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Abstract: Selenium (Se) is an essential micro-nutrient for living organisms, but elevated concentra-
tions in water can adversely affect health. In this research, we investigate the removal of selenium
oxyanions (selenate and selenite) in aqueous systems by integration of adsorption on modified
zeolites and microbial reduction. Dynamic sorption-reduction experiments were conducted using
two sets of zeolite columns for the removal of selenite and selenate oxyanions, respectively. In each
case, one column was fully packed with natural, unmodified zeolites, while the other column was
composed of 80% natural and 20% iron-coated zeolites, by mass. The initial selenium concentration,
selenite (SeIV) or selenate (SeVI), was 790 µg/L, the pH was 7.5, and the flow rate was 3 mL/min.
Initially, as expected, the higher selenate removal (34%) was observed with coated zeolite, twice
as high compared to the results with unmodified zeolite. Maximum selenite removal was 89% in
the column with modified zeolite. Within approximately 14 days, as the biofilm developed inside
the columns, selenium reduction in all four columns reached approximately 99%. Biofilm micro-
bial community composition, assessed by 16S rRNA sequencing, is consistent with the presence of
mainly selenium-reducing bacteria (Veillonella, Bacteroides, and Escherichia). Selenium oxyanions were
reduced to elemental selenium, visible within the bioreactors as red-color aggregates.

Keywords: sodium-pretreated iron-modified zeolite; selenium oxyanions; microbial selenium
reduction; SeRB; sorption

1. Introduction

Selenium (Se) is a naturally occurring metalloid and, in trace amounts, an essential
element for all living organisms. However, consumption beyond 400 µg/d is considered
highly toxic [1]. The selenium cycle is complex as it includes several oxidation states,
namely −II, 0, +IV, and +VI. Of these, the +IV and +VI oxidation states predominate
in oxygenated environments as the selenite (SeO3

2−) and selenate (SeO4
2−) oxyanions,

respectively. Selenate especially is highly mobile and toxic [1]. The margin of safety between
essentiality and toxicity is narrow; thus, a small increase in selenium concentration can
cause toxicity [2]. Since they are toxic, selenium and its oxyanions are frequently considered
as emerging contaminants of significant health and environmental concern. This led health
and environmental organizations to set maximum selenium concentrations in drinking
water (WHO—40 µg/L, USEPA—50 µg/L) and natural waters (USEPA—5 µg/L). Thus,
generators of selenium-containing wastewaters must consider regulatory restrictions before
releasing into the environment any waters with elevated selenium concentrations.

Naturally elevated selenium contaminations can originate from weathering of selenif-
erous rocks, whereas anthropogenic selenium contamination is caused mainly by mining,
coal combustion, oil refineries, and agriculture [3]. In mining wastewaters, selenium can
be found in concentrations ranging from 3 to 12,000 µg/L [4]. Therefore, industries that
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generate selenium-contaminated water pose challenges to achieving the allowable sele-
nium discharge level (1–5 µg/L) [5]. Moreover, the concentration of selenium in drinking
water sources is a key risk factor for the health of humans and animals from exposure to
elevated selenium.

Selenium removal from aqueous solutions becomes complex and expensive because of
the stringent discharge standards and the speciation of Se in water [6]. Hence, investigation
and development of selenium removing processes have drawn attention in the past few
decades. In terms of the removal mechanism involved, current treatment techniques can
be categorized as physical, chemical, and biological. However, physicochemical processes
such as chemical precipitation, adsorption, and ion exchange are primarily limited to
removing selenite, while the more toxic and more mobile selenate largely remains in
the effluent. Moreover, most physicochemical methods are not economical [7]. Further,
conventional ion exchangers may not be selective enough with respect to a specific ion.
This may induce preference by affinity and, therefore, create competition, thus leaving
selenate untreated [8]. Reduction methods are more attractive as they can be used to treat
both selenate and selenite anions with higher removal efficiency. For example, based on a
previous study, chemical reduction using zero-valent iron (ZVI) reduced both selenate and
selenite into insoluble elemental selenium, thereby reducing dissolved selenium to below
50 µg/L [9].

Biological reduction could be considered an economical alternative to chemical reduc-
tion because both methods are based on similar key reactions to convert selenium oxyanions
to elemental selenium. However, biological selenium removal methods are more attractive
in terms of cost-effectiveness, eco-friendliness, because of lower chemical consumption,
and capacity to produce low-selenium effluent [6]. In addition, biological selenium removal
is advantageous in industrial wastewater treatment because any selenium recovery could
potentially offset treatment costs.

