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h i g h l i g h t s

� Flue Gas Desulfurization (FGD) effluent was treated using FerrIX A33E resin.
� FerrIX A33E showed limited Se removal (<3%) from raw FGD.
� Desulfurization of FGD using BaCl2 led to 61% Se removal.
� 80% Se removal was achieved using desulfurized FGD effluent treated by FerrIX A33E.
� Several toxic metals were also efficiently removed (Cd: 91%; Cr: 100%; Zn: 99%).
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a b s t r a c t

Selenium (Se) removal from synthetic solutions and from real Flue Gas Desulfurization (FGD) wastewater
generated by a coal-fired power plant was studied for the first time using a commercial iron oxide
impregnated strong base anion exchange resin, Purolite® FerrIX A33E. In synthetic solutions, the resin
showed high affinity for selenate and selenite, while sulfate exhibited a strong competition for both
oxyanions. The FGD wastewater investigated is a complex system that contains Se (~1200 mg L�1), SO4

2�

(~1.1 g L�1), Cl� (~9.5 g L�1), and Ca2þ (~5 g L�1), alongside a broad spectrum of toxic trace metals
including Cd, Cr, Hg, Ni, and Zn. The resin performed poorly against Se in the raw FGD wastewater and
showed moderate to good removal of several trace elements such as Cd, Cr, Hg, and Zn. In FGD effluent,
sulfate was identified as a powerful competing anion for Se, having high affinity for the exchange active
sites of the resin. The desulfurization of the FGD effluent using BaCl2 led to the increase in Se removal
from 3% (non-desulfurized effluent) to 80% (desulfurized effluent) by combined precipitation and ion
exchange treatment. However, complete desulfurization using equimolar BaCl2 could not be achieved
due to the presence of bicarbonate that acts as a sulfate competitor for barium. In addition to selenium
and sulfate removal, several toxic metals were efficiently removed (Cd: 91%; Cr: 100%; Zn: 99%) by the
combined (desulfurization and ion exchange) treatment.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Selenium (Se) pollution has been linked to episodes of severe
aquatic ecosystem deterioration. One of the first cases fully docu-
mented occurred in North Carolina (USA) during the mid-1970s.
Coal ash produced by an electric power plant was deposited in
the vicinity of Lake Belews and Se leached over several years was

linked with the massive die-off of the local fish populations (19 out
of 20 fish species disappeared) (Lemly, 2002). In the early 1980s, as
a result of selenium pollution, aquatic birds dwelling around Kes-
terson National Wildlife Refuge (California, USA) showed increased
rates of deformity and death of embryos and hatchlings (Ohlendorf,
1989; Presser, 1994). Selenium environmental pollution continued
to be documented in the following decades, culminating with the
contemporary pollution event from Elk Valley (Canada) linked to
mining activities (Wellen et al., 2015). The greatest concern of Se
pollution is its increased bioaccumulation capacity through the
trophic networks (Hamilton, 2004; Lemly, 2004, 2014; Simmons
and Wallschlaeger, 2005). Selenium toxicity results from (1) the
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misincorporation of Se into sulfur-containing biomolecules, leading
to dysfunctional proteins and enzymes (Stadtman,1974) and (2) the
generation of reactive oxygen species (ROS) associated with
oxidative stress (Hoffman, 2002).

The major sources of industrial Se pollution are the burning of
fossil fuels (e.g., coal and oil) for energy production, oil and metal
refining, mining activities, and agriculture (Chapman et al., 2010).
Among energy sources, coal continues to be the main fuel in the
United States, accounting for 39% of the country's electricity pro-
duction in 2014 (EIA, 2015a). In China, the coal share is even higher
with around two thirds of its electricity based on this fossil resource
(EIA, 2015b). The environmental pollution associated with the
release of sulfur dioxide (SO2) in the atmosphere (i.e., acid rain) by
coal-fired power plants prompted environmental agencies to
impose stringent regulations for sulfur control. As a consequence,
various technologies were deployed for the removal of SO2 from
exhaust flue gases. Of these, the wet scrubbing system is the most
popular and employs a slurry of an alkaline sorbent (e.g., limestone
or lime) to scrub flue gases and generate marketable byproducts
such as gypsum (Cordoba, 2015). In addition to gypsum, a type of
process water known as Flue Gas Desulfurization (FGD) enriched in
Al, Cd, Cr, Hg, Ni, Se, Zn, but also SO4

2- and Cl, is produced in large
quantities and is in need of effective treatment (Cheng et al., 2009).
The feed coal used to generate energy in power facilities is the main
source of selenium andmetals present in FGD (Cordoba et al., 2011).
The scrubbing system also adds sulfur, calcium, andmetals found as
impurities in the alkaline sorbent.

