 1.73 mmol L-1 initial selenite ( ), 2 mmol L- 

1 bio-S0 with 1.25 mmol L-1 lactic acid and 1.73 mmol L-1 initial selenite ( ), 
no sulfur with 2.5 mmol L-1 lactic acid and 1.73 mmol L-1 initial selenite ( ), 
2 mmol L-1 bio-S0 with 2.5 mmol L-1 lactic acid and 2.2 mmol L-1 initial selenite 
( ),1 mmol L-1 sulfate with 1.25 mmol L-1 lactic acid and 2.2 mmol L-1 initial 
selenite ( ), 1 mmol L-1 sulfate with 2.5 mmol L-1 lactic acid and 2.2 mmol L-1 

initial selenite ( ); Fig. 6B An increase in the electron donor concentration 
accelerates the sulfate removal. Conditions: 1.2 gVSS L-1 ‘Emmtec’ sludge, 30 ◦C, 
pH 7, initial selenite concentration: 2.2 mmol L-1, 1 mmol L-1 sulfate with 
1.25 mmol L-1 lactic acid ( ), 1 mmol L-1 sulfate with 2.5 mmol L-1 lactic 
acid ( ). 

Fig. 7. A The effects of 2 mmol L-1 bio-S0 on selenate removal efficiency by 
different amounts of ‘Emmtec’ sludge by day 21. Legend: 5.6 gVSS L-1 ‘Emmtec’ 
with 1.25 mmol L-1 LA ( ); 2.8 gVSS L-1 ‘Emmtec’ with 1.25 mmol L-1 LA 
( );1.2 gVSS L-1 ‘Emmtec’ with 1.25 mmol L-1 LA ( ). Conditions: 30 ◦C, pH 7, 
initial selenate concentration: 1.96 mmol L-1, using 1.25 mmol L-1 lactic acid as 
the electron donor. Fig. 7B The residual selenate concentration versus time by 
5.6 gVSS L-1 ‘Emmtec’ with different concentrations of bio-S0; legend: no sulfur 
addition ( ); with initial 2 mmol L-1 bio-S0 ( ); with initial 4 mmol L-1 bio-S0 

( ). Conditions: 30 ◦C, pH 7, initial selenate concentration: 0 or 1.96 mmol L-1, 
using 1.25 mmol L-1 lactic acid as the electron donor. 
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after 7 days (compare to 32% for ‘Emmtec’) and sulfide formation is 
slow, the positive effect of bio-So is less visible. Yet, we still see a positive 
effect of a 14% increase with 4 mmol L-1 bio-S0 and conclude that this is 
related to selenium sulfide formation and its further bio-reduction. 
Therefore, also more hexagonal Se is formed with the addition of bio- 
S0 though less than for ‘Emmtec’. 

Regarding the differences in selenate removal performance in 
response to bio-S0 addition for the two sludges, it was found that the 
5.6 gVSS L-1 ‘Emmtec’ sludge showed a higher selenate removal rate than 
the same biomass concentration of ‘Eerbeek’, irrespective of the amount 
of bio-S0. Moreover, ‘Emmtec’ also performed better for 1.2 and 2.8 gvss 
L-1 (Table 1B). ‘Emmtec’ is dominantly a sulfate-reducer, and as the 
same enzymes can reduce both sulfate and selenate (Tan, 2018), the 
higher selenate bio-reduction rate for ‘Emmtec’ can be understood 
accordingly. For ‘Eerbeek’, with the addition of bio-S0, a very slight 
acceleration and increase in the selenate removal was found over the 
entire experimental runtime. For ‘Emmtec’, as mentioned in the previ-
ous section, also minimal effects were seen. Co-presence of bio-S0 

therefore seems to be a more prominent factor for hexagonal selenium 
formation when selenite is present in solution or when it is produced as 
an intermediate product of selenate reduction and is released in solu-
tion, as seen in Song et al., 2021. The different effects of bio-S0 for these 
two types of sludge must be related to the complex interaction between 
bio-S0/selenite/selenate/SeS2 reduction capacity and kinetics. 