Biological selenium reduction can only occur under anaerobic conditions and with
the appropriate carbon source, electron donor, and nutrients. Selenium oxyanion removal
through biological reduction has been successfully used in different types of bioreactors and
process configurations, such as up-flow anaerobic sludge blanket (UASB) reactors, biofilm
reactors, membrane biofilm reactors, suspended sludge growth reactors, and biofilters [2].
It was found that in a UASB type reactor seeded with granular sludge, selenium levels
could be reduced to less than 100 µg/L within a 24 h retention time with acetate as
the electron donor [10]. In another study, in a plastic media packed reactor inoculated
with Thauera selenatis the initial selenium concentration was reduced from 250 µg/L to
12 µg/L in the presence of nitrate and with 195 min average residence time [11]. In these
systems, selenium-reducing microbial communities were used either as suspended growth
or attached growth to a carrier material [12]. The end product of biological reduction
is elemental selenium, a fine precipitate, and easily removable from the aqueous phase
by sedimentation (for suspended growth systems) or backflushing through packed-bed
systems [10]. The following Equations (1) to (3) summarize the overall reduction reaction
of selenate and selenite.

SeO4
2− + 2e− + 2H+ → SeO3

2− + H2O (1)

SeO3
2− + 4e− + 6H+ → Se0 + 3H2O (2)

SeO4
2− + 6e− + 8H+ → Se0 + 4H2O (3)

In attached growth reactors, specific bacteria strains are impregnated in a solid support.
Commonly used media are granular activated carbon, sand, rock, ceramic, and plastic [13].
The media can be used simultaneously as the filtration and attached growth media to mi-
croorganisms. Therefore, attached growth reactors are often selected based on consideration
of properties such as surface area, sorption capacity, and filtration characteristics.
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To further improve selenium removal efficiency, in the current study we focus on
developing and applying simultaneous adsorption and biological reduction treatment
processes. The removal of selenite and selenate was investigated in a biofiltration system,
with modified zeolite as the filtration medium, as a function of bioreduction and adsorption.
Due to their abundance, cost effectiveness, high porosity, thermal stability, and high specific
surface area, zeolites have been used over the past decades in water treatment. However,
although zeolites can have very high cation exchange capacities, they have minimal anion
exchange capacity. Thus, different surface modifications have been employed to increase
the affinity of anions for zeolites [14]. In this study, the removal of selenate and selenite
using columns filled with natural and modified zeolites was investigated. In addition, the
effects of initial selenium concentration and nutrient levels were also studied to assess the
system’s performance.

2. Materials and Methods
2.1. Zeolite Modification

The natural clinoptilolite zeolite was obtained from St. Cloud mining company in Win-
ston, NM, USA. The natural zeolite was chemically modified by pretreating it with sodium
and then coating it with iron. The final product was classified as a sodium-pretreated, iron-
modified zeolite (SPIMZ). The pretreatment with sodium has been previously shown to
enhance iron coating [15]. In turn, iron modification increases anion affinity for the zeolite
surface. For the pretreating process, 200 g of natural zeolite were first sieved through a
14–40 mesh to collect a particle size fraction of 0.42–1.41 mm. The zeolite was then soaked
in 500 mL of 2 M sodium chloride (NaCl) solution and stirred using magnetic stirrers.
The pretreated zeolite was placed in a desiccator under vacuum for four days at room
temperature to remove any air from the zeolite pore structure and allow saturation of
the solid by the solution. Afterward, to remove the chloride ions, the zeolite was rinsed
thoroughly with reagent grade deionized water. The sodium-pretreated zeolite was then
dried in the oven for 24 h at 105 ◦C.

Once the sodium-pretreated zeolite was completely dry, the iron-coating process
started. For iron coating, 100 mL of 0.5 N ferric nitrate (Fe(NO3)3·9H2O), 800 mL of
deionized (DI) water, and the pretreated zeolite were mixed in a beaker. The mixture was
stirred, and the pH was raised to approximately 9.5 by gradual addition of 3.0 N sodium
hydroxide (NaOH). The mixture was then placed in the oven at 75 ± 1 ◦C for 96 h. During
the first 24 h, the suspension was stirred. The mixture was then allowed to settle for the
next 24 h. Following the 24-h settling period, the suspension was stirred for an additional
24 h. Finally, the mixture was allowed to settle in the oven at 75 ± 1 ◦C for 24 h. After
the final settling period, the modified zeolite was rinsed several times to remove fines and
excess salt. Finally, the modified zeolite was dried in the oven for 24 h at 75 ± 1 ◦C. By
raising the pH of the Fe(NO3)3·9H2O solution, Fe(OH)3, is readily formed, because the
solubility product of Fe(OH)3(s) is very small (Ksp = 2.79 × 10−39). The stirring of the
suspension allows a more uniform coating of the zeolite by Fe(OH)3 [16].