Currently available Se treatment options for FGD effluents
include physicochemical (e.g., membrane filtration, evaporation,
ion exchange, and chemical reduction) and biological processes
(e.g., bioreactors and engineered wetlands), but all vary widely in
efficiency and cost (NAMC, 2010). Although the biological treat-
ment has gained in popularity in recent years, it is limited in that it
relies on the reduction of toxic Se oxyanions, or SeOx, namely
selenite (Se[IV], SeO3

2�) and selenate (Se[VI], SeO4
2�), into less

bioavailable particulate elemental Se, Se0 (Staicu et al., 2015a; Tan
et al., 2016). Biologically-produced Se0 displays colloidal proper-
ties (Staicu et al., 2015b) that make it persistent in aquatic eco-
systems and increases its exposure potential to ecological receptors
such as fish and filter-feeding mollusks (Schlekat et al., 2000). The
direct removal of toxic Se oxyanions from wastewater would
therefore be a better alternative.

The separation of Se oxyanions by adsorption is promising, but is
limited by the presence of competing oxyanions. Sulfate is partic-
ularly problematic because it structurally resembles selenate,
therefore acting as an important competitor for the latter when
using adsorptive processes. In addition, both anions have the same
charge (2-). Consequently, the selective removal of sulfate (e.g., by
barium chloride precipitation) prior to the treatment by adsorption
appears necessary. Furthermore, the SO4

2- effluent concentration
can be over one order of magnitude higher than the SeO4

2- con-
centration (Huang et al., 2013). It is noteworthy that selenate is the
main Se form present in FGD effluents (Akiho et al., 2010) and,
among all Se valence states, is the most challenging to remove by
both physicochemical and biological technologies (Santos et al.,
2015). When compared with energy-intensive membrane or
evaporative processes, a strong point for using adsorptive processes
is their cost effectiveness. The resin used in our study contains
quaternary ammonium groups which promotes an electrical
attraction between the anions and the surface of the resin favoring
an ion exchange mechanism.

In this article we characterized a real FGD effluent issued from a
coal-fired power plant and assessed for the first time the treatment
potential for Se removal by adsorption using a commercial ion
exchange resin. The hypothesis was to check whether the removal

of sulfate from the FGD effluent under investigation is a significant
measure contributing to enhanced selenium removal. The specific
objectives were i) to find a simple method to selectively precipitate
sulfate, ii) to achieve solid-liquid separation of the colloidal sus-
pension formed after sulfate removal, and iii) to test the selenium
removal by FerrIX resin using the desulfurized effluent.

2. Materials and methods

2.1. Reagents

Sodium selenate (Na2SeO4, >98%) and sodium selenite
(Na2SeO3, >99%) were purchased from Sigma Aldrich (Saint
Quentin Fallavier, France) and used without further purification.
MgSO4.7H2O (>99%) and BaCl2 (�97%) was from Fischer (Illkirch,
France). 1000 mg L�1 Na2SeO4 and Na2SeO3 stock solutions were
prepared by dissolving each salt into deionized water (pH 5.5) and
stored at 4 �C. All other reagents used were of analytical grade
quality, unless otherwise stated. All solutions, except for the real
industrial effluent, were prepared using deionized water.

2.2. Ion exchange resin

The FerrIX™ A33E (FerrIX, as used hereafter) commercial ion
exchange resin (gel type II hybrid strong base anion exchange resin
impregnated with iron oxide) employed as the adsorbent in this
study was kindly provided by Purolite (Paris, France). The main
characteristics of resin FerrIX are outlined in Table 1 (Purolite,
2016).

2.3. Wastewater

FGD effluent, for which the main characteristics were investi-
gated in our laboratory, was obtained from a coal-fired power plant
operating in southeast USA. During investigation, the FGD effluent
was stored at 4 �C and allowed to equilibrate with the room tem-
perature (20 ± 1 �C) before each experiment.

2.4. Batch adsorption experiments

In order to assess the adsorption performance of FerrIX, exper-
iments were conducted using the batch method at 20 ± 1 �C in
deionized water (pH 5.5). The removal potential of resin FerrIX
against selenate and selenite was firstly assessed using synthetic
solutions containing SeOx with a concentration of 1 mg L�1,
mimicking the Se load in real FGD industrial wastewaters and the
concentration found in the studied FGD effluent. In order to assess
the capacity of the resin to adsorb higher concentrations of SeOx,
experiments using 5 mg L�1 SeO4

2� and SeO3
2� were conducted

under similar conditions. The following concentrations of the resin
were used: 1.3, 1.7, 3.3, 6.7, and 13.3 g L�1. In each experiment, an
accurately weighted amount of resin was added to 150 mL solution
containing Se oxyanions or the FGD effluent in a 250 mL glass
beaker. This solution was stirred at 200 rpm for 120 min using a
magnetic stirrer. The stirring rate and the contact time used were
assessed based on a preliminary study conducted in the laboratory.
At the end of the experiment, the adsorbent was separated by
settling for 60 min and the supernatant filtered through 0.45 mm
PTFE syringe-driven filters. To correct for any adsorption on filters,
control experiments were also carried out. The treatment of the
FGD wastewater was performed under similar conditions using a
10 g L�1 FerrIX resin concentration. Each experiment was run in
triplicate under identical conditions to confirm the results and was
found reproducible (experimental errors within 3%). During the
experiment, nomodification of the pH occurred. Blanks, as controls,
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containing no selenium, were conducted under similar conditions.
The amount of selenium removed from solution using resin

FerrIX was expressed as percentage of removal (R in %) by using Eq.
(1).