3.8. The morphologies of the final Se-products 

The selenite abiotic reduction to elemental selenium has been dis-
cussed in other research (Hockin and Gadd, 2003; Geoffroy and 
Demopoulos, 2011; Pettine et al., 2012), and the chemical interaction 
between sulfide and selenite is more complex than the production of 
selenium-sulfur SeSx, here simplified to SeS2 (Kharma et al., 2019), 
making it difficult to track the interaction between selenite and bio-S0. 

As a result of the interaction, the morphologies of the final Se- 
products (solids collected at the end of each experiment: day 20,  
Fig. 8) had apparent differences for different conditions. We can hardly 
find any acicular Se0 crystals produced from the selenite reduction by 
‘Emmtec’ sludge without bio-S0. Mostly spherical amorphous Se0 par-
ticles (confirmed by EDS) are present as single particles or attached to 
the granules, which is in line with the reported selenium spheres formed 
in other bio-processes (Gonzalez-Gil et al., 2016). With bio-S0 addition, 
acicular Se0 crystals were easily detected. This finding is in line with the 
XRD results (Fig. 3A), where we found a crystalline signal only in the 
experiments with bio-S0 addition. 

For ‘Eerbeek’ assays, Se0 crystals were found in the final product for 
both conditions with and without bio-S0 addition. The latter showed 
large hexagonal Se0 crystals of ~20 µm (in length) (see the circle in 
Fig. 8) and large numbers of small amorphous Se0 particles growing in 
the surroundings or even on the crystals faces (as can be seen in the 
crystalline C-axis direction for the hexagonal system). The hexagonal Se0 

could be recrystallized by the aggregation of amorphous Se0, due to the 
fact that the amorphous structure is thermodynamically unstable so that 
it would slowly recrystallize by aging (Song et al., 2021). As mentioned 
before, the growth of large crystals by aggregation of amorphous par-
ticles is a non-classical crystallization pathway, which has been 
observed and discussed in recent literature (De Yoreo et al., 2015; 
Banfield et al., 2000). As shown in Table 1A, ‘Eerbeek’ sludge has a 
higher selenite bio-reduction rate than ‘Emmtec’ sludge, producing 
more amorphous Se0 in a shorter period, providing a longer reaction 
time for the aging and crystallization process to large hexagonal crystals. 

In the experiments with bio-S0 large quantities of crystals were 
found, but these crystals had smaller sizes than for the non-S0 addition in 
‘Eerbeek’ assays. Only a limited number of larger particles was observed 
in the SEM picture as bulk crystals. As discussed above, crystalline Se0 

would be produced from amorphous SeS2 by sulfur bio-reduction. This is 
a different trajectory for Se crystallization, as discussed in Hageman 
et al., 2017a because this crystalline structure is thermodynamically 
more stable than the amorphous structure and can only grow to a larger 
bulk crystal by an oriented attachment process (De Yoreo et al., 2015). 
The apparent difference in morphology with and without bio-S0 and the 
limited sulfide production from bio-S0 pointed clearly to sulfur 
bio-cycling, including SeS2 (Fig. 1). The different pathways for assays 
with and without bio-S0 addition might also be supported by the pH 
differences in ‘Eerbeek’ assays by day 21 (Table S2A). The pH decreased 
from pH 7 to ~6.7 in the absence of bio-S0, while after adding bio-S0 the 
pH increased to ~7.4. However, the pH increased in ‘Emmtec’ assays 
irrespective of the bio-S0 addition (there is a minimal difference in pH 
changes for addition/non-addition of bio-S0). One may note that buffer 
solutions are used as the medium to stabilize the pH. An increase in pH 
to pH> 7.5 could also promote hexagonal selenium formation, in that 
way bio-S0 could advance hexagonal Se0 formation in two ways. 