The objective of using particles ranging between 0.42 and 1.41 mm was to balance
surface characteristics and hydraulic properties. As the zeolite particle diameter decreases,
the specific surface area tends to increase, although not in a directly inverse relationship
because the majority of zeolite surface area is associated with internal porosity. On the
other hand, larger particles allow larger flowrates and minimize the risk of decreased
hydraulic conductivity. Finally, the larger the zeolite particle size, the slower the kinetics
of anion uptake and the more difficult it becomes to coat the zeolite surface by iron
uniformly because these processes depend on ion diffusion inside the zeolite pores, that in
turn depends on diffusion path length. However, using too small particles is not always
beneficial because surface dust might block part of the pore openings of the zeolite structure,
leading to slower ion exchange and adsorption properties of the smaller zeolite particles
compared to larger ones [17]. The chosen particle size appears to be a good compromise
between these objectives [18]. During the sodium pretreatment step, Na+ is used to replace
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all other charge-balancing cations in the zeolite, including alkaline or alkaline earth cations,
such as K+, Ca2+, and Mg2+ [19].

The following properties of zeolites were quantified to interpret and assess the effect of
natural zeolite modification on selenium oxyanion sorption capacity: specific surface area,
morphology, elemental composition, elemental distribution, and iron percentages. The mor-
phology and elemental chemical composition of natural (NZ) and sodium-pretreated iron-
modified zeolite (SPIMZ) were analyzed using an S-3400N II scanning electron microscope
(SEM) equipped with an Energy-Dispersive X-ray spectrometer (EDX) (Hitachi, Tokyo,
Japan). The X-ray diffraction of ground natural zeolite and chemically modified zeolite was
measured using an X-ray diffractometer (MiniFlex II, PANalytical Empyrean X-Ray Diffrac-
tometer, Malvern, Worcestershire, UK) with Cu Kα radiation (wavelength = 1.540 Ǻ). The
surface functional groups of natural and modified zeolite were analyzed using a Thermo
Fisher (Waltham, MA, USA) Nicolet iS10 Fourier Transform Infrared Spectrometer (FTIR)
equipped with OMNIC software and a wavelength range of 390–4000 cm−1. Nitrogen ad-
sorption/desorption isotherms were used to investigate the Brunauer, Emmett, and Teller
(BET) surface area and Barrett–Joyner–Halenda (BJH) pore size distribution of sodium-
pretreated iron-modified zeolites and natural zeolites using an ASAP 2050 micropore
analyzer (Micromeritrics, Norcross, GA, USA). The nitrogen adsorption was carried out at
77 K.

2.2. Synthetic Wastewater Preparation

Each liter of influent solution was prepared by mixing either 1 mL of 0.01 M of sodium
selenite (Na2SeO3) or sodium selenate (Na2SeO4) stock solution with 1 L of DI water,
which resulted in a total Se concentration of 790 µg/L (ppb). The nutrients needed for
microbial growth were also added to the influent solution. The nutrients for selenium-
reducing bacteria consisted of the following trace elements (concentrations shown in
parentheses, in mg/L): MgSO4 (44), CaCl2·2H2O (140), FeCl2·4H2O (2), MnSO4·H2O (3.4),
(NH4)6Mo7O24·4H2O (1.2), CuSO4 (0.8), Zn(NO3)2·6H2O (1.8), Ni(NO3)2·6H2O (0.3). Addi-
tionally, 1 g/L of yeast extract and 2 mL/L of minimum essential medium (MEM) vitamin
solution were used to enhance the growth of selenium-reducing bacteria. The concentra-
tion of lactate, used as a carbon source and electron donor, was 2.24 g/L, while a final
concentration of 114 mg/L NH4Cl and 28 mg/L Na2HPO4 were added as nitrogen and
phosphorous sources, respectively. The pH was adjusted to 7.5 using sodium hydroxide.

2.3. Biofilter Setup and Operation

The biofiltration experiment included four filtration columns with an internal diameter
of 50 mm and a filling length of 450 mm. Two columns were packed with natural (untreated
and washed) zeolite while the other two were filled with 80% natural zeolite and 20%
sodium-pretreated iron-modified zeolite (SPIMZ), by mass. The bed composition of each
column is shown in Table 1. The schematic representation of the experimental column setup
is shown in Figure 1. When packing columns A and C, natural zeolites and SPIMZ were
well-mixed to achieve even distribution throughout the entire column. Approximately
200 mL of anaerobic sludge from the Las Cruces, NM, USA, Wastewater Treatment Plant
was added as microbial inoculum. Sludge was added while packing the columns with
the medium to ensure that the sludge was spread throughout the column. Before adding
sludge, the zeolite medium was conditioned by injecting nutrient solution without selenium
species or lactate. The upper and lower ends of the columns were packed with gravel
layers with approximately 1-inch thickness to hold and avoid flushing out packing media.
The fully packed columns were positioned vertically. The prepared influent was pumped
vertically upwards continuously through the column by using a peristaltic pump at a flow
rate of 3 mL/min, and the empty bed contact time of the biofilter was 300 min. This flow
direction was selected to ensure that the columns were fully saturated.
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Table 1. Column bed composition.