Rð%Þ ¼ 100ðC0 � CrÞ
C0

(1)

where C0 and Cr are the initial and residual concentration of Se in
solution (mg L�1), respectively.

2.5. Sulfate precipitation

Sulfate was precipitated using BaCl2 added from a 0.1 M stock
solution. Shortly after adding 10 mM BaCl2 under gentle agitation,
the FGD solution turned whitish, indicative of colloidal BaSO4 for-
mation. The solution was allowed to react with BaCl2 for 5 min. The
solutionwas allowed to settle for 1 h, but no significant settling was
observed (results not shown). In order to achieve solid-liquid
separation, 0.5 mM FeCl3 was added from a fresh stock solution,
leading to a pH drop to ~3. The optimal FeCl3 concentration was
determined in a separate preliminary study and was chosen (i) to
achieve good solid-liquid separation and (ii) to minimize the pH
drop and the residual Fe. The pH was then increased to 8 by using a
1 M NaOH solution with the aim of favoring the formation of
Fe(OH)3. Ferric chloride is a coagulant of choice used on a large
scale for the precipitation of colloidal suspensions fromwastewater
and drinking water (Gregory and Duan, 2001). Then, the solution
was gently stirred for 10 min and then allowed to settle for 60 min.
Following sedimentation, the supernatant was collected using a
syringe, the pH corrected to 7 by using 2MHCl, and used for further
treatment by FerrIX adsorption.

2.6. Analytics

Elemental analysis, including selenium (total soluble Se), was
performed by ICP-AES (ThermoFisher, iCAP 6500 radial model
Courtaboeuf, France) fitted with a rapid sampling loop (FAST). The
calibration was done using certified reference materials. The Limit
of Detection (LOD) and Limit of Quantification (LOQ) for the
measured elements are provided in Table S1 (supplementary ma-
terial). HCO3

� was determined by titration using a 0.1 M H2SO4 so-
lution to the end point pH of 4.5 (APHA, 1998). Inorganic anions
present in the raw FGD effluent (e.g., Cl�, NO3

�, and SO4
2�) were

determined using ion chromatography (Thermo electron SAS)
equipped with a AG14A precolumn and an AS14A column
(4 � 250 mm), injection loop 25 mL, and operated isocratically at

1 mL min�1, using conductivity detection. The eluent contained
NaHCO3 (1 mM) and Na2CO3 (8 mM). Separation of colloidal BaSO4
suspension prior to ICP and IC analysis could not be achieved by
filtration alone (0.22 mm PTFE syringe-driven filters). Following
desulfurization, sulfate was measured using the sulfate kit test
(Merck) due to the presence of residual barium and iron in the
treated solution that would damage the chromatographic columns
of the IC equipment. pHwasmeasured using an Eutech Instruments
pH 510 pH meter. Conductivity was determined using an Eutech
Instruments CyberScan CON 11 conductivimeter.

3. Results and discussion

The investigation was conducted starting with synthetic solu-
tions containing Se oxyanions and Se oxyanions plus sulfate and
FerrIX resin. Following the investigation on synthetic solutions, the
real FGD wastewater was treated by the ion exchange process. The
reason behind this approach was to identify the impact of
competing anions and to optimize the treatment efficiency by
selectively removing the problematic anionic species prior to the
ion exchange treatment.

3.1. Treatment of Se oxyanions in synthetic solutions

Table 1 presents the characteristics of the FerrIX resin employed
in this study. The polymer component of the resin has positively
charged quaternary ammonium functional groups with chloride as
counter ion. FerrIX was originally designed for arsenic removal
(Purolite, 2016). The residual elements released by the resin in a
control experiment using demineralized water under the same

Table 1
Characteristics of resin FerrIX™ A33E.

Resin FerrIX™ A33E

Type Strong base anion
CAS N� 69011-19-4
Matrix Gel polystyrene
Polymer structure Polystyrene cross-linked with divinylbenzene
Functional group Quaternary ammonium
Physical form Spherical beads
Color Reddish - light brown
Hydrated iron oxide (%) 9e12
Water content (%) 45e65
Particle size (mm) 300e1200a

Ionic form as shipped Cl�

Total exchange capacity (eq L�1) 1.25e1.35
pH Neutral
pH operating limits 4.5e8.5

a <300 mm: 1%.

Table 2
Residual elements released by resin FerrIX under similar
experimental conditions (10 g L�1 resin, 120 min, 200 rpm,
V¼ 150 mL, pHz 7, 20 ± 1 �C; the solutionwas filtered through
0.45 mm PTFE syringe-driven filters). Note: Al, As, Cd, Co, Cr, Cu,
Hg, Mn, Ni, P, Pb, Sb, Se, Sn, Ti, and Zn were below the detection
limit. The experiment was performed in deionized water (pH
5.5).Note: in brackets is presented the standard deviation value.

Element Concentration (mg L�1)

B 14.7 (2)
Ca 25,948 (143)
K 301.4 (23)
Mg 22,915 (231)
Na 5541 (178)
S 22,312 (244)
Sr 31.3 (6)
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experimental conditions are outlined in Table 2. It can be noted that
no toxic elements, including Se, were released by the resin during
the experiment.