Regarding the final products of selenate bio-reduction at ~pH 7, it 
has been commonly reported as spherical amorphous Se0 (Song et al., 
2021; Hageman et al., 2017b; Astratinei et al., 2006; Staicu et al., 2015; 
Lenz et al., 2008b; Mal et al., 2017). The introduction of bio-S0 and 
sulfur bio-cycling (Fig. 1) in this process would allow the production of 
crystals at pH ~7 by the reduction of the formed intermediate (SeS2) 
(Hageman et al., 2017a) or by the crystallization of the bio-produced 
amorphous Se0-solids. Compared to the selenite reduction rate 
(Table 1A) the sulfur’s involvement in such a pathway for Se0 formation 
from selenate seemed limited as can be concluded from the specific 
selenate reduction rate (Table 1B). The product for ‘Emmtec’ with bio-S0 

addition shows relatively more amorphous selenium than for ‘Eerbeek’, 
because Se0 formation from the direct bio-reduction of selenate is rela-
tively more dominant than the chemical pathway as bio-S0 only resulted 
in an overall minimal increase and initially even slight negative effect on 
selenate bio-reduction. For Eerbeek the relative contribution of bio-S0 

reduction and bio-cycling in selenate reduction was higher (Table 1B) 
and hence a more crystalline Se product was observed. 

Table 1A 
The specific selenite reduction rate of ‘Emmtec’ sludge or ‘Eerbeek’ sludge at day 
7 with and without the addition of sulfur species. Conditions of selenite exper-
iments: 1.2 gVSS/L ‘Emmtec’ or ‘Eerbeek’ sludge, 30 ◦C, pH 7, initial selenite 
concentration: 1.73, 1.99 or 2.2 mmol L-1, using 1.25 mmol L-1 lactic acid as 
electron donor, 0 or 1.12 mmol L-1 sulfate or 0, 1, 2, 4 mmol L-1 bio-S0.  

Specific selenite reduction rate (mmol Se 
gVSS

-1 day-1) 
No S 
added 

Added bio- 
S0 

Added 
SO4

2- 

‘Emmtec’-selenite  0.087 0.11 
± 0.009b 

0.17 

‘Eerbeek’-selenitea  0.18 0.21 
± 0.006c 

n.a.  

a Experimental data were not shown in this manuscript 
b The average rate of batch assays with 1, 2, and 4 mmol L-1 bio-S0 

c The average rate of batch assays with 1 and 4 mmol L-1 bio-S0 

Table 1B 
The specific selenate reduction rate of ‘Emmtec’ sludge or ‘Eerbeek’ sludge at 
day 28 with and without the addition of 1 mmol L-1of sulfur species. Conditions 
of selenate experiments: 1.2, 2.8, or 5.6 gVSS L-1 ‘Emmtec’ or ‘Eerbeek’ sludge, 
30 ◦C, pH 7, initial selenate concentration: 1.96 mmol L-1; using 1.25 mmol L-1 

lactic acid as electron donor, 0, 1, 2, 4 mmol L-1 bio-S0.  

Specific selenate reduction rate (mmol Se gVSS
-1 

day-1) 
No S 
added 

Added bio-S0 

1.2 gVSS
-1 ‘Emmtec’  0.0087 0.0090 

± 0.00154) 
2.8 gVSS

-1 ‘Emmtec’  0.0074 0.0080 
5.6 gVSS

-1 ‘Emmtec’  0.010 0.010 ± 0.00014) 
5.6 gVSS

-1 ‘Eerbeek’  0.002 0.003 ± 0.00024) 

4)The average rate of batch assays with 2, 4 mmol L-1 bio-S0 
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3.9. Implications for selenium mobility and removal 

We found a positive effect of adding bio-S0 on the crystallinity of the 
produced Se0 from selenite bio-reduction for ‘Emmtec’ and ‘Eerbeek’. 
The biomineralized crystalline black Se0 with the help of sulfur bio- 
cycling is hydrophobic and thermodynamically the most stable phase 
concerning oxidation and could be a way in which the mobility of toxic 
Se in the environment is reduced. However, this depends on the bacte-
rial consortia present and their relative affinity for all sulfur and sele-
nium species. 