Column Notation Bed Composition Selenium
Oxyanion

A 80% Natural Zeolite + 20% Modified
Zeolite + Anaerobic Microbes Selenate

B Natural Zeolite + Anaerobic Microbes

C 80% Natural Zeolite + 20% Modified
Zeolite + Anaerobic Microbes Selenite

D Natural Zeolite + Anaerobic Microbes
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(C) 80% NZ + 20% SPIMZ + Microbes, (D) NZ + Microbes.

2.4. Nutrient Optimization

During the first stage of operation, nutrients including ammonium chloride, sodium
phosphate, and trace metals were added to the synthetic water in the amounts indicated in
the synthetic wastewater preparation section. Continuous flow experiments were carried
out for two weeks. During these two weeks, samples were collected and analyzed to
ensure the operation of the columns was stabilized. At the same time, samples were
analyzed to determine how much nitrogen and phosphorous amounts were available in
the effluent samples. These values were used to determine the nutrient amounts that
the microorganisms consumed. Throughout this time, the flowrate (3 mL/min), initial
selenium concentration (790 µg/L), and pH (7.5) were kept constant. Based on the nutrient
consumption results, sodium phosphate was reduced by 50% from the initial value while
the other concentrations remained unchanged. Column experiments continued for another
three weeks to determine whether the removal efficiencies remained the same under the
new nutrient combination.

2.5. Effect of Initial Selenium Concentration

The bed composition was kept constant for each column run as shown in Table 1.
Synthetic water containing selenate or selenite was pumped upwards at a constant flow
rate of 3 mL/min. Two initial concentrations of Se (VI) and Se (IV) were used, namely 79
and 790 µg/L. Treated water sample collection and selenium ion analysis were performed
as described in the following section.
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2.6. Analytical Procedures

Samples from each column were collected two times per week. These samples were
filtered through 0.45 µm filters to remove any biomass. Of the filtrate, 10 mL was pre-
served for total dissolved selenium analysis by adding 100 µL of analytical grade nitric
acid. Total soluble selenium concentrations in the filtrate were analyzed using a Perkin
Elmer ELAN DRC-e Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Effluent
samples from each column were also collected and tested for the concentration of chemical
oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) using a benchtop
spectrophotometer (DR 3900, HACH, Loveland, CO, USA) with the following HACH kits
and reagents: COD kits (TNT 823), Nitrogen (Total) kits (TNT 826), and Phosphorus (Total)
kits (TNT 843).

2.7. DNA Extraction Method and Bacterial Community Analysis

Bacterial community analysis was performed via next generation sequencing in the
MiSeq Illumina platform. Amplicon sequencing of the V4 region of the 16S rRNA gene was
performed with the barcoded primer set 515f/806r designed by Caporaso et al. 2011 and
following the protocol by the Earth Microbiome Project (EMP) https://earthmicrobiome.
org/protocols-and-standards/16s/ (retrieved on 8 May 2023) for library preparation. PCR
amplifications for each sample were performed in duplicate, then pooled and quantified
using an accublue kit. A no template control sample was included during the library
preparation as a control for extraneous nucleic acid contamination. 240 ng of DNA per
sample were pooled and then cleaned using a QIA quick PCR purification kit (QIAGEN,
Hilden, Germany). The pool was quantified by using the qubit. Then, the DNA pool was
diluted to a final concentration of 4 nM, then denatured and diluted to a final concentration
of 4 pM with a 25% of PhiX. Finally, the DNA library was loaded in the MiSeq Illumina
and run using the version 2 module, 2 × 250 paired end, following the directions of the
manufacturer.

3. Results and Discussion
3.1. Characteristics of Modified Zeolite

The distinct physical appearance of natural zeolite and sodium-pretreated iron-modified
zeolite can be seen in Figure 2. Sodium-pretreated iron-modified zeolite has a brownish
yellow color compared to the unmodified zeolite. This confirms the formation of the ferric
hydroxide layer on zeolite.
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Table 2 shows the elemental percentage composition, by mass, of natural and sodium-
pretreated iron-modified zeolite. As expected, silicon (Si), aluminum (Al), and oxygen (O)
are the main components of this aluminosilicate mineral framework, which is formed by
interconnected aluminum and silicon tetrahedra coordinated through shared oxygen atoms.

Table 2. SEM-EDX analysis results of zeolite chemical composition by mass (percentage).

