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ABSTRACT

Federal laws regarding ambient air quality are currently requiring
industries to reduce emissions of sulfur and nitrous oxides. Coal-
fired power plants have therefore begun implementing flue gas
desulfurization (FGD) scrubbers that use a highly oxygenated wa-
ter stream (calcium-carbonate-saturated water) to transform sulfur
gases into soluble anion species (sulfite and sulfate). The chemical
compositions of FGD waters are dependent on the FGD scrubber
design, coal types burned, chemical additives, and scrubbing solu-
tion source. The FGD waters contain potentially toxic elements in-
cluding arsenic, cadmium, chemical oxygen demand (COD), copper,
mercury, selenium, chloride, sulfates, and zinc. Therefore, these waters
must be treated before discharge into a receiving system because of
constituents that can elicit toxicity. The specific objectives of this
research were to (1) characterize FGD waters in terms of chemical
composition and constituents of concern, (2) design constructed
wetland treatment systems (CWTSs) for the remediation of con-
stituents of concern in FGD waters, and (3) measure the perfor-
mance of CWTSs for formulated and actual FGD waters based on
discharge criteria established by the United States Environmental
Protection Agency and regulated by National Pollutant Discharge
Elimination System permits. The FGD waters are characteristically
high in total dissolved solids (calcium, chloride, magnesium, and
sulfate), are semineutral in pH, contain high concentrations of total
suspended solids, and contain several potentially toxic constituents.
Constituents of concern were identified as cadmium, COD, chlo-
ride, copper, mercury, selenium, and zinc. Pilot-scale CWTSs were
(kﬁgmdb%edonbmgmmhanmddM&andemﬁsyﬁancmnmmﬁ
an equalization basin and two reducing and oxidizing wetland reac-
tors in series. Three FGD waters were introduced in the pilot-scale
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CWTS, and the performance was assessed by measuring targeted
constituents of concern (mercury and selenium) and the toxicity of
pre- and posttreatment waters. Results from these studies indicate
that mercury and selenium concentrations in FGD waters can be
decreased using CWTSs, and, with an appropriate comanagement of
low-ionic strength water for chloride concentrations, toxicity of
posttreatment samples is decreased to acceptable discharge limits.

INTRODUCTION

Coal-burning power plants are significantly decreasing air emissions
of sulfur dioxides (SO,) by installing flue gas desulfurization (FGD)
scrubbers (United States Department of Energy [ U.S. DOE], 2000).
As the demand for electrical energy increases, a concomitant increased
production of FGD scrubber waters is observed. According to the
U.S. DOE, the United States burned 1039 million short tons of coal
(Freme, 2005), and the amount of this by-product water can exceed
0.1 million gallons per day at large facilities (> 1000 MW ). The most
commonly used FGD scrubber is referred to as a “‘wet scrubber,”
which uses lime- or limestone- (calcium carbonate) saturated water
to solubilize gaseous SO, and oxidize and precipitate sulfur com-
pounds as calcium sulfite (CaSO3) or calcium sulfate (CaSOy). This
scrubbing process occurs by directly contacting the flue gas that
remains after the oxidization of coal with the scrubbing solution and
is oxygenated by forced air injection in the collection basin. The
resulting by-product water is typically referred to as FGD water. At
each coal-fired power plant, the composition of FGD water is a
function of several chemical and physical variables that include the
coal source and composition, burner and FGD scrubber design and
operation, postscrubber treatment processes, and initial constitu-
ents in the local water supply (Mierzejewski, 1991). Because coals
can differ drastically in chemical composition (Gluskoter et al.,
1977, PECH, 1980; Devito et al., 1994; Yudovich and Ketris,
2005a, 2005b), FGD waters can be influenced by the type of coal
burned as well as the burner capacity and environment (i.e., oxygen
content and heat). The FGD scrubber design and operation can
influence the composition of FGD waters caused by physical mecha-
nisms (e.g., area of the gas-water interface, salinity capacity of the
reactor, and loss of water vapor) and chemical mechanisms such as
pH buffers (i.e., organic dibasic acids). Postscrubber treatment pro-
cesses typically target the removal of suspended solids and the rec-
lamation of FGD water using gravitational settling basins (e.g.,
clarifier), hydrocyclones, and dewatering devices (e.g., sludge belt
press). Some coal-fired power plants also employ charge-neutralizing
and chelating compounds (e.g., iron salts, flocculants, and metal
precipitants) for the removal of solids and specific contaminants.
The FGD waters pose several environmental challenges. The
FGD waters are produced in large volumes, can vary widely in chem-
ical composition, and may contain constituents in concentrations
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and forms that are toxic to the receiving aquatic system
biota. Constituents of environmental concern in FGD
waters may include arsenic, chemical and biological oxy-
gen demand, boron, cadmium, chromium, copper, chlo-
ride, lead, mercury, nitrate, selenium, sulfate, and zinc
(Mierzejewski, 1991). The FGD waters are typically
not suitable for reuse within a power plant as make-up
or cooling water because of corrosion, scaling, and the
biofouling effects of these waters. Therefore, the treat-
ment and discharge of these waters are required, and
releases to aquatic systems are regulated by the United
States Environmental Protection Agency (USEPA) under
the Clean Water Act through National Pollutant Dis-
charge Elimination System (NPDES) permits. The treat-
ment criteria for FGD waters are site specific and can
include limits for contaminant concentrations (i.e., maxi-
mum daily imit), speciation of contaminants (e.g., sele-
nite or selenate), and toxicity measurements (e.g., 7-day
static or renewal toxicity experiments with Ceriodaphnia
dubia). The C. dubia is a sentinel aquatic invertebrate
species widely used for toxicity testing in NPDES pro-
grams (Spehar and Fiandt, 1986; Mount et al., 1997;
Brix et al., 2001).