The interaction between Se and S can positively influence the 
reduction rate and the morphology of the final produced Se0. The 
involvement of SeS2 produced from selenite and sulfide in the S-cycling 
(Fig. 1) was discussed, which may provide an idea of optimizing the 

selenate bio-reduction process in the future. Bio-S0 reduction uses less 
electron donor than sulfate bio-reduction. Elemental sulfur is commonly 
present in nature and it can spontaneously form by physical SeS2 
dissociation into Se0 and S0 (Hockin and Gadd, 2006) during selenium 
bio-reduction in the presence of sulfur species. Although the bio-S0 

reduction rate is lower than for sulfate, because of bio-availability lim-
itations of it being a solid, it is still an option to apply bio-S0 in the 
removal of Se from water in a two-reactor system where first selenate is 
reduced to selenite, and next selenite is reduced by sulfide formation 
from bio-cycling resulting in crystalline Se0 crystals. When the pH is set 
higher, between 7 and 8, the slightly higher formation of polysulfides 
can reduce this physical limitation. Apart from improving the removal 
rate, bio-S0 addition can also promote hexagonal Se0 formation 
(Gebreeyessus and Zewge, 2019). 

Fig. 8. Evaluation and characterization of the solids sampled from the batch assays on day 20 (for selenite experiments) and day 28 (for selenate experiments), 
respectively. Acicular-like solid or spherical particles were distinguished by SEM image, and the chemical composition of the selected area was analyzed by EDX 
(Figure not shown here) confirmed these solids consisted of 100% selenium. Conditions: selenite assays-1.2 gVSS L-1 ‘Emmtec’/’Eerbeek’ sludge, 30 ◦C, pH 7, initial 
selenite concentration: 1.92 mmol L-1, using 1.25 mmol L-1 lactic acid as electron donor, 0 or 2 mmol L-1 bio-S0; selenate assays-5.6 gVSS L-1 ‘Emmtec’/’Eerbeek’ 
sludge, 30 ◦C, pH 7, initial selenate concentration:1.96 mmol L-1, using 1.25 mmol L-1 lactic acid as electron donor, 2 mmol L-1 bio-S0. 
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The involvement of S compounds in the selenate reduction via 
indirectly reducing selenite by producing sulfide could also help un-
derstand the presence of Se0 in nature, which was suggested to 
contribute to the presence of elemental selenium in the surface sedi-
ments of the Kesterson National Refuge (Hockin and Gadd, 2003; 
Oremland et al., 1989). 

4. Conclusion 

The biological cycling of sulfur and selenium when both are present 
is intertwined. This study found that sulfur’s presence as bio-S0 enhances 
selenite removal for two different microbial consortia, ‘Emmtec’ and 
‘Eerbeek’. The bacterial generation of sulfide from sulfur can chemically 
react with selenite to form SeS2, which can be further bio-reduced to 
black crystalline elemental selenium and sulfide. Biological sulfur- 
cycling can reduce toxic selenite mobility in the environment by pro-
ducing hydrophobic and thermodynamically stable crystalline selenium. 
The prominence of sulfide in solution only after selenite has been 
reduced indicates SeS2 reduction and that sulfur cycling indeed can take 
place. The addition of sulfur also promoted the particles’ color and 
appearance change from red amorphous to black hexagonal elemental 
selenium. The Se0 crystalline product from non-classical crystallization 
and aging was different from the product formed from S-cycling via 
SeS2. 

Acceleration effects on selenate reduction rate by bio-S0 addition 
were seen to a limited degree for ‘Eerbeek’, but the increase in rate was 
not as significant as in selenite reduction experiments. For ‘Emmtec’, the 
effects of adding bio-S0 were minimal for selenate reduction. Selenite 
formation from selenate bio-reduction at the cell and a further imme-
diate reduction might hinder sulfur’s involvement from achieving the 
reaction route demonstrated in Fig. 1. In this sense, by optimization of 
the process for producing the selenite intermediate from selenate 
reduction (as we found in our previous research, (Song et al., 2021), 
then sulfur’s bio-cycling can be used as a significant post-treatment to 
remove selenium to ultra-low concentrations and recover the produced 
selenium. In nature, selenate being co-present with sulfur species may 
inhibit selenate bio-reduction for some bacterial species, which may 
influence the cycling of selenium and sulfur in soil and water. The 
sulfur-cycling may also change the morphology of the final Se-product, 
accelerating the mineralization of hexagonal Se0. 
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