Fig. 1a presents the removal of 1 mg L�1 SeO4
2� and SeO3

2� by

resin FerrIX. At the lowest resin dosage employed, 1.3 g L�1, the
same high Se removal efficiency (96%) was recorded for both oxy-
anions. All the other concentrations of FerrIX used, from 1.7 g L�1 to
13.3 g L�1, exhibited 100% removal for both SeOx. The performance
of the FerrIX resin against 5 mg L�1 SeO4

2� and SeO3
2� is depicted in

Fig. 1b. 1.3 g L�1 resin showed considerably lower removal (around
60%) for both oxyanions when comparing to the previous Se con-
centration. By increasing the resin dosage from 1.7 g L�1 to
13.3 g L�1, the Se removal improved for both oxyanions, but, overall,
selenate showed a higher removal potential than selenite. At
3.3 g L�1 resin, selenite was removed to around 86%. In contrast,
100% SeO3

2- removal was achieved at the highest resin dosage used.
The pH of the solution remained stable (~7) after the completion of
all experiments.

Collectively, this set of results indicates a dose-dependent
behavior of the resin against both oxyanions, since higher adsor-
bent dosage implies a higher surface area involved in adsorption. In
addition, these results show a better performance of the resin
against selenate than against selenite, with increasing Se concen-
tration. One reason for the stronger affinity of SeO4

2� for the FerrIX
resin could be the different atomic geometry of the two Se oxy-
anions. SeO4

2� has a tetrahedral atomic structure, with Se located
inside the structure and the four oxygen atoms found at the apices.
On the other hand, SeO3

2� forms a pyramidal structure with Se
occupying one apex and the three oxygen atoms located on the
three remaining apices (Fernandez-Martinez and Charlet, 2009).
Because of this atomic structure, SeO4

2� has negatively charged
apices disposed in two planes, whereas SeO3

2� only in one plane.
This suggests a superior propensity of selenate over selenite to form
electrostatic interactions with positively charged surfaces. The
adsorption of Se oxyanions onto iron, aluminum and manganese
oxides and hydroxides has been discussed in several articles
(reviewed by Fernandez-Martinez and Charlet, 2009). Se oxyanions
adsorption at the mineral/water interface can be described by
outer-sphere and inner-sphere complexation (Sposito, 2004). For-
mation of outer-sphere complexes is electrostatically-driven and
strongly dependent on the surface charge, while the inner-sphere
complexes are described by the formation of covalent or ionic
bonds of the adsorbed entity with the functional sites present on
the mineral surface. As such, having a stronger degree of covalence,
the inner-sphere complexes are more stable (Sposito, 2004).
Strongly basic ion exchange resins featuring quaternary amino
groups, like the FerrIX resin used in the current study, maintain
their positive charge across a wide pH range (Harland, 1994) and
are therefore prone to interact electrostatically with both Se
species.

Fig.1c and d present the impact of sulfate on 1mg L�1 SeO4
2� and

SeO3
2� removal by resin FerrIX. 10 mM (~1 g L�1) of sulfate were

used, which is the concentration that corresponds to the sulfate
level found in the FGD effluent under investigation (see Table 2).
The presence of sulfate diminished the removal performance of the
resin against both SeO4

2� and SeO3
2�, but the impact was more

pronounced against SeO3
2�. In the case of selenate (Fig. 1c), the in-

crease in the resin dosage improved the removal of SeO4
2� from 33%

(versus 96% for selenate alone) for 1.3 g L�1 resin to 84% (versus
100% for selenate alone) for 13.3 g L�1 resin used, thus alleviating
the competitive impact of sulfate. Between these points, the sele-
nate removal showed a positive trend, correlated with the increase
of the adsorbent added. In contrast, when in competition with
sulfate, the increase in resin dosage only led to a marginal
improvement of selenite removal, from 25% (versus 96% for selenite
alone) for 1.3 g L�1 resin to 34% (versus 100% for selenite alone) for
13.3 g L�1 of resin added (Fig. 1d).

Overall, when SeO4
2� and SeO3

2� are tested separately against
SO4

2�, the results indicate the higher affinity of the resin for selenate

Fig. 1. Removal of SeOx from synthetic solutions by resin FerrIX: a) 1 mg L�1 SeO4
2� and

SeO3
2�; b) 5 mg L�1 SeO4

2� and SeO3
2�; c) SeO4

2� at the concentration of 1 mg L�1 in the
presence of 10 mM SO4

2�; d) SeO3
2� at the concentration of 1 mg L�1 in the presence of

10 mM SO4
2�.
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than selenite, even in the presence of a top competitor such as
sulfate. One possible explanation could be the structural similarity
between SeO4

2� and SO4
2�, both oxyanions having tetrahedral

atomic structures (Fernandez-Martinez and Charlet, 2009). This
means that sulfate will encounter a stronger competition from
selenate for the available adsorption sites of the resin than from
selenite, which has a pyramidal atomic structure. The impact of
sulfate on SeOx removal by ion exchange resins was previously
reported. When in competition with sulfate, a 50% decrease in
SeO4

2� removal was observed for polyamine-type weakly basic
anionic resins at molar ratio SO4

