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Selenium may become a toxic contaminant of freshwater systems when released into the DeSelenator
environment through industrial wastewaters from mining, coal-burning power plants, or oil refining.
Efficient and cost-effective Se-removal technologies are therefore necessary to reduce Se concentrations in
these wastewaters to below the regulatory discharge limits. In this study, we have demonstrated an effective
process that removes Se, mostly as selenate anions, from wastewaters generated by coal-burning power
plants. This process, dubbed DeSelenator, leverages the high concentration of sulfate relative to selenate in
the wastewater and the propensity of these oxyanions to cocrystallize with benzene-bis-iminoguanidinium
(BBIG) cations into extremely insoluble salts (on par with BaSO,). The SO,* /SeO,>” cocrystallization
with BBIG removes over 90% of S and Se from the wastewater. Following removal of the precipitate by
filtration, the filtrate is passed over an anion-exchange resin that further reduces selenium concentration to
S ppb, the EPA’s regulatory limit for freshwater systems. Finally, the effluent is passed over an activated
carbon column, which removes 99.8% of the residual BBIG ligand remaining after crystallization, allowing
for the safe discharge of the treated water into the environment. The Se-removal process was first optimized
in the lab at the bench scale and then tested in the field at the Tennessee Valley Authority’s Bull Run coal-burning power plant. A
technoeconomic assessment found the cost of water treatment with DeSelenator is on par with that of the active biological method,
which is currently considered a state-of-the-art Se-removal technology.
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waters, especially those generated by coal-burning power
plants. Furthermore, there may be significant variations in Se
levels and forms (i.e., selenate vs selenite) and in the
wastewater volumes and flows among various industries and

Selenium is the 30th most abundant element in earth’s crust,
found primarily in carbonate and phosphate rocks, volcanic
and sedimentary soils, and coal, from which it is redistributed

to atmospheric, aquatic, and terrestrial environments through even within the same facility over time."' Treating these
natural and anthropogenic processes (e.g., mining, fossil fuel wastewaters requires an effective, flexible, and scalable Se-
combustion, oil refining, and agriculture)."” Although Se is removal technology that can be deployed on different scales
considered an essential element for most living organisms at and under various conditions.

trace levels (40—400 ug/day for humans), it becomes toxic at Various technologies have been developed for Se removal
higher concentrations.” As a result, the United States from wastewaters based on physical, chemical, or biological
Environmental Protection Agency (EPA) has set stringent methods. Physical treatment is based primarily on membrane
regulatory limits of SO and 5 ug/L (or ppb) for drinking water filtration (e.g., nanofiltration or reverse osmosis).'”> Common
and freshwater systems, respectively.4_7 The composition of chemical methods include ion exchange,”’ adsorption,14 and
effluents from coal-fired power plants varies depending on the coprecipitation.'*~"” Alternatively, Se removal via reduction of

combustion process, pollution control systems, and coal
source. However, arsenic, selenium, and mercury are common
contaminants that pose significant environmental and health
concerns.”” Although Se can exist in a wide variety of forms, in
industrial wastewaters, it is largely present as selenate (SeO,*")
and selenite (SeO;*”) oxyanions.'’ Removing these Se anions
from wastewater is a critical problem that presents many
technical challenges. Besides the extremely dilute Se
concentrations involved, competing anions, such as sulfate,
are often present in much higher concentrations in waste-

the oxyanions to elemental Se or iron selenides, either
chemically (e.g, using zerovalent iron) or electrochemically
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(through direct electrochemical reduction or electrocoagula-
tion), has also been explored."®'” Finally, active biological
methods (ABMet) involve Se-reducing bacteria to reduce
selenite and selenate to colloidal Se nanoparticles, which are
then removed by filtration.”*™>* While all these Se-removal
technologies have their advantages and limitations, none of
them have been demonstrated at full scale to cost-effectively
remove Se to less than S ppb from waters associated with all
industrial sectors. Notwithstanding, ABMet has been desig-
nated by the EPA as the “best available Se-removal
technology”.”