To develop innovative and viable approaches for
treating FGD waters, a thorough understanding of their
composition is essential. Chemical characterization data
for FGD waters can provide information to identify the
constituents of concern for treatment and can offer in-
sights regarding the chemical processes that must occur
to transform or transfer the constituent to stable or less
toxic forms. The physicochemical state, speciation, and
concentration of the constituents in FGD waters may
influence the effectiveness of a treatment system by
altering the reactivity of the targeted constituents (re-
calcitrant form) or induce toxicity effects (biological
treatment systems). Because FGD water may vary from
site to site, pilot-scale FGD scrubber units can be op-
erated at specific locations to produce representative
FGD water samples. Data provided by these simulations
and actual FGD waters can be used to characterize the
constituents of concern or, more specifically, toxicants
that must be removed or transformed to meet the
regulation criteria for reuse or discharge.

One potential remediation strategy for FGD waters
is constructed wetland treatment systems (CWTSs). By
understanding and manipulating the biogeochemical
cycles of constituents of concern, constructed wetlands
can be designed to transform or transfer targeted con-
stituents to stable chemical forms thereby decreasing
their mobility, bioavailability, and redistribution (i.e.,
dissolution). A successful remediation of diverse waters

has been achieved with this treatment strategy including
storm water runoff (Murray-Gulde et al., 2005a, b),
nutrient-enriched waters (Huett et al., 2005), acid mine
drainage (Sobolewski, 1996), municipal waters (Ansola
etal., 2003), and agricultural runoff (Moore et al., 2000).
These systems have been used extensively for risk miti-
gation of many elements or compounds present in FGD
waters; however, no studies have been published to
date on CWTSs for FGD waters.

This study was initiated to evaluate the potential
for CWTSs to mitigate the risks of constituents of con-
cern in FGD waters. Each identified constituent of con-
cern in EGD waters was investigated for chemical re-
action pathways that provided adequate transformation
and transfer mechanisms (i.e., stable chemical forms)
in aquatic environments (i.e., wetland reactors). After
pilot-scale CWTSs were designed to treat constituents
of concern in FGD waters, we measured the ability of
these systems to decrease the targeted constituents of
concern. To thoroughly evaluate the ability of CWTSs
to mitigate risks in diverse FGD waters, formulated
FGD water, actual FGD waters, and pilot-scale scrub-
ber FGD waters were used in these experiments. For-
mulated FGD waters were used to initially assess the
potential treatment and design of CWTSs for synthe-
sized FGD waters, whereas actual FGD waters were
used to assess the performance and design of CWTSs
for FGD waters that varied in chemical composition.
Pilot-scrubber FGD waters were actual FGD waters
produced in small volumes (operated for 1 week) at a
coal-fired power plant to assess the influence of four
coal types on the chemical composition of FGD waters
and measure the treatment performance of pilot-scale
CWTSs. The specific objectives of this research were to
(1) characterize FGD waters in terms of chemical com-
position and constituents of concern, (2) design CWTSs
for the remediation of constituents of concern in FGD
waters, and (3) measure the performance of CWTSs for
formulated and actual FGD waters based on the dis-
charge criteria established by the USEPA and regulated
by NPDES permits.