2�/SeO4
2� of 2 (Nishimura et al.,

2007). Several previous studies reported the interaction of SeOx
with ion exchange resins. Nakayama et al. (1983) formulated an
anion-exchange resin using azothiopyrine disulfonic acid (ATPS).
ATPS is involved in the formation of selenotrisulfide by the reaction
of its sulfonate group with selenite. However, the reaction of the
resinwith SeO4

2�was not reported. In a follow up study, bismuthiol-
II was used to functionalize an anion-exchange resin. Bismuthiol-II
reacts with selenite and forms selenotrisulfide, by a similar
mechanism described for ATPS (Nakayama et al., 1984). Some of the
major findings indicated a high selenite removal at pH below 2, but
very limited removal at pH above 4. Moreover, selenate did not
react with the resin and was, therefore, not removed from solution.
More recently, Nishimura et al. (2007) tested polyamine-type
weakly basic anionic resins for the adsorption of selenate from
synthetic solutions over a wide pH range (3e12) and selenite at
optimum pH of 10. Overall, the resin performed better against
selenate than against selenite. Recent studies explored the use of
mesoporous inorganic silica conjugated with 6-((2-(2-hydroxy-1
naphthoyl)hydrazono) methyl)benzoic acid (Awual et al., 2014) and
N,N0-di(3-carboxysalicylidene)-3,4-diamino-5-hydroxypyrazole
(Awual et al., 2015) for the selective removal of selenite. Although
the composite materials achieved high removal performance in
solutions containing selenite and selenite plus competing anions
(e.g., Cl�, NO3

�, SO4
2�, PO4

3�), no attempt has been reported for the
removal of selenate.

3.2. Characterization of FGD effluent

FGD effluents are complex matrices laden with anions, cations,
and toxic metals. The main characteristics of the FGD effluent
investigated are summarized in Table 3. The FGD effluent had

neutral pH andwas highly conductive (~27,000 mS cm�1), indicative
of the presence of a high concentration of ionized species. Among
the major cations measured, Ca2þ had the highest share (~5 g L�1),
being followed by Mg2þ and Naþ, both below 1 g L�1. The main
source of calcium in the FGD effluents is linked to the scrubber
systems that use limestone [CaCO3] or hydrated lime [Ca(OH)2] to
precipitate sulfate from exhaust gases (Akiho et al., 2010). Calcium
is particularly problematic for a number of treatment systems (e.g.,
membrane separation processes) because it forms precipitates with
various anions (i.e., scale formation), thus hampering the treatment
efficiency and limiting the lifespan of the systems (NAMC, 2010).
Around 9.5 g L�1 Cl� and 116 mg L�1 NO3

� were measured by ion
chromatography. Both Cl� and NO3

� pose problems to the biological
treatment of Se-laden wastewaters since chloride is a powerful
biocide and nitrate is a top competitor for the electrons released by
various electron donors (e.g., lactate or acetate) and needed by
bacteria to reduce oxyanions. This severely limits the efficiency of
SeOx biological removal (Stolz and Oremland, 1999). Sulfate is
another problematic contaminant present in FGD effluents and its
main drawback stems from the chemical similarity with SeO4

2-

(Fernandez-Martinez and Charlet, 2009). The feed coal supplies
high levels of sulfur that is oxidized to sulfur oxides, SOx, during
combustion. Moreover, several types of Se-bearing industrial ef-
fluents contain sulfate one order of magnitude in excess of SeOx
(NAMC, 2010; Staicu et al., 2017; in press). Because of this, the
adsorption systems preferentially uptake sulfate at the expense of
SeOx. The sulfate level measured (~1 g L�1) for the studied FGD
effluent was close to other reports (Huang et al., 2013; Tan et al.,
2016). Although the concentration of HCO3

� (62 mg L�1) is much
lower than that of SO4

2�, bicarbonate ion is known to contribute to
the buffering capacity of the system and to participate in compet-
itive adsorption reactions with barium cations (Nishimura et al.,
2000).

In addition, the FGD effluent under investigation contained a
broad spectrum of toxic metals such as cadmium, lead, mercury,
nickel, and zinc, present at trace concentrations (Table 3). The Se
concentration in the investigated effluent had a concentration of
1240 mg L�1, which is a typical load of FGD wastewaters (NAMC,
2010). We did not attempt to assess the speciation of Se, but it is
widely established that SeO4

2� is the main (>90%) chemical species
present in FGD effluents (EPRI, 2006; NAMC, 2010; Staicu et al.,
2017; in press; Tan et al., 2016). Apart from the technical chal-
lenges related to measuring Se species in a complex wastewater,
the focus on measuring total dissolved Se was motivated by the
current USEPA requirements for environmental Se pollution
assessment and monitoring as total dissolved selenium (USEPA,
2013, 2015).