We recently reported a benzene bis-iminoguanidinium
(BBIG, Figure 1) ligand that effectively removes selenate

BBIG

Figure 1. Benzene-bisiminoguanidinium (BBIG) chloride salt used
for Se removal from real wastewater by cocrystallization of SO,*~ and
SeQ,*".

from simulated wastewater solutions, even in the presence of
excess sulfate, through a crystallization process that leverages
the low aqueous solubilities of the corresponding oxyanion
salts.'”** X-ray diffraction analysis of the resulting crystals
revealed complementary hydrogen bonds between the two
guanidinium groups and the O—X—O edges of the oxyanions,
leading to extensive hydrogen-bonding networks involving the
oxyanions, guanidinium groups, and included water molecules.
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Furthermore, the rigid and planar BBIG cations form extended
7 stacks in these crystals. These structural features lead to the
formation of extremely insoluble solids (KSp values in the range
of 2.5-44 x 107"), on par with BaSO, (K, = 11 X
10719).>*7*" The extremely low solubilities of the crystalline
BBIG salts with the two oxyanions and the relatively high
concentration of sulfate in the wastewaters (>10,000X higher
than that of selenate) lead to fast precipitation of BBIG—
sulfate crystals. Because sulfate and selenate are very similar in
size, shape, and charge density, the precipitating BBIG—sulfate
crystals include selenate oxyanions that are present in much
lower concentrations (<150 ppb) in wastewaters. Up to 99% of
Se is thus removed from the simulated wastewaters. Whereas
crystallization of the selenate anions with BBIG in the absence
of sulfate would enable Se removal down to only the solubility
limit of the BBIG—selenate salt (~3 ppm (mg/L) Se),
cocrystallization with sulfate enables Se removal down to a
much lower ppb level. To close the separation cycle, BBIG can
be recovered by increasing the solution pH, thereby
deprotonating the guanidinium groups, leading to a concen-
trated alkaline waste stream containing sulfate and selenate
oxyanions and recovery of the insoluble neutral BBIG (Figure
2). Finally, BBIG can be converted back into its chloride salt
form by treatment with HCI, so it can be recycled. However,
while this Se-separation cycle proved effective at the bench
scale in the lab under controlled conditions, using simulated
wastewater, the Se-removal efficacy from real wastewater under
realistic conditions found in the field, as well as the scalability
of the process, had yet to be demonstrated.

BBIG-SO4/Se0,
Crystalline
Precipitate

Activated C

IRA-900

Clean Water to Discharge

Figure 2. Separation cycle for sulfate/selenate removal by cocrystallization with BBIG. (A) Cocrystallization of BBIG-SO,/SeO,. (B) Filtration of
BBIG-SO,/SeO, crystals. (C) Treatment of filtrate with ion-exchange resin and activated carbon. (D) BBIG recovery by neutralization with NaOH
and crystallization of the neutral ligand; sulfate and selenate are recovered as a concentrated aqueous alkaline solution. (E) Regeneration of the

BBIG chloride salt with dilute HCI.
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In this work, we developed and field-tested a Se-removal
process at 20 L scale, with real wastewaters collected from the
Tennessee Valley Authority’s (TVA) Bull Run coal-burning
power plant. This study incorporates an activated carbon
treatment step to recover residual BBIG, followed by an ion-
exchange polishing step to reduce Se concentrations below the
S ppb EPA limit. The process, called DeSelenator, effectively
removes >97% of sulfate and selenate oxyanions through
cocrystallization with BBIG. Optimization of the crystallization
process was performed to minimize the amount of excess
BBIG discharge while still maintaining high selenate
crystallization yields. Following crystallization, a post-treatment
step was introduced, involving a commercial ion-exchange
resin and activated carbon (AC), which further reduced the Se
concentration to 5 ppb while removing virtually all remaining
BBIG, allowing for the safe discharge of the treated
wastewaters. Finally, a technoeconomic analysis (TEA) was
conducted on the optimized DeSelenator process to determine
the cost drivers and benchmark it against the state-of-the-art
ABMet Se-removal technology.