MATERIALS AND METHODS
Characterization of Flue Gas Desulfurization Waters

Four actual FGD waters were collected from operating
scrubber systems, shipped on ice, and measured for
chemical composition using total elemental and water

EGGERT ET AL 117



chemistry analyses. For elemental composition measure-
ments, a 100-mL aliquot of FGD water was preserved
with trace metal nitric acid (10% v/v; Fisher Scientific
Inc.) and analyzed by inductively coupled plasma mass
spectrometry (ICP-MS; Elan 9000, Perkin-Elmer Inc.).
Total mercury analyses were conducted by cold vapor
hydride generation atomic absorption (Perkin-Elmer
FI 00) and S.O ter pa-
ra s were a acco sta ods
(American Public Health Association, 1998). The con-
stituents of concern were identified based on compar-
isons between the criteria in NPDES permits and the
mean concentrations of each constituent in four actual
FGD waters. The NPDES permit criteria included the
maximum discharge limit (MDL) and toxicity reference
values. The MDLs for each constituent were obtained
from the USEPA’s NPDES permit database for oper-
ating FGD scrubber coal-fired power plants. Toxicity
reference values were obtained from the EPA’s toxicity
database (ECOTOX Release 4.0) and analyzed for the
lowest observable effect concentration (LOEC) or lethal
mean concentration values, if LOEC values could not
be obtained from this database or literature reviews.
When the concentration of a constituent in FGD waters
exceeded the MDL or the toxicity reference value, the
constituent was classified as a constituent of concern.

Design Pilot-Scale Constructed Wetland Treatment Systems

After the characterization of FGD waters, pilot-scale
CWTSs were designed to remediate the constituents of
concern by evaluating their biogeochemical cycling (i.e.,
fate and transport) in aquatic systems and analogous
research on treatment strategies from published litera-
ture. Using this information, CWTSs were assembled
based on a sequential ordering of desired reactions and
a potential for an effective remediation of constituents
requiring treatment.

Assembly of Constructed Wetland Treatment Systems
The initial component of the CWTS, the equalization

consist a con-
nginv e flow
FGD waters were loaded into the treatment systems
usin s iven (Fluid ering]  cali-
brat t ates n)toes shasp  chy-

draulic retention time (HRT) in each system component.
A sequential flow through these systems was established
using gravity.

To evaluate the performance of pilot-scale CWTSs,
three replicated series of reactors were used for each

system (Figure 1A). Each system consisted of four treat-
ment reactors in series that included two reducing reac-
tors, a rock basin, and an oxidizing reactor. Each reactor
was contained in a 378-L Rubbermaid” utility tank. Re-
ducing reactors contained approximately 30 cm (11.8in.)
of river sand as hydrosoil (3-5% organic matter by
volume, 1% gypsum by volume, and 200 Ib/ac of zero-
valent iron) planted with Schoenoplectus californicus C.
A. Meyer. The rock basin was 50 cm (19.6 in.) of pea
gravel, and the oxidizing reactor contained approxi-
mately 30 cm (11.8 in.) of river sand hydrosoil planted
with Typha angustifolia L.

To evaluate the treatment performance of pilot-
scale CWTSs for pilot-scrubber FGD waters, the ex-
perimental pilot-scale CWTS consisted of two treatment
systems each with two replicates (Figure 1B). Treatment
systems were defined as Ash CWTS and No-Ash CWTS.
Both treatment systems were established with four re-
actors in series that included two reducing reactors, a
modified rock basin, and an oxidizing reactor. Each reac-
tor was contained in a 265-L Rubbermaid” utility tank.
All reducing reactors contained approximately 30 cm
(11.8 in.) of river sand hydrosoil (3-5% organic matter
by volume and 1% gypsum by volume) planted with
S. californicus. The modified rock basin was equally di-
vided with the inflow half consisting of 12.7-17.8-cm
(5-7-in.) granite rocks and the latter half consisting of
30 cm (11.8 in.) of hydrosoil and T. angustifolia. Oxi-
dizing reactors contained approximately 30 cm (11.8in.)
of hydrosoil and were planted with T. angustifolia. The
Ash CWTS differed from the No-Ash CWTS in that the
modified rock basins and oxidizing reactor contained
bottom ash as a substitute for river sand hydrosoil. The
total HRT for the CWTS was 168 or 36 hr per reducing
reactor and 48 hr each for the modified rock basin and
oxidizing reactor.