Sorbent Type Percent Elemental Composition by Mass

O Mg Al Si K Fe Na Ca Other

Zeolite 41.0 0.8 7.4 39.8 2.5 1.1 0.3 3.3 3.8
SPIMZ 40.9 0.9 7.6 40.7 2.5 4.0 0.8 2.7 -

Based on the results from the SEM-EDX analysis, it appears that the sodium pretreat-
ment resulted in increased sodium concentration in SPIMZ compared to the natural zeolite
(0.8 vs. 0.3%, respectively), whereas the calcium concentration was reduced from 3.3%
to 2.7%. Effectively then, sodium replaced some of the calcium in the zeolite matrix, as
expected. Other monovalent and divalent cations, such as magnesium and potassium, were
largely unchanged (Table 2). A significant difference can be observed when comparing
the iron content of modified and unmodified zeolite. As per the analytical results, natural
zeolite contains 1.1% of iron, whereas in the SPIMZ the iron content increased to 4.0%,
almost fourfold. The iron coating was expected to increase the number of sorption sites for
anions significantly.

SEM-EDX elemental mapping images (Figure 3) show that aluminum, oxygen, and
silicon occupy the same areas of SPIMZ, as expected given that they form the zeolite
framework. The details of iron mapping reveal that the iron coating is uniform over the
zeolite surface and that the iron abundance is lower compared to Al, O, and Si.
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The XRD spectra of natural zeolite and SPIMZ are shown in Figure 4. The peaks at 2θ
22◦, 23◦, and 28◦ are indicative of clinoptilolite, the major component of the natural zeolite
used in this study [20]. Compared to the natural zeolite, SPIMZ contains additional peaks
because of the presence of the iron coating [20,21].
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The FTIR spectra of zeolite before and after modification are shown in Figure 5.
The peak at 1067 cm−1 is similar in both spectra, which can be O-Si-O and O-Al-O as
300–1300 cm−1 wave numbers are tetrahedral bonds. In both spectra, we can see peaks
in the region 410–500 cm−1, which stands for the internal bonds Si-O/Al-O (Fe-O) [14].
Compared to NZ, SPIMZ contains additional patterns in the wavenumber ranges 1350–1850
and 3550–3850 cm−1. These are more likely to correspond to Fe-O and Fe-OH in the ferric
oxide coating. The O-H peaks appear at 3636 cm−1 [22,23].
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Figure 5. FTIR spectra of natural zeolite and SPIMZ.

The adsorption-desorption isotherms for N2 gas on both zeolite types are type IV
isotherms with type H4 hysteresis loops (Figure 6). The pore structures leading to H4 type
hysteresis loops include narrow slit-like pores, particles with internal voids of irregular
shape and broad size distribution, and hollow spheres with walls composed of ordered
mesoporous silica. Compared to natural zeolite, SPIMZ has a slightly smaller average
pore width and higher BET surface area. The iron coating is likely responsible for the
increased specific surface area and reduced pore width of the zeolite particles. Pore width
distribution analysis reveals that the majority of the surface area of both zeolite types was
contributed by mesopores, defined as pores with diameter or width 2–50 nm. However,
compared to NZ, in SPIMZ slightly less surface area is associated with mesopores. The
slight increase in specific surface in SPIMZ compared to NZ can be attributed to the high
surface area of disordered iron hydroxides. The summary of the surface area and porosity
parameters of the adsorbents is given in Table 3.
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Table 3. Summary of specific surface area and porosity parameters of the adsorbents.

Zeolite Type Pore Width
Å

Pore Volume
cm3/g

BET Surface
Area (m2/g)

Langmuir
Surface Area

(m2/g)

Natural zeolite 1 124.7497 0.028091 9.0071 13.1057
SPIMZ 109.7896 0.026393 9.6159 13.8434

3.2. Effect of Bed Composition and Overall Performance of Columns

The selenium removal in all columns is shown in Figures 7 and 8. During the first
14 days there was a higher removal of selenite compared to selenate. The difference
between the columns fortified with SPIMZ compared to those containing natural zeolite
only was more pronounced in the case of selenate, compared to the selenite columns. This
behavior is consistent with selenium oxyanion sorption on iron (hydr)oxides and previous
studies of selenium oxyanion partitioning at the mineral–water interface. Compared to
selenate, the higher extent of selenite uptakes and higher affinity for oxide surfaces has
also been reported [24,25]. The adsorption of selenite and selenate onto surface groups of
mineral surfaces can be attributed to the formation of inner-sphere and outer-sphere surface
complexes, respectively. During inner-sphere complex formation, a coordination bond
is formed between the zeolite surface and the sorbing species. In contrast, during outer-
sphere complex formation sorbing ions retain their shell of coordinated water molecules,
leading to a greater distance between the sorbing ion and the surface. As a result, the bond
leading to an ion pair formation is weaker and mainly of an electrostatic nature [26]. This
finding is consistent with the formation of inner- and outer-sphere complexes for selenite
and selenate, respectively. In addition, size exclusion effects appear to be the other reason
that could explain the lower degree of selenate uptake compared to selenite. The ionic
radii for selenite and selenate are 2.39 Å and 2.49 Å, respectively [27,28]. The smaller size
selenite anions may access some of the internal micropores within the zeolites, while the
larger selenate ion may be excluded from some portion of these internal pores [24].
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Furthermore, during the first 14 days, as expected, selenate removal in the column with
coated zeolite was approximately twice as high compared to the natural zeolite column.
Maximum selenite removal was 89% in the column with modified zeolite. This result is
evidence that the iron coating on the zeolite surface results in increased removal of selenium
oxyanions. Previously conducted studies [14,25] with iron-oxide-coated adsorbents for
selenium and other anion removal from waters have reported high adsorption capacities
compared to unmodified adsorbents. In addition, it was reported that Se (VI) adsorption
proceeds via the formation of Se–O–Fe bonds, whereas for Se (IV), it seems likely that
not only Se–O–Fe bonds, but also Se–O–Si bonds are formed during adsorption [25].
Additionally, iron oxide coating has been previously identified as a factor in increasing total
surface acidic groups of different adsorbents such as pumice and slag, leading to enhanced
uptake of selenate and selenite oxyanions compared to the natural form. Considering
the surface acidity and pH is important because oxyanion adsorption is expected to be
affected by electrostatic interactions between particle surfaces and negatively charged
selenate or selenite species [24]. As the pH decreases and amphoteric surfaces become
increasingly more positively charged, sorption of negatively charged oxyanions is expected
to increase. On the other hand, the main adsorption mechanism of selenite, and to a lesser
extent selenate, anions on iron oxide surfaces may be strong surface complexation-ligand
exchange reactions, in which –OH groups on iron oxide surfaces may be replaced by
selenium oxyanions [29–31].