Terephthaldicarboxaldehyde (>98%, C4HO,) was purchased from
Acros Organics; ethanol (95% ACS grade, CH;CH,OH) was
purchased from Decon Laboratories, Inc.; hydrochloric acid (34—
37%, HCl), potassium hydroxide (ACS grade pellets, KOH), and
nitric acid (69—70% Optima, HNO,) were purchased from Fisher
Chemical; sodium selenate (BioXtra grade, Na,SeO,) and anhydrous
sodium sulfate (>99%, Na,SO,) were purchased from Sigma-Aldrich;
and aminoguanidine hydrochloride (>98%, CH¢N,-HCI) was
purchased from TCI Chemicals. Amberlite IRA-900 anion exchange
resin (chloride form) and powder AC were purchased from Sigma-
Aldrich. Deionized (DI) H,O was obtained from a Milli-Q water
system operated at 18.2 MQ cm and 24 °C.

Absorbance spectra were collected on a Shimadzu UV-1900 I UV—
vis spectrophotometer using quartz cells with a path length of 0.1 or 1
cm. Absorbance spectra collected at the TVA’s Bull Run site were
collected using an Ocean Insight dip probe with a path length of 1 cm.
The concentration of BBIG-2HCI was determined with Beer’s law,
using a molar extinction coefficient (&) of €35, nm = 422,173 L mol ™
cm™1”® Powder X-ray diffraction (PXRD) patterns were collected on
a Panalytical Empyrean diffractometer with Ni-filtered Cu Ka (1.54
A) radiation operating at 45 kV and 40 mA. Wide-angle scattering was
collected from 5 to 90° for 20 min on a zero-background holder. ICP-
MS data were collected on a Thermoscientific iCAP TQ_instrument
with an Elemental Scientific prepFAST MS sampling and autodilution
system. Aquatic toxicity tests were performed by Environmental
Testing Solutions, Inc. Toxicity characteristic leaching protocol
experiments were carried out by Eurofins Environment Testing
Southeast, LLC.

In a typical bench-scale experiment, BBIG solid was added to S mL of
leachate solutions in 15 mL polypropylene centrifuge tubes.
Immediately upon addition, a white precipitate formed. The resulting
suspensions were mixed for 24 h using a rotator set at 60 rpm inside
an incubator set to 25 °C. The samples were then removed and
centrifuged for 5 min at 3000 rpm to separate the aqueous and solid
phases. A 1 mL aliquot was then removed from each sample and
passed through a 0.02 ym syringe filter to ensure any suspended solids
were removed from the filtrate prior to diluting the samples in 2%
HNO; for ICP-MS analysis. The recovered BBIG—oxyanion solid was
left to dry for 1 day at room temperature and then analyzed with
PXRD. All experiments were performed in triplicate, and the reported
concentrations are the average values.
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A volume of 3 mL of DI water was added to the BBIG—SO,/SeO,
salt, forming a suspension. KOH (2.1 equiv) was added, or the pH
was adjusted to 11 with a KOH solution, and the off-white suspension
was mixed for 24 h using a rotator set at 60 rpm inside an incubator at
25 °C. The samples were then passed through a Whatman Autovial
syringeless filter device with a 0.45 pm filter. An aliquot of the filtrate
was removed for UV—vis and ICP-MS analyses. The recovered
neutral BBIG solid was left to dry at room temperature for 1 d and
then dissolved in 0.1 M HCI to convert it into the chloride salt.
Aliquots were subsequently pulled from the converted BIG-2HCI salt
solution for UV—vis and ICP-MS analyses.

The treated and filtered leachate solution was passed through a fixed-
bed ion exchange column using a glass chromatography column (Ace
Glass) of 60 cm length and 2.3 cm inner diameter packed with 180 g
of IRA-900 resin at a flow rate of 47.5 mL/min for 100 min,
corresponding to approximately 5.25 min empty-bed contact time.
Liquid samples were collected at various time intervals and analyzed
with ICP-MS.

Following the ion-exchange column treatment, the residual BBIG was
removed with AC powder at bench scale. AC of 1 g, 5 g, and 10 g was
mixed with 100 mL of distilled water, respectively, in 125 mL flasks
for 48 h, at a shaking rate of 90 rpm. Subsequently, the suspension
was allowed to settle for 30 min, and liquid samples of 1 mL were
collected from the supernatant for UV—vis analysis.