Performance Measurement of Constructed Wetland
Treatment Systems for Flue Gas Desulfurization Waters

Flue Gas Desulfurization Waters

To understand the remediation potential of CWTSs for
constituents of concern in FGD waters, three different
FGD water types were selected for this study as de-
scribed below. These waters were used to assess the re-
moval of constituents of concern from formulated and
actual FGD waters that range widely in chemical com-
position. Because of the adverse effects of FGD waters
on the wetland plants, chloride concentrations were
decreased to less than 5000 mg/L for all experimental
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Figure 1. Systematic diagram of the pilot-scale constructed wetland treatment systems used to determine the performance criteria
for (A) formulated and actual-amended FGD waters and (B) pilot-scrubber FGD waters.

waters described in this article by comanagement with
waters containing low chloride concentrations.

Formulated FGD water was synthesized based on
data from chemical analyses of actual FGD waters.
This formulation process included amending municipal
water with (1) high-purity salts (Fisher Scientific Inc.)
of targeted constituents of concern (Hg, Se, and As),
(2) technical grade salts for chloride and sulfate, (3) fly
ash at 1000 mg/L, and (4) dibasic acid at an equivalent
COD concentration of 250 mg/L. For this initial re-
search, additional constituents such as nitrate, boron,
copper, chromium, zinc, and other elements or com-
pounds were not amended. Formulated FGD waters
were loaded into the pilot-scale CWTS for 20 weeks
(June to November), and samples were collected and
analyzed bimonthly (n = 10) for treatment performance
criteria. Because formulated FGD waters omit some
constituents that may influence performance, actual
FGD waters were also evaluated in this study.

Actual FGD water from an operating coal-fired
facility was transported to Clemson University in an
18,900-L tanker. Because of low concentrations of sele-
nium and mercury measured in this FGD water after
the dilution for chlorides, amendments were initiated
so the removal rates and extents of these constituents
could be measured. Selenium was amended using so-
dium selenate and sodium selenite (2:1, respectively)
to achieve a total selenium concentration of approxi-
mately 2 mg/L. Mercuric nitrate was added to achieve
a target total mercury concentration of approximately
0.2 mg/L. Actual FGD water was tested in addition to
formulated FGD waters to assess any effects of other
normally occurring elements and compounds in FGD
waters on the removal of mercury, selenium, and ar-
senic in pilot-scale CWTSs.

Four pilot-scrubber FGD waters were produced
using a pilot-scale scrubber (URS Corp., Austin, Texas)
in conjunction with a full-scale coal-fired burner. These
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FGD waters were transported to Clemson University
via two 18,900-L tankers. Comanagement water from
this specific location was also shipped to decrease the
chloride concentrations for treatment with pilot-scale
CWTSs. Pilot-scrubber FGD waters were used to test
the treatment efficiency of pilot-scale CWTSs for four
distinct FGD waters originating from four different
coal sources. The FGD waters were diluted to approxi-
mately 4000 mg/L as chloride using the site water be-
fore loading into the pilot-scale CWTS.

Analytical Procedures

For each experiment conducted in this study, aqueous
samples were collected from the EQ basin, inflows to
the pilot-scale CWTS, and outflows from each reactor
in series. Aqueous samples were collected in 1000-mL
Nalgene®
ously described. The extent of removal was calculated
based on

containers, preserved, and analyzed as previ-

Extent of removal = (1 — ([4],/[A],))*100 (1)

where [A]; is the concentration of the constituent in
the EQ basin (pretreatment) and [A]p is the concen-
tration of the constituent in the outflow sample of
reactor four (posttreatment). Removal rates for mer-
cury and selenium were calculated using the first-order
rate equation

Removal rate = In([A],/[A],) = kt (2)

where [A]; and [A]p are the same as described for the
extent of removal, tis the total time of treatment, and &
is the first-order rate coefficient. Oxidation-reduction
(redox) potentials of wetland hydrosoils were measured
using a millivolt meter connected to in-situ platinum-
tipped electrodes and an Accumet® calomel reference
electrode (Faulkner et al., 1989). All measurements
were adjusted based on hydrogen ion potential.