After 14 days, regardless of the bed composition, selenium removal reached approxi-
mately 99% removal under all conditions (Figures 7 and 8). This suggests that a specialized
selenium-reducing microbial population developed inside the columns. The results are
consistent, with the dominant removal mechanism in the early stage being sorption on
zeolite, while later microbial reduction with the growth of microorganisms was most likely
the predominant selenium removal mechanism. So, initially at least, the presence of iron
coated zeolites appears to be beneficial, even in columns containing a relatively small
percentage (20%) of coated zeolites.

Initially, the microbial reduction was low because aerobic conditions still prevailed
inside the columns. The redox state inside the columns has a substantial effect on selenium
reduction, given that microbial selenium reduction can only occur under anaerobic con-
ditions. Accumulation of red elemental selenium nanospheres could be observed inside
the tubing, and the red coloration in the solids that were generated from the reaction was
assumed to be indicative of elemental selenium [2,32]. The rapid appearance of elemental
selenium suggests that selenium-reducing bacteria (SeRB) are ubiquitous and metabolically
active in the anaerobic sludge, and that they were enriched in the zeolite column for the
reduction in selenite and selenate.

In applying biological treatment methods, suspended particles in the influent and
effluent represent a challenge. In field applications, a sand column can be added as
pretreatment to remove suspended particles in wastewater before selenium bioreduction.
Another sand column could be used as post-treatment to remove any washed-out biomass
from the biofilter.

3.3. Nutrient Consumption Evaluation and Feed Source Optimization

During the operation, lactate was added as an electron donor for selenium reduction,
while NH4Cl and Na2HPO4 were added to provide the nutrients for bacterial growth.
The nutrient concentrations were optimized in this study to enhance selenium reduction
and avoid secondary contamination caused by excess nutrients. The selenium removal
efficiencies, nitrogen consumption, and phosphorous consumption are shown in Figure 9.
COD consumption is given in Table 4. Results were generated by monitoring the water
quality parameters (selenium concentration, COD, nitrogen concentration, and phospho-
rous concentration) in influent water samples and effluent water samples collected from
each column over five weeks under continuous flow (3 mL/min) conditions.
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Table 4. Electron donor consumption.

Column Details Percent Electron Donor Consumption

Selenate Columns Selenite Columns

NZ (80%) + SPIMZ (20%) + Sludge 33 20
NZ + Sludge 29 21

It can be observed that the combined systems achieved the highest level of reduction,
which is about 99% for all four columns. However, nitrogen and phosphorous sources
are still available in significant amounts in the treated water. Only 20–30% of the nitro-
gen source was used, and phosphorous consumption was even less. This suggests that
the microorganisms had more than enough nutrients and could be considered to have
contributed to their maximum capacity of selenium removal by biological reduction. It
is essential to understand the behavior of the lactate, which serves as the primary carbon
source, electron donor, and energy source for the microorganisms within the columns.
The COD reduction in each column, which is approximately equal to the carbon source
consumption by microbes, is shown in Table 4. COD reduction is the difference between the
COD of the influent water and the COD of the effluent. Yeast and lactate make up the COD
of the influent. By contrast, residual yeast, residual lactate, any new organic compound
derived from the reaction, and dead microbial cells make up the COD of the treated water.
In the microbial reduction process, part of the lactic acid could be reduced to propionic
acid, and part of the lactic acid could be oxidized to acetate [32].