Wastewater (20 L) was collected from leachate collection systems
located beneath a mound of packed fly ash generated by the TVA Bull
Run Fossil Plant, an 889 MW coal-fired power station, using a battery-
powered pump. ICP-MS survey analysis of the raw wastewater prior
to treatment confirmed the presence of multiple elements, including
Ca, Mg, Cl, S, Sr, Mn, Li, B, Al, V, Cr, Nj, As, Se, Rb, and Sb. The raw
wastewater was transferred into a 10 gal drum after it was passed
through a 10 gm mesh-size filter to remove any particulates. BBIG
was then added to the clear, colorless wastewater solution, leading to
the immediate formation of a white precipitate. The mixture was
stirred with an impeller for 1 h, after which it was passed through a
filter press (Micronics Engineering Filtration Group Incorporated) to
separate the BBIG-SO,/SeO, solid from the supernatant. Solid and
solution samples were taken for PXRD, ICP-MS, and UV-vis
analyses.

Following cocrystallization, ion-exchange experiments were con-
ducted using a glass chromatography column (Ace Glass) of 60 cm
length and 2.3 cm inner diameter packed with 180 g of IRA-900 resin,
followed by a 60 cm long and 2.3 cm inner diameter column packed
with 150 g of activated carbon. The filtrate from the filter press was
pumped by a Masterflex peristaltic pump at a flow rate of 47.5 mL/
min in down-flow mode for 100 min, corresponding to approximately
5.25 min empty-bed contact time. Liquid samples were collected from
the outlet of the column at 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 30,
35, 40, 45, 50, 55, 60, 70, 80, 90, and 100 min and analyzed with ICP-
MS.

Bench-scale crystallization tests were initially conducted using
wastewater collected from the TVA’s Bull Run Power Plant
site. Variable amounts of BBIG chloride were added, ranging
from 1.0 to 1.1 and 2.0 equiv relative to the total S
concentration in the wastewater. Previous tests indicated that
an excess of BBIG yields the highest removal efficiencies;'”

https://doi.org/10.1021/acsenvironau.5c00190
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however, this can also result in excess BBIG left in the water,
which must be removed before the effluent waters can be
discharged. The initial concentrations of S and Se found in the
leachate wastewater were 28.5 + 0.4 mM (914.8 + 13.3 ppm
of S) and 231 + 0.84 uM (1829 + 6.6 ppb of Se),
respectively. When BBIG was added in excess as either 1.1 or
2.0 equiv, the total Se remaining in the leachate was 14.6 + 1.4

ppb and 12.1 + 1.2 ppb, respectively (Figure 3). This is nearly

80
~70 -
=

£60 -
250 .
= 40 -
E 30 -
&0 -

=10 ~

S mSe

1.1
Equivalents of BBIG

Figure 3. Removal of S (blue, in ppm) and selenium (green, in ppb)
from wastewaters collected at the TVA Bull Run site when using
various amounts of BBIG chloride. The S ppb Se target in the effluent
is depicted as a red dashed line.

a 50% reduction in Se concentration compared to 25.6 + 1.4
ppb remaining Se when 1.0 equiv of BBIG was used. In both
cases where BBIG was added in excess, sulfate removal
exceeded 99%, while Se removal was slightly lower at about
91%. The lower Se removal efficiency may be attributed to the
presence of hydrogen selenite (HSeO;”, pK, = 8.1) in
wastewaters (pH ~ 7);*” unlike selenate, selenite does not
cocrystallize with sulfate due to its different geometry and
charge.'” Pretreatment of the water with oxidizing agents can
convert selenite to selenate; however, any residual oxidant may
also oxidize BBIG, and determining the appropriate oxidant
dosage in real wastewater systems is challenging. The PXRD
pattern of the crystalline solid precipitated from the wastewater
matched the expected pattern for the BBIG-SO,/SeO,
reference solid (Figure S1).