Toxicity Evaluations

Toxicity evaluations were performed on pre- and post-
treatment samples diluted to less than or equal to 500 mg/L
as chloride to remove the toxicity solely caused by chlo-
ride concentrations (reproductive no observable effect
concentration [NOEC] = 640 mg/L as Cl~; unpub-
lished data). Thesg evaluations were conducted with C.
dubia following the U.S. EPA protocol for measuring
chronic toxicity of effluents and receiving waters to
freshwater organisms (Lewis et al., 1994). Toxicity mea-

surements were evaluated by comparing the responses
of C. dubia, in terms of survival and reproduction, ex-
posed to pre- and posttreatment samples of FGD and
control water (moderately hard water). Survival data
were statistically compared using chi-square analysis
(PROC FREQ; SAS Institute Inc., 1989), and repro-
duction data were compared using a one-way analysis
of variance with Dunnett’s means separation (PROC
GLM; SAS Institute Inc., 1989). All alpha levels were
set at 0.05. Water quality parameters including hard-
ness, alkalinity, pH, dissolved oxygen, conductivity, and
water temperature were measured initially (day 0) and
daily throughout the duration of the toxicity experi-
ment (days 1-7) according to standard methods (Amer-
ican Public Health Association, 1998).

RESULTS
Characterization of Flue Gas Desulfurization Waters

Four actual FGD waters were analyzed for water chem-
istry parameters and total elemental composition
(Table 1). The constituents of concern were identified
as cadmium, chemical oxygen demand (COD), chlo-
ride, copper, mercury, selenium, and zinc (Table 2).
All constituents of concern were-identified based on
toxicity values, except COD, which was identified as a
potential constituent of concern because of high
concentrations measured in FGD waters {1339.3 =
377.3 mg/L) and the relationship of COD to 5-day
biochemical oxygen demand (BODs) (NPDES maxi-
mum daily limit of 30 mg/L. as BODs). Boron was not
assessed for potential toxicity effects because elemental
analyses were not conducted, but it may be identified as
a constituent of concern if total concentrations exceed
18 mg/L in effluent samples (Hickey, 1989). Current
available NPDES permits for the discharge of FGD
waters analyzed in this study have maximum daily
limits for copper (>1 mg/L), iron (>1 mg/L), mercury
(>0.63 pg/1.), total suspended solids (>65 mg/L), BODs
(>45 mg/L), oil and grease (>12 mg/L), pH (6-9), and
toxicity evaluations using 7-day static or renewal ex-
periments with C. dubia for exposures of greater than
or equal to 1.9% as FGD water. Based on a review of
available information, all other NPDES permits re-
quire the monitoring and reporting for constituents in
FGD water other than the listed constituents above.
Apparently, only one discharge site is required to meet
a maximum daily limit for selenium (<26 pg/L as Se).
Some NPDES permits also have tissue monitoring in
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Table 1. Chemical Composition of Actual, Formulated, Actual-Amended, and Pilot-Scrubber FGD Waters for Elemental and Water
Chemistry Parameters Presented as Means and Standard Deviation Values (Mean £ Standard Deviation) in Milligrams per Liter (mg/L)