Compared to selenite reduction, selenate reduction consumes more of the electron
donor. This result is obvious, as selenate needs more energy and electrons (6) to be
converted to elemental selenium, while selenite needs comparably less energy and fewer
electrons (4). Furthermore, selenate reduction could occur in two ways, either direct
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reduction to elemental selenium or intermediate reduction to selenite, followed by reduction
to elemental selenium [32]. However, High-Performance Liquid Chromatography (HPLC)
analysis for selenium speciation of effluent samples collected from the columns over three
weeks of continuous running does not show evidence of intermediate selenite formation or
selenide production. This result is consistent with the research conducted by Lenz et al. [33]
and Halalsheh [15]. These earlier studies were performed at pH 7 and 30 ◦C and pH 7.5
and room temperature, respectively, using the same electron donor as the current study.

Besides reduction, the methylation of selenite can also contribute to electron donor
losses [32]. Since the COD reduction in selenite removal shows lower values, it can
be assumed that neither methylated compounds nor selenide were formed during the
continuous flow experiments. This statement is consistent with the obtained speciation
analysis results of the effluent obtained using HPLC. Neither methylated compounds nor
selenide were detected during the speciation analysis. Even though there is residual lactate,
the contact time could have been too short for methylated selenium compounds to develop.
Clearly, formation of such toxic compounds would have to be addressed if the process were
to be accepted. Therefore, it is important to control the electron donor concentration to
avoid selenium reduction to selenide and methylation, as well as to minimize the electron
donor cost [32].

One of the major costs of operating a biological reactor system is the carbon source-
electron and nutrient feed [11,34]. To reduce the feed for the current bioremediation system,
carbon source and nutrient consumption were evaluated. As one can observe in Figure 9,
reducing the phosphorous source by 50% compared to the initial amount did not negatively
impact selenium reduction. Even with the reduced amount of phosphorous introduced,
there is still residual phosphorous available, which suggests that further reduction is still
possible. Nitrogen and carbon sources can also be further reduced. On the other hand,
reducing feed sources is advantageous because it enhances effluent quality and reduces
the treatment cost. In addition, the residual nitrogen and phosphorous in the treated water
increase the risk of eutrophication and adverse health impacts. In principle, the nitrogen
and phosphorous amount in the feed should be reduced to minimize the concentrations
available in the treated water while keeping the desired selenium removal efficiency.

Although selenite reduction in the columns stabilized after nutrient optimization, a
fluctuation can be seen on the 25th day (Figure 9). This observation is likely due to the
lack of anaerobic conditions at this time in the columns. However, by the 30th day, both
columns show complete selenite reduction suggesting that favorable anaerobic conditions
were reestablished within a short period of time.

3.4. Effect of Initial Selenium Concentration

The figures below (Figures 10 and 11) delineate the average values of the final selenium
(selenate or selenite) concentration levels when the inlet selenium (selenate or selenite) con-
centrations were 790 µg/L and 79 µg/L. Selenium removal did not vary significantly in the
four columns. Selenate removal in both cases was higher than selenite removal. However,
in all four columns the effluent concentration was below the U.S. EPA mandated maximum
contaminant level (MCL) of 50 µg/L, regardless of the initial selenium concentration.
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It should be kept in mind that in the current system, both sorption and microbial
reduction contribute to selenium removal. If the only mechanism for selenium removal is
sorption, increasing selenium concentration would lead to lower fractional uptake (percent
removal). However, during microbial reduction of selenium oxyanions to elemental sele-
nium, this relationship is not necessarily observed, as the current experiments demonstrate.

3.5. Microbial Community Analysis

Based on DNA quantification results, there were few or no microbes in the upper
end of the columns. This is most likely because the highest selenium concentration can
be found at the column inlet at the bottom of the column. As the selenium concentration
is reduced along the upward flow direction, progressively less dense biomass can be
supported. Additionally, the zeolite medium acts as a microbial filter, one of the advantages
of this selenium treatment setup.

This study reveals that anaerobic sludge from the Las Cruces, NM, USA, wastewater
treatment plant contains numerous bacteria that can play an active role in reducing oxidized
selenium compounds. Bacterial communities in the bioreactors display phylogenetic
diversity within three major phyla (Firmicutes, Bacteroidota, and Proteobacteria) of the
bacterial domain.

The microbial community composition at the family level (Figure 12) highlights Veil-
lonellaceae (40%) as the most abundant bacterial family, followed by tannerellaceae (15%)
and Bacteroidaceae (8%). Hence, classes of Negativicutes and Bacteroidia dominated in
the columns as Veillonellaceae belongs to Negativicutes and the latter families belong to
Bacteroidia. In line with previous studies, most of the selenium-reducing bacteria be-
long to negativicutes [35]. Members of the families Veillonellaceae, Enterobacteriaceae, and
Rhodocyclaceae have been previously identified as selenium reducers [35–37].
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Figure 12. Microbial community structure at family level.