To recover and recycle the BBIG ligand, the BBIG-SO,/
SeO, crystalline precipitate was treated with aqueous NaOH,
adjusting the pH to 11, which resulted in precipitation of BBIG
free base and release of sulfate and selenate in the aqueous
phase as sodium salts (Table 1). This treatment led to a greater
than 96% release of sulfate and selenate into a concentrated
waste stream. At the same time, BBIG was converted into its
free base form (Figure S2). As the aqueous solubility of BBIG
is relatively low (K, = 8.4(0) X 107%),"” more than 90% of the
ligand is recovered in the solid form, and the rest remains
dissolved in the aqueous waste stream. The concentration
factors of S and Se in the effluent stream are 28.9-fold and
27.2-fold, respectively, relative to those of the initial leachate

wastewater. Finally, dissolution of the BBIG free base in 0.1 M
HCI regenerates the BBIG chloride salt, thereby closing the
separation cycle. The concentration of selenium in the
regenerated BBIG chloride solution is 0.70 + 0.08 ppb,
calculated as the average from three independent experiments
(Supporting Information, Table S1). The recovery of BBIG
relative to the initial BBIG-SO,/SeO, crystalline precipitate
was in the range of 79—90%.

Building on the promising benchtop results, field tests were
conducted at TVA’s Bull Run coal-burning power plant using
20 L of leachate water collected on the site. In this process,
approximately 2.0 equiv of BBIG chloride was added relative to
the sulfate concentration, and the mixture was mechanically
stirred for 1 h. The 2-fold excess of BBIG was employed to
maximize the Se removal efficiency from the leachate water.
The resulting slurry was subsequently suctioned into a filter
press to separate the BBIG-SO,/SeO, solid from the treated
wastewater, and its identity was confirmed by PXRD (Figure
S3). ICP-MS analysis of the filtered solution showed effective
reduction of S concentration from 921.8 + 15.3 ppm to 8.3 +
1.1 ppm, corresponding to a S removal efliciency of 99.1%
(Table 2). At the same time, Se concentration was reduced
from 173.1 & 4.9 ppb to 12.8 + 2.8 ppb, corresponding to a Se
removal efficiency of 92.6%.

Suspending the crystalline BBIG-SO,/SeO, solid in an
aqueous NaOH solution with a pH of about 11 led to
crystallization of the BBIG free base and a near quantitative
release of sulfate and selenate in the solution as concentrated
sodium salts (Table S2). More than 96% of both sulfate and
selenate were released from the crystalline precipitate into the
concentrated alkaline waste stream, resulting in a 28.9-fold and
27.1-fold increase in S and Se concentrations, respectively,
relative to the untreated leachate water. At the same time,
97.1% of BBIG was recovered as solid BBIG (Figure S4 and
Table S2), while the residual BBIG concentration in the filtrate
was 35.1 uM. The subsequent dissolution of the BBIG free
base with 0.1 M HCI regenerated the BBIG dichloride salt.
The final concentrations of S and Se in the acidic solution
(Table S3) indicate the essentially quantitative release of the
two oxyanions from the crystalline BBIG-SO,/SeO, solid by
this treatment. Overall, through the complete recovery process,
encompassing both basic and acidic pH swings, 90.7 + 2.1% of
BBIG was recovered relative to the initial BBIG-SO,/SeO,
solid (Table S4).

While the cocrystallization step with BBIG removed the bulk
of the sulfate and selenate anions from the leachate water, the
concentration of Se in the filtrate, of about 13 ppb, was still
above the optimal value of S ppb recommended by the EPA.
To further reduce the Se concentration, a second treatment
step involving an anion-exchange column was added to the
process. It is important to mention here that the anion-
exchange column on its own, without prior bulk removal of

Table 1. Sulfate and Selenate Release and BBIG Recovery Efficiencies after Treatment of the BBIG-SO,/SeO, Crystalline Solid

with NaOH
[BBIG]/[S] [S] (mM) %S release”
1.0 814.6 + 2.2 99.2 + 0.6
1.1 8269 + 4.1 969 + 1.2
2.0 8374 + 44 98.0 + 2.1

“Values are relative to the initial BBIG—oxyanion precipitate.
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[Se] (uM) %Se release” % BBIG recovery”
60.2 + 0.3 96.8 + 0.9 984 + 0.3
63.3 + 0.6 97.1 + 0.4 98.5 £ 0.2
65.1 + 0.5 97.8 + 1.8 984 + 0.3
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Table 2. BBIG and Oxyanion Concentrations and Oxyanion Removal Efficiencies of the First Precipitation Step in the Sulfate/