3.3. Treatment of FGD effluent

The performance of the resin FerrIX against raw (untreated) FGD
effluent is outlined in Fig. 2 and Table S2 (supplementary material).
The resin had a poor performance against Se (3% removal) (Fig. 2a).
The fact that Se was poorly removed from solution could not be
linked to the nature of the resin since FerrIX showed high SeOx
removal in synthetic solutions (Fig. 1a and b). Additionally, FerrIX
was designed for the removal of arsenic (As) oxyanions. In solution,
As typically occurs as the oxyanions arsenate (As(V), AsO4

3�) and
arsenite (As(III), AsO3

3�) (USEPA, 2005). It appears likely that the
removal of oxyanions having comparable atomic structures to those
of As could be accomplished by FerrIX. Nur et al. (2014), using
FerrIX, investigated the removal of phosphate from synthetic so-
lutions, achieving a maximum adsorption capacity of 48 mg Pg�1

resin. A probable explanation in favor of the poor performance of
the resin against Se could be the competition effect exerted by

Table 3
The main characteristics of the FGD effluent investigated. Note: in
brackets is presented the standard deviation value.

Parameter

pH 7.1 (0.8)
Conductivity (mS cm�1) 26,500 (74)
Major elements (mg L�1)
Ca2þ 4839 (67)
Mg2þ 777 (34)
Naþ 477 (21)
Cl� 9422 (98)
Anions (mg L�1)
HCO3

� 62 (11)
NO3

� 116 (7)
SO4

2� 1115 (23)
Minor elements (mg L�1)
Al 147 (11)
Cd 150 (8)
Cr 26 (5)
Hg 66 (4)
Ni 221 (11)
Se 1240 (23)
Zn 1441 (26)
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other anions from FGD. Of these, sulfate (1115 mg L�1) and chloride
(9422 mg L�1) had the highest concentrations (Table 2). Moreover,
sulfate is known to be a strong competitor of SeOx, being often
present in industrial effluents in concentrations one order of
magnitude higher than those of selenate or selenite (NAMC, 2010).
As shown above, the results of our batch study using synthetic
solutions confirmed the strong impact of sulfate on SeOx removal.
To overcome this limitation, the removal of sulfate in a pre-
treatment stage, prior to FerrIX treatment, was taken into consid-
eration as a potential solution.

On the other hand, FerrIX shows a variable performance against
the metallic cations present in the FGD effluent, ranging from 45%
Ni removal to 87% Zn removal (Fig. 2a and b; Table S2, supple-
mentary material). Although FerrIX is a quaternary ammonium
type resin, it also contains Fe (Nur et al., 2014). According to the
vendor's specifications, the resin is a porous hybrid anion ion ex-
change resin infused with iron oxide (9e12%) (Purolite, 2016). Iron
oxides have been shown to interact and remove bi and trivalent
metals fromwater such as Cd2þ (Meng and Letterman,1993; Franco
et al., 2016; Zhao et al., 2016), Cr3þ, Hg2þ, Ni2þ, and Pb2þ (Coston
et al., 1995; Franco et al., 2016), or Zn2þ (Uygur and Rimmer,
2000; Zhao et al., 2016). The removal mechanism is largely
dependent on the mineralogical nature of the surface (e.g., degree
of crystallinity), its surface charge, as well as the pH, ionic strength,
and the makeup of the solution (NAMC, 2010).

3.4. Desulfurization of FGD effluent

BaCl2 was used to remove sulfate from the FGD effluent under
investigation, followed by the solid-liquid separation of BaSO4
colloidal suspension by ferric chloride. The results of this pre-
treatment step are summarized in Fig. 3 and Table S3 (supple-
mentary material). Sulfate reacts readily with barium, forming
water-insoluble BaSO4 (Nishimura et al., 2007). Since barium reacts

stoichiometrically with sulfate (a theoretical equation using barium
chloride and sodium sulfate is shown in Eq. (2), 10 mM of BaCl2
were used to precipitate the amount of sulfate present in the FGD
effluent.

BaCl2 þ Na2SO4/BaSO4ðsÞ þ 2 NaCl (2)

By adding 10 mM BaCl2, the sulfate concentration from FGD
effluent decreased by 89% from 1115 mg L�1 to 121 mg L�1 (Fig. 3a).
The fact that sulfate removal was not complete could be explained
by competitive reactions involved in the uptake of barium. The
bicarbonate ion (HCO3

�) is the main carbon anion found at pH 7 and
it is known to react with barium by forming BaCO3 (Lide, 2004). The
amount of HCO3

� measured in the raw FGD effluent was 62 mg L�1,
whereas only 16 mg L�1 of bicarbonate were left after BaCl2 treat-
ment, which amounts for a 74% removal (Fig. 3a). The solubility
product constants of BaSO4 (Ksp ¼ 1.08 � 10�10) and BaCO3
(Ksp ¼ 2.58 � 10�9) are comparable, which means that both salts
can form if Ba, SO4

2�, and CO3
2� are present in solution (Lide, 2004).

Seleniumwas also removed by 61%, from 1292 mg L�1 to 499 mg L�1.

Fig. 2. Removal of contaminants from FGD wastewater by resin FerrIX: a) Se and Zn, b)
Cd, Cr, Hg, and Ni.