Among the dominant genera, Veillonella and Megasphaera (13–22%) are the most
abundant genera in all bioreactors. However, the latter have not been previously reported
as selenium-reducing bacteria. These genera belong to the family Veillonellaceae, the order
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Selenomonadales class of negativicutes, and the phylum of Firmicutes. The Veillonella
family contains six genera, including Megasphaera and Veillonella (type genus). Bacteria
belonging to this family have been identified as cocci or cocco bacilli in shape, anaerobic or
microaerophilic, and non-motile. Megasphaera and Veillonella are the only species belonging
to this family with the lactate fermentation capacity [38], which is consistent with the
experimental conditions of this study because lactate was used as the organic source.
This family has been found in numerous human clinical samples and samples of other
mammals, such as sheep and pigs. Some species of this family have been identified as
opportunistic pathogens for animals, including humans. Followed by Veillonella, bacteroid,
Escherichia-shigella, and desulfovibrio are the most dominant genera among the previously
identified selenium reducers (Figure 13). There is no significant difference among the
microbial composition of the columns, either based on selenium speciation or sorbent
material composition.
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Figure 13. Relative abundance of previously identified selenium-reducing bacteria present in selenate
reducing columns (A) 80% NZ + 20% SPIMZ + Microbes, (B) NZ + Microbes, and selenite reducing
columns (C) 80% NZ + 20% SPIMZ + Microbes, (D) NZ + Microbes.

Most of the microorganisms present in the columns are gram-negative. Gram-negative
microorganisms have a typical gram-negative cell wall structure with an outer membrane,
which suggests the importance of having an outer membrane that makes periplasm, the
cellular compartment where selenium respiratory enzymes have been identified [39].

Almost all microorganisms present among the dominant genera belong to gut mi-
croflora, which is not surprising given that we used sludge from a secondary digester as
anaerobic microbial inoculum. The relationship between selenium and gut microbiota has
been studied using bacterial and archaeal genomes in the past decade. The organisms rich
in selenoproteins are the anaerobic Deltaproteobacteria and clostridia classes. Not surprisingly,
these gut microorganisms are capable of enduring selenium given that they are exposed to
selenium because of regular selenium consumption by humans, given that selenium is a mi-
cronutrient. About 25% of intestinal bacteria have genes that encode selenoproteins. Some
of them belong to the Clostridia and Enterobacteria classes. Selenium is a critical cofactor for
bacterial enzymes responsible for DNA replication and transcription, antioxidant action,
and cellular respiration. Some species require selenium for normal metabolic functions [40].

Further, the richness and diversity of microbial inoculum were compared with different
indices and shown in Table 5. Overall, there is no significant difference found in the
microbial composition based on bed composition as the indices show small deviation from
each other. However, there is a similarity in indices with similar selenium speciation in
the feed. So, the diversity of the communities is closely related when they treat similar
selenium oxyanions, despite the bed composition. Furthermore, these indices suggest
that the diversity of communities is not similar even when they treat different oxyanions
derived from the same metal. Considering Shannon’s and Faith’s PD indices, selenate
treating bioreactors show comparably higher indices, which indicates that these columns
have higher community evenness and richness than the selenite columns.
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Table 5. Different indices for microbial communities in column biofilms.

Column Species Bed Composition Shannon’s Index Faith’s PD Index Pielou’s Evenness Index

A Selenate NZ + SPIMZ + microbes 5.3 18.9 0.666
B Selenate NZ + microbes 5.5 20.4 0.682
C Selenite NZ +SPIMZ + microbes 5.1 17.0 0.664
D Selenite NZ + microbes 5.1 16.9 0.673

4. Conclusions

Compared to the natural zeolite, SPIMZ XRD spectra are different because of the
presence of precipitated iron (hydr)oxides. The presence of iron oxide increases the sorption
capacity of the zeolites for anions. During the first 14 days, selenate removal in the
columns with coated zeolite was approximately twice as high compared to the columns with
natural zeolite. Maximum selenite removal was 89% in the column with modified zeolite.
After 14 days, as the biofilm developed inside the columns, selenium reduction in all four
columns reached approximately 99%. Regardless of the initial selenium concentration,
all four columns produced effluents that are well below contaminant levels for selenium
(40 µg/L, WHO). Adsorption combined with microbial reduction is a promising method
to treat selenium and generate high-quality effluent. After an appropriate acclimation,
selenate-reducing bacteria are capable of enduring selenate. Within the biological reactors,
zeolite not only acts as an adsorbent, but also provides a relatively high surface area to
grow microbes and acts as a filter media for microbes and suspended solids.

In conclusion, the present study demonstrates a simple and environmentally sound
process to treat influent water containing selenium at 790 µg/L to below 10 µg/L with only
1.5 h of hydraulic retention time.
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