Selenate Separation in the Field Using 20 L of Leachate

sample [S] (ppm) [S] (mM) [Se] (ppb)
untreated 921.8 + 15.3 28.7 + 0.01 173.1 + 4.9
treated 83+ 1.1 0.25 + 0.03 12.8 + 2.8
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Figure 4. Breakthrough profiles for Se (a) and S (b) with the influent of leachate wastewater after precipitation with BBIG. The influent
concentrations of S and Se are represented by a blue dashed line. The target EPA regulatory limit of 5 ppb is depicted as a green dashed line.

sulfate and selenate anions, is inadequate for removal of trace
amounts of Se (i.e., ppb concentration) in the presence of such
a large excess of competing sulfate. Unlike the treatment with
BBIG, where the SO,*~/SeO,*~ cocrystallization is cooperative
(ie., sulfate crystallization facilitates selenate removal by its
inclusion in the growing sulfate crystals), an anion-exchange
resin becomes quickly saturated with sulfate, resulting in fast Se
breakthrough.

Passing the filtrate solution resulting from cocrystallization
through an ion-exchange column containing 180 g of IRA-900
resin led to a first Se breakthrough at around 10 min, with the
Se concentration in the effluent remaining stable around 6 ppb
until 60 min (Figure 4a). At 60 min, a second Se breakthrough
was observed, and the Se concentration in the effluent
increased steadily until it reached the feed solution
concentration, indicating saturation of the resin. The first Se
breakthrough observed at around 10 min can be attributed to
selenite breakthrough. This is due to the lower selectivity of
IRA-900 for selenite over that of selenate. Another observation
supporting this explanation is that only one breakthrough for §
was observed at the same time the second selenium
breakthrough occurred, due to the resin saturation with
SO,> (Figure 4b). These observations suggest that the resin
has similar affinities for SO,>~ and SeO,*". Thus, the IRA-900
resin efficiently removes the residual Se from the leachate
water, following cocrystallization of bulk SO,*~ and SeO,*”
with BBIG.

While an effluent selenium concentration at or below S ppb
was not maintained throughout this experiment, the results
provide clear evidence of the feasibility and effectiveness of the
IRA-900 anion-exchange process. Achieving sustained concen-
trations at or below 5 ppb is expected to be achieved through
conventional column optimization strategies, including reduc-
ing the flow rate and increasing the bed depth and resin mass.
In addition, in practical applications involving mixed effluent
streams, an average concentration of 5 ppb can still be
achieved, even if some individual sampling points exceed this
value.

The preliminary tests described in the previous sections
indicated that an excess of the BBIG ligand is necessary to
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achieve high Se removal efficiencies from real wastewaters.
However, excess BBIG ligand discharged with the treated
wastewater may be harmful to aquatic life. To assess its
toxicity, BBIG-2HCI was screened against water fleas
(Ceriodaphnia dubia) and fathead minnow larvae (Pimephales
promelas). The results listed in Table 3 indicate that this

Table 3. Aquatic Toxicity (LCg,) Results of the BBIG
Chloride Salt Assessed by Screening Tests against Water
Fleas (C. dubia) and Fathead Minnow Larvae (P. promelas)

organism time (h) toxicity (mg/L) toxicity (M)
water flea 24 3.31 9.32
48 1.67 4.70
minnow larvae 24 158.7 44.20
48 14.7 41.38
72 13.8 38.85
96 13.5 38.00

organic ligand is toxic to aquatic species at concentrations
above 4.70 uM (1.67 ppm). Thus, the residual BBIG needs to
be removed from the treated water prior to its discharge into
the environment.