Fig. 3. Removal of selected contaminants from FGD using pretreatment (BaCl2 and
FeCl3): a) SO4

2� and HCO3
�, b) Cd, Cr, Hg, and Ni, c) Se and Zn. Note: In this context, the

effluent represents the treated solution and the distinction should be made with the
term “effluent” used for the raw (untreated) FGD wastewater.
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A possible explanation for Se decrease is the reaction with barium,
forming BaSeO4. Barium selenate has a Ksp of 3.4 � 10�8, which is
inferior by one order of magnitude to the Ksp values of BaSO4 and
BaCO3 (Lide, 2004). An alternative explanation can be linked to the
adsorption of selenate onto Fe(OH)3 that was used for solid-liquid
separation. However, ferric hydroxides show an increased affinity
for selenite, whereas selenate is poorly adsorbed (Balistrieri and
Chao, 1987). Currently, the adsorption of selenite using ferrihy-
drite, a ferric oxyhydroxide, is recommended by USEPA as the Best
Demonstrated Available Technology (BDAT) (NAMC, 2010). How-
ever, most Se-bearing wastewaters contain selenate, thus limiting
the use of this adsorbent.

BaCl2 precipitation combined with FeCl3 treatment also led to
the removal of trace metals from FGD (Fig. 3b and c). While some
metals showed limited removal (Hg: 6%), others showed average
(Ni: 44%; Cd: 66%) to high removal (Zn: 95%; Cr: 100%). The metal
removal was potentially achieved by Fe(OH)3 formation at pH 8,
which was subsequently settled down by gravitation, thus
entrapping the divalent and trivalent metals. Huang et al. (2013)
achieved high (>95%) removal of metals (e.g., Cd, Cr, Ni, Pb, V,
and Zn) from an FGD effluent using a hybrid material containing
zero-valent iron (ZVI), magnetite, and Fe(II) species.

The desulfurization step also led to the change of pH and con-
ductivity of the solution. The pH evolved from 7.1 (initial pH of the
FGD solution) to 6.93 (after BaCl2 addition), to 3.9 (after FeCl3
addition), to 8 (after NaOH pH correction) to 7 (after HCl pH
correction). The final pH correction was operated to ensure con-
sistency with the synthetic solutions and to reach the optimum
performance of the resin. Interestingly, the conductivity value of
the solution partly mimicked the pH evolution as follows: 26.5
mS cm�1 (initial FGD), to 25.6 mS cm�1 (after BaCl2 addition), to
26.9 mS cm�1 (after FeCl3 addition) to 27.1 mS cm�1 (after NaOH
and HCl correction). Collectively, in spite of the gradual addition of
ionic species, this sequence of reactions shows a capacity to self-
limit the major increase in conductivity through the contribution
of precipitation reactions.

3.5. Treatment of desulfurized FGD

In the final step, the pre-treated FGD using BaCl2 and FeCl3 was
further treated by adsorption using the FerrIX resin (Table 4). The
treatment performance varied from average (Ni: 43%; overall: 69%)
to high (Zn: 100%) removal. Selenium was further removed from
499 mg L�1 to 270 mg L�1, leading to an overall 80% removal. A higher
Se removal could not potentially be accomplished because of the
residual sulfate (121mg L�1) and bicarbonate (16mg L�1) left in the
system after the pre-treatment step. Since we could not determine
the residual Cl� and NO3

� due to analytical challenges posed by
residual Ba and Fe (known to damage the chromatographic

columns), we can only speculate that these anions were also
involved in competitive reactions with selenium. However,
Ba(NO3)2 has a significantly lower Ksp, 4.64 � 10�3 than BaSO4,
Na2CO3, and BaSeO4 (Lide, 2004). In addition, by its design, the
FerrIX resin exchanges Cl� for other anions, leading to the increase
of chloride levels in solution, which makes Cl� assessment and
removal challenging. The final pH and conductivity of the treated
solution by FerrIX resin were 7.15 and 27.4 mS cm�1, respectively.
This implies a limited impact of the FerrIX treatment on both the
pH and the conductivity of the FGD effluent under investigation.

The discharge limits for selenium are based on toxicity tests that
differ widely from one regulatory agency to another, thus creating
disparities among regulations and legal thresholds (Presser and
Luoma, 2006). The USEPA's latest effluent guidelines for Se
discharge for the steam-generated power industry (i.e., coal power
plants) allows for 12 mg L�1 (monthly average), with a daily
maximum limitation of 23 mg L�1 (USEPA, 2015). In Japan, irre-
spective of the industrial source, the discharge limit for Se is
100 mg L�1 (Nishimura et al., 2007). When dealing with complex
effluent matrices, ion exchange treatment can be envisaged as a
pre-treatment stage. Ion exchange process can be coupled with
other physicochemical (e.g., membrane filtration) or biological (e.g.,
bioreactors) processes (NAMC, 2010). In the current study, we
achieved a ~80% Se removal, with a residual Se concentration of
270 mg L�1. The complexity of the FGD effluent, especially the
presence of competing anions having different concentrations,
limited the overall performance of the system. Nevertheless, our
report presents the real challenges related to the treatment of in-
dustrial effluents vs. model solutions used expensively in other
works. It appears necessary to follow up this study with a more in-
depth investigation on the removal of competing anions in order to
achieve Se removal below the discharge limits.

An important aspect when considering the effluent treatment at
the full scale is the design of the reactor. The ion exchange resin
process can be designed as a Continuous Stirred-Tank Reactor
(CSTR) or a “plug-flow” system (filter column). Both approaches
have advantages and disadvantages. The CSTR design allows for a
better mass transfer between the effluent to be treated and the
resin, but requires a higher input of energy. On the other hand, the
“plug-flow” approach limits the energy requirements, but the filter
column is prone to get plugged, therefore requiring periodic
backwash.