Formulated FGD Waters* Actual-Amended FGD Waters Pilot-Scrubber FGD Waters

Parameter Actual FGD Waters Nominal Measured Pre-Amended Post-Amended  PS1 PS2 PS3 PS4
Mercury, total** 152 + 285 2.0 257 £ 1.2 <0.2 160.0 432 47 039 47.0
Selenium, total 5.10 + 8.12 4.00 422 + 0319 0.15 1.80 2.97 0.61 0.649 2.09
Selenite (Se V) NM? NM NM NM NM 95.0% 50.2% 34.8% 86.3%
Selenate (Se VI)f NM NM NM NM NM <1.0% 6.0% 3.6% <1.0%
Arsenic, total 1.07 £ 2.02 0.17 0171 £ 0.023 0.014 0.072 + 0.001 0.101 0.004 0.035 0.035
Boron, totalt NM NM NM NM NM 60 32100 110
Chloride, total 10,310 + 6433 4000 3678 + 288 9300 4675 + 742 3550 3150 4050 4225
Calcium, total 2308 + 1103 900 NM 2880 NM NM NM  NM NM
Magnesium, total 2960 1156 1150 NM 1360 NM NM  NM  NM NM
Sodium, total 708 + 472 NAH NM 624 NM NM NM NM  NM
Sulfate 2059 + 793 800 828 + 181 1645 432 £ 35 1522 1611 1245 1364
pH 6.28 + 0.23 7.00 7.00 + 0.26 6.38 6.72 + 0.23 6.79 6.99 7.11 7.10
Alkalinity as 390 £ 194 150 1034 £ 105 152 63 + 7.1 26 46 24 32
CaC0;
Hardness as 18,677 + 6013 7250 6540 + 2480 10,400 6600 + 282 9800 4200 6400 6400
CaCo;
Conductivity 28.86 = 8.31 11.00 9.21 + 0.60 23.11 11.16 + 244 1088 10.05 11.65 11.96
Dissolved oxygen 723 + 1.22 8.00 7.75 £ 1.55 9.03 8.48 + 0.16 9.09 8.66 8.66 8.96
Chemical oxygen 1339.9 + 377.3 250 2274 + 449 938 2385 £ 3.5 183 81 155 208
demand
Nonpurgable 81.94 + 40.29 100 ~ 91.96 * 58.73 64.49 1613 £ 95.1 NM NM NM NM
organic carbon
Total suspended 10,901 * 20,042 200 207.0 £ 136.6 25 664 £ 1.9 5.80 10.35 159.6 356
solids
Total dissolved 39,103 = 10,724 8000 6183.8 £ 2965.8 23,875 12,267 + 380 11,674 10,921 13,851 19,025
solids

*Formulated FGD waters were synthesized based on a chloride concentration of approximately 4000 mg/L.

**Reported as micrograms per liter (ug/L).

tAnalyzed by ion chromatography inductively coupled plasma dynamic reaction cell mass spectrometry (IC-ICP-DRC-MS).
tMeasured before dilution for chloride concentrations.

NM = not measured.

HNA = not amended.

fish species for mercury and selenium, speciation of
selenium in the effluent samples, and toxicity evalua-
tions using Pimephales promelas, but these criteria on
NPDES permits were not common and therefore not
used as performance criteria in this study.

Design Constructed Wetland Treatment Systems for Flue
Gas Desulfurization Waters

For this study, pilot-scale systems were chosen to eval-
uate the treatment performance of CWTSs to minimize
cost and space requirements, to enable adjustments, and

to efficiently obtain data to assess the remediation po-
tential of these systems for FGD waters. Each compo-
nent of these systems was designed to target the treat-
ment of specific constituents of concern as follows:

« Equalization basins were designed as the initial com-
ponent in each experimental system to remove sus-
pended solids and homogenize (equalize) concen-
trations of contaminants before the introduction into
the treatment system. The Scale and dimensions of
this component simulated an actua] full-scale EQ
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Table 2. Identified Constituents of Concern from Four Actual FGD Waters Based on Toxicity Effects After Comanagement for Chlorides

FGD waters** Toxicity Value'
Constituent* Species Experiment (mg/L) (mg/L) Reference
Cadmium C. dubia 7 days static or renewal 0.037 0.004 Suedel et al., 1997
Chloride C. dubia 7 days static or renewal 4000 1042 DeGraeve et al., 1992
Copper C. dubia 7 days static or renewal 0.283 0.032 Carlson et al., 1986
Mercury D. magna 48 hr static 0.0051 0.0044 Barera and Adams, 1983
Selenium D. magna 48 hr static 1.30 0.55 Maier et al., 1993
Zinc C. dubia 7 days static or renewal 1.50 0.149 Carlson et al., 1986

*Amendment source for toxicity tests included CdCl,, NaCl, CuCl,, HgCl,, Na,SeOs, and ZnCl,.
**Estimated mean concentration of constituents in actual FGD waters after dilution to 4000 mg/L.
tToxicity values in bold are estimated as lethal mean concentration values (LCso).

122

basin that has been designed based on settling rates
of particulates and ambient heat transfer rates for
cooling of actual FGD waters.