To mitigate the contamination of the treated water with
BBIG, we first looked to minimize the amount of BBIG used in
the crystallization step while maintaining high Se-removal
efficiency. Toward this goal, we fine-tuned the amount of
BBIG added by exploring a range from 0.950 to 1.050 mol
equiv relative to sulfate content in the wastewater (Table S5).
As expected, as the BBIG concentration increased, more Se
was removed from the solution; at the same time, a higher
amount of unreacted BBIG remained in the filtrate. Based on
these results, we decided to proceed with 0.950 mol equiv of
BBIG relative to sulfate, resulting in a residual BBIG
concentration of 7.71 uM in the treated water after
crystallization and filtration, which is near the target LCS0
value of 4.70 yM. At the same time, Se concentration after
crystallization was reduced to 12.08 ppb. The remaining BBIG
was removed by adsorption with activated carbon. Screening
experiments indicated that the concentration of BBIG in an
aqueous solution can be reduced from 35.1 uM BBIG to 0.272
uM (Figures SS and S6) after just 1 min of contact time with
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Table 4. BBIG and Oxyanion Concentrations and Oxyanion Removal Efficiencies for the Cocrystallization and Column Steps

Involving 0.950 equiv BBIG and 5 L of Leachate Water

sample [S] (ppm) [S] (mM) [Se] (ppb)
untreated 1041.6 + 20.3 325+ 0.6 195.7 + 8.7
treated 133.1 + 16.9 42 + 09 18.8 + 3.5
after column 50.9 + 10.2 1.6 + 0.3 5.7 +038

“Values are relative to the initial, untreated solution.

activated carbon. This corresponds to a removal efficiency of
99.2% (Table S6). Extending the contact time to 30 min, the
BBIG concentration decreased further to 0.073 uM, achieving
a BBIG removal efficiency of 99.8%. Thus, by minimizing the
amount of BBIG used for crystallization and subsequently
treating the solution with activated carbon, we can successfully
lower the residual BBIG concentration below the aquatic
toxicity threshold while maintaining high Se-removal efficiency.

Having optimized the conditions for the effective removal of
both Se and residual BBIG, we returned to the TVA’s Bull Run
site for a final field test of DeSelenator, using 5 L of leachate
water. Upon adding 0.95 mol equiv of BBIG to the wastewater,
removal of 87.2 + 2.3% S and 90.4 + 3.4% Se from solution
was achieved by cocrystallization (Table 4). The treated
solution was subsequently passed through an activated carbon-
packed column, lowering the residual BBIG concentration
from 6.98 to 0.5 uM (Figure S7), and then through an IRA-
900 resin-packed column, which further reduced the Se
concentration to 5.7 + 0.8 ppb. Thus, the concentrations of
both Se and BBIG in the final treated water are below the
corresponding aquatic toxicity limits, rendering it safe for
environmental discharge.

Finally, the recovered BBIG—oxyanion solid from the
optimized treatment cycle was brought back to the lab for
BBIG regeneration by treatment with NaOH. The filtered
concentrated basic waste stream (pH 11) contained 826.1 +
0.6 mM S and 64.1 + 0.2 uM Se, representing a 25-fold
increase in concentration compared to the initial wastewater
(Table 5). The insoluble BBIG free base was then treated with

Table 5. Efficiencies of Sulfate and Selenate Release during
the Regeneration of BBIG with Aqueous NaOH

[S] (mM) %S release” [Se] (uM) %Se release”
826.1 + 0.6 96.8 + 0.3 64.1 +£0.2 97.2 + 0.7
“Values are relative to the initial BBIG-SO,/SeQO, precipitate.

an acidic HCI solution to regenerate the starting BBIG-HCI
salt. The final concentrations of S and Se in the acidic solution
were found to be below the ICP-MS detection limit.
Throughout this process, 79.8 + 4.9% of BBIG was
successfully recovered from the initial BBIG-SO,/SeO, solid.

A TEA was conducted to evaluate the process economics,
identify process cost drivers, and suggest opportunities for
improvements toward a competitive Se-removal technology.
The TEA, developed in ASPEN Plus software,’® was based on
the process block flow diagram shown in Figure 5, at a scale of
163,530 L of treated water per day (30 gal min~'). The
experimental results obtained from the field tests at the TVA’s
Bull Run plant were used for this analysis. Wastewater is co-fed
with BBIG-2HCI solution to a crystallization unit where BBIG-
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[Se] (uM) %S removal® %Se removal® %S/%Se
2.5+ 0.1

0.2 + 0.03 872 + 23 90.4 + 3.4 0.98
0.1 + 0.01 95.1 + 5.8 97.1 + 6.6 0.98

$0O,/Se0, solid precipitates. A filtration unit is subsequently
applied to remove BBIG-SO,/SeO, from the water. An ion
exchange column followed by an activated carbon column was
then used to further remove selenium to a concentration of S
ppb Se and remove residual BBIG, respectively. The BBIG
material is recovered by treatment of the BBIG-SO,/SeO,
solid with an ammonium hydroxide base solution to generate
concentrated solutions of ammonium sulfate and selenate and
solid BBIG, which can be separated out from the solution by a
centrifuge. The recovered BBIG is converted on-site into the
chloride salt by treatment with a hydrochloric acid solution. A
BBIG recovery efficiency of 90.7% was considered in this
analysis based on the experimental data.