The removal of selenium from complex industrial wastewaters
such as the FGD effluents by adsorption is a promising process
provided efficient pre-treatment steps are deployed. Because of the
structural similarity of various chemical species (e.g., sulfate and
selenate), ion exchange resins could be easily exhausted, thus
limiting their efficiency and lifespan. A strong argument in favor of
the use of adsorptive processes is their cost effectiveness when
compared with energy-intensive membrane or evaporative pro-
cesses. The biological treatment is considered a promising
approach. However, some serious drawbacks are the toxicity of the
FGD effluents for the biological inocula, the presence of competing
anions that are more thermodynamically favorable for anaerobic
respiration, and the long start-up period (up to 6 months) of some
bioreactors (NAMC, 2010; Tan et al., 2016).

Technology development can further contribute to efficient Se
removal by proposing novel ion exchange resins having higher
selectivity for Se oxyanions. Selenium pollution is a contemporary
and ongoing issue that will continue to augment in the coming
years in parallel with the use of fossil fuels, metallurgy, and mining
activities. Since the production of Se-laden wastewaters cannot be
avoided (as a preventive and source control option), an effective
point source treatment of industrial effluents is needed in order to
mitigate their deleterious environmental impact.

Table 4
Removal of selected contaminants from desulfurized FGD wastewater by FerrIX.
Note: in brackets is presented the standard deviation value.

Pollutants Pretreated
influent FGD
(mg L�1)

Effluent FGD
(mg L�1)

Removal
efficiency (%)

Total removal
efficiencya (%)

Cd 51.5 (4) 13.3 (2) 74 91
Hg 58.3 (3) 19.2 (2) 67 69
Ni 123 (9) 69.6 (3) 43 69
Se 498.7 (11) 270.1 (6) 46 80
Zn 82 (7) <LoD 100 100

Notes:
a Removal by FerrIX after pre-treatment of the FGD effluent using BaCl2 and FeCl3.

LOD, Limit of Detection.
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4. Conclusions

This article reported the first Se removal study of a real FGD
industrial effluent using FerrIX, a commercial ion exchange resin.
Due to the complexity of the FGD matrix, the resin could not
selectively remove Se oxyanions. Sulfate, present more than almost
three orders of magnitude in excess of Se, is a strong competitor for
the active sites of the resin and significantly decreases the removal
of the target Se. The study demonstrated that FerrIXwas effective in
removing Se from FGD only after the desulfurization of the raw
effluent was performed using barium chloride. Desulfurizationwas
not complete, thus limiting the overall Se removal to 80%. Other
anions present in the FGD effluent such as bicarbonate are involved
in competitive reactions with sulfate. In addition to Se and S,
several toxic metals, such as Cd, Cr, and Zn, were efficiently
removed from FGD by the combined treatment. This study un-
derscores the necessity of a multistage treatment process (sulfate
and bicarbonate removal followed by ion exchange process) as a
high-performance Se treatment platform.
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Table S1. Limit of Detection (LOD) and Limit of Quantification (LOQ) of the measured elements by ICP-

AES. 

Element LOD (µg L-1) LOQ (µg L-1) 

Al 6.24 20.79 

B 1.50 5.00 

Ca 5.97 19.89 

Cd 1.94 6.47 

Cr 1.44 4.80 

Fe 1.28 4.27 

Hg 1.03 3.42 

K 34.60 115.34 

Mg 11.91 39.72 

Na 6.38 21.28 

Ni 1.37 4.56 

S 4.27 14.24 

Se 5.92 19.73 

Si 4.63 15.43 

Sr 0.06 0.20 

Zn 0.18 0.61 

 

  



Table S2. Removal of contaminants from raw FGD wastewater by resin FerrIX. 

Pollutants 
Influent FGD 

(µg L-1) 

Effluent FGD 

(µg L-1) 

Removal 

efficiency (%) 

Cd 150.4 50.9 (14.3) 66 

Cr 26.5 10.9 (4.5) 59 

Hg 62.2 22.8 (6.1) 63 

Ni 219.9 119.9 (12.3) 45 

Se 1292 1259 (13.2) 3 

Zn 1531 201.1 (39.4) 87 

Notes: Standard deviation values are presented in parenthesis. 

 

  



Table S3. Removal of selected contaminants from FGD after pretreatment (BaCl2 and FeCl3). 

 

Pollutants Influent FGD  
Effluent 

FGD  

Removal 

efficiency (%) 

Anions (mg L-1) 

SO4
2- 1115 121 (25.1) 89 

HCO3¯ 62 16 (9.3) 74 

Minor elements (µg L-1) 

Cd 150.4 51.5 (13.2) 66 

Cr 26.5 <LoD 100 

Hg 62.2 58.3 (3.1) 6 

Ni 219.9 123 (15.4) 44 

Se 1292 498.7 (26.3) 61 

Zn 1531 82 (32.1) 95 

Notes: LoD, Limit of Detection. Standard deviation values are presented in 

parenthesis. 
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