» Treatment reactors were designed based on the en-
vironmental criteria that established conditions fa-
vorable for either the reductive or oxidative trans-
formation of constituents of concern. For this study,
two treatment reactor types were used and are opera-
tionally defined as reducing and oxidizing reactors.
* Reducing reactors were designed to have redox con-
ditions of —250 to —100 mV and pH values be-
tween 5 and 7 standard units in the bulk hydrosoil.
Hydrosoil was planted with a giant bulrush (S. cali-
fornicus C. A. Meyer); a plant that has little radial
oxygen loss that aids in maintaining low redox con-
ditions (Murray-Gulde et al.,, 2005b). An organic
matter as 5% (v/v) double chip pine mulch was used
as the electron donor for microbial activity (e.g., dis-
similatory sulfate reduction) and regulation of dis-
solved oxygen within sediments. These systems were
designed based on studies that indicated that the
mobility of arsenic, cadmium, copper, mercury, and
zinc under low dissolved oxygen concentrations (sub-
oxic to anaerobic) can be decreased by coprecipita-
tion reactions with sulfide-bearing minerals {Moore
etal., 1988; Kirk, 2004; Murray-Gulde et al., 2005a).
In these reducing reactors, dissimilatory sulfate reduc-
tion provides sulfides and mineral-bearing sulfides
for removing many constituents of concern from
FGD waters. Based on studies by Masscheleyn and
Patrick (1993) and Johnson and Bullen (2003), ele-
mental selenium and metal selenides can form from
both chemical and microbial reduction processes. Re-
duced selenium species are typically less mobile and
reduction of Se (V1) to Se (IV) and further reduction
of selenite to insoluble Se® have been documented

within reducing aqueous environments (Zhang and
Frankenberger, 2003).

Oxidizing reactors were designed to establish an oxi-
dizing wetland environment with bulk sediment redox
potentials of —50 to +200 mV. This was accom-
plished by selecting a porous hydrosoil with low
organic carbon and wetland plants with a high rate
of radial oxygen loss (T. angustifolia). These design
characteristics were chosen based on studies by Kirk
(2004) and on biogeochemical modeling (Brookens,
1988), which indicate that, under high dissolved oxy-
gen concentrations, dissolved iron species can be trans-
formed into solid forms (oxyhydroxides) that enable
coprecipitation with arsenic and selenium oxyanions.
Oxidizing reactors enable the reoxygenation of the
ambient water and can decrease nutrient concentra-
tions, thus limiting the environmental risks these
waters pose to aquatic recejving systems.

Flue Gas Desulfurization Waters: Chemical Composition
The chemical compositions of FGD waters are listed in
Table 1. For formulated FGD waters, the targeted con-
stituents of concern (Hg and Se) were amended as the
mean concentrations found in undiluted actual FGD
waters and arsenic concentrations were amended at
concentrations of 0.17 mg/L instead of the mean of un-
diluted actual FGD waters because of the effect of an
outlier in the data set (4.10 mg/L as As). Mean COD
concentrations were greater for actual FGD waters be-
cause of amendments of organic acids used in the scrub-
bing process. All other water chemistry parameters
tested were constant between formulated and actual
FGD waters.

Actual-amended FGD waters (n = 2) were similar
in composition to actual FGD waters after the amend-
ments for the targeted constituents of concern (As, Hg,
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and Se). The second actual-amended FGD water received
less dilution water than the first actual-amended FGD
water and resulted in an increase in chloride concentra-
tions (5200 vs. 4150 mg/L) between sampling periods.
Nonamended constituents in the actual FGD waters
may have differed by approximately 13%, but selenium
and mercury concentrations had no measurable devi-
ation (Table 1).

For comparison of pilot-scrubber FGD waters, tar-
geted constituents of concern (Hg, Se, and As) were
variable between FGD waters and ranged in concentra-
tions from 0.00039 to 0.0432 mg/L, 0.610 to 2.97 mg/L,
and 0.004 to 0.101 mg/L, respectively. Identified sele-
nium species in pilot-scrubber FGD waters were pri-
marily the selenate oxyanions; however, this analysis
(IC-ICP-MS) did not provide information regarding
some organic or neutral selenium species. Boron con-
centrations ranged from 32 to 110 mg/L before dilution
for chlorides or 29 to 103 mg/L after dilution. These data
indicate that the coal source influences the chemical
composition of FGD waters, especially potentially toxic
contaminants such as mercury, selenium, arsenic, and
boron. Data on other elements (cadmium, chromium,
copper, lead, and zinc) in FGD waters-also follow these
trends (data not shown). Water chemistry parameters
differed slightly for COD (81~208 mg/L), sulfate (1245~
1611 mg/L), and total suspended solid concentrations
(5.8-356.0 mg/L) but are more consistent when chlo-
ride concentrations are standardized between samples.