For this TEA, each piece of equipment and unit operation
was sized and then costed by using the Aspen Process
Economic Analyzer tool.®" Electricity is required to operate
pumps, filtration units, mixing tanks, solid feeders, and
centrifuges, and the consumption was estimated either using
the simulation tool or calculated based on a previous process
design report case study.’” Operating cost components include
raw material, utility, maintenance material, and labor, while
capital cost components include plant overhead, tax, insurance,
and capital depreciation. Financial assumptions and chemical
costs were taken from the process economics analysis and
database in the Process Economics Program by S&P Global.*

ABMET, designated as EPA’s best available technology
(BAT) for selenium removal to concentrations below S ppb,
has been used as a benchmark. Capital and operating cost
curves of ABMET are published elsewhere.”> Our TEA results
suggest the process economics of DeSelenator are comparable
to those of the ABMET process at $16 per 1000 L of treated
water. The analysis summary in Figure 6 shows that ABMET is
a capital-intensive process, while DeSelenator is more
operating cost intensive. Thus, the capital cost of ABMET is
more than four times larger than the capital cost of
DeSelenator (MM$10.5 vs MM$2.4 installed equipment).
On the other hand, the annual operating cost of DeSelenator is
approximately 30% higher compared to ABMET (MMS$0.8 per
year vs MM$0.5 per year). The most significant operating cost
driver for the DeSelenator process is raw material/chemical
cost (71% of the total cost) including makeup BBIG ($2/1000
L or 16% of the total raw material cost) and chemicals for
BBIG material regeneration steps ($10/1000 L or 84% of the
total raw material cost). Accordingly, improvement and
optimization of the BBIG regeneration step has the highest
potential for lowering the cost of this novel Se-removal
technology. On the other hand, the much lower capital cost of
DeSelenator will require much less time for the return of
investment, thereby adding significant flexibility. Another
advantage of DeSelenator is that the process can be designed
as a mobile unit placed as needed by conventional wastewater
treatment trains, which are typically operated without a
selenium treatment unit. Additional flexibility comes from
the option to leave the removed Se in the solid form, as a
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Figure 6. Cost analysis (in 2020$ cost year) of the DeSelenator process and benchmarking against the ABMET commercial process.

mixed BBIG—sulfate/selenate salt. A toxicity characteristic
leaching procedure conducted on the BBIG-SO,/SeO, solid
(Table S7) showed virtually no Se leaching into the soil under
conditions that simulate landfill storage. This offers the option
of manifesting the removed Se as a nontoxic waste through
simple landfill disposal, although at a higher overall cost to
compensate for the expense of fresh BBIG manufacturing
(Supporting Information).

B CONCLUSIONS

A Se-removal process (DeSelenator) for the decontamination
of leachate waters from coal-burning power plants was
demonstrated. DeSelenator offers an effective, low-mainte-
nance, flexible, and easily scalable technology that removes
highly toxic Se from wastewaters. The technology combines
simple crystallization and ion-exchange column processes that
have been field-tested with real wastewater at TVA’s Bull Run
power plant. The final Se concentration of the treated water is
at S ppb, the EPA set limit, and the removed Se can be simply
manifested in the landfill as nontoxic solid waste. The cost of
water treatment with DeSelenator is on par with that of the
active biological method, which is state-of-the-art Se-removal
technology. Furthermore, the DeSelenator has a much lower

capital cost and provides increased mobility and flexibility.
Overall, this work offers an efficient, field-deployable, and cost-
effective technology for the removal of trace amounts of toxic
Se from wastewaters to meet safe discharge limits.
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