Performance Measurement of Constructed Wetland
Treatment Systems

Based on the NPDES permit criteria identified in this
study, the performance of pilot-scale CWTSs was de-
termine by monitoring the removal extents and rates of
mercury to meet a discharge criteria of less than or equal
to 0.63 pg/L, the removal extents and rates of selenium,
and the pre- and posttreatment toxicity of FGD waters
from the pilot-scale CWTS. No statistical differences
were measured for constituent removal extents or rates
between ash and no-ash pilot-scale CWTSs (P < 0.001),
and these data are presented as mean values.

Mean removal extents and rates of mercury from
EQ basin samples (pretreatment) to outflow samples
(posttreatment) from the pilot-scale CWTS were 93.2%
and 0.677 d~! for formulated FGD waters (n = 10);
96.1 % and 0.2370 d ! for actual-amended FGD wa-
ters (n = 2); and 99.0% and 0.687 d ™’ (n = 2), 68.7%
and 0.168 d~! (n = 2), no removal (n=2), and 98.7%
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Figure 2. Total aqueous concentration of arsenic, selenium,
and mercury from each reactor component of the constructed
wetland treatment system exposed to formulated FGD waters.

and 0.621 d ! for the first, second, third, and fourth
pilot-scrubber FGD waters (Figures 2—4). Based on
an NPDES permit criterion of less than or equal to
0.63 pg/L of total mercury in effluent samples, 87%
of the posttreatment FGD waters (13 of 15) achieved
the targeted treatment performance using pilot-scale
CWTSs. Only the posttreatment samples from pilot-
scale CWTSs with the loading of actual-amended FGD
waters (6.2 ug/L; n = 2) and one effluent sample from
the third pilot-scrubber FGD waters (1.2 pg/L; n = 1)
exceeded this maximum daily loading concentration.
Actual-amended FGD waters contained mercury con-
centrations of 160 pug/L and may not be representative
of currently produced actual FGD waters because the
highest concentration measured in actual FGD waters
was only 47 ug/L. Dissolved concentrations of mercury
in FGD waters may increase if air emission criteria for
mercury are established because forms of mercury such
as elemental mercury (Hg?) are relatively insoluble in
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Figure 3. Total aqueous concentration of arsenic, selenium, and
mercury from each reactor component of the constructed wet-
land treatment system exposed to actual-amended FGD waters.

FGD waters compared to mercuric chloride (HgCl,)

for FGD waters containing less than 0.9 pg/L as mer-
cury (no valto 68 ). As a-
tions dec theform nofi e-
comes more thermodynamically unfavorable (Stumm

80.1 % and 0.404 d ! for actual amended FGD waters
(n=2); and 89.7% 'n=2),6 and
0.145d7 ! (n = 2), 103d™ " (n and

29.5% and 0.050d ! (n = 2) for the first, second, third,
and fourth pilot-scrubber FGD waters (Figures 2 ~4).
To date, available NPDES permits for FGD water dis-
charge do not contain a maximum daily limit for ele-
mental constituent concentrations other than copper,
iron, and mercury. Performance criteria for pilot-scale
CWTSs or maximum daily limit could not be estab-
lished for selenium (or arsenic, cadmium, and zinc) and
therefore must be determined using toxicity evaluations.
For the pilot-scrubber FGD water experiments, sele-
nium removal declined with each sequentially loaded
FGD water ( Table 3). This trend indicates that removal
mechanisms were possibly inhibited by constituents in
these FGD waters, subject to decreasing binding sites
or reactants, or were less efficient because of differ-
ences in forms of selenium. Based on selenium biogeo-
chemistry and selenium speciation results, it is likely
that the microbial activity (i.e., selenium or iron reduc-
tion) or products of these reactions (i.e., ferrous ions)
were being inhibited because the reduction of selenium
to elemental forms and complexation reactions with
ferrous iron can decrease the solubility of selenium oxy-
anions (PFrancisco et al., 1992; Losi and Frankenberger,
1997; Oremland et al., 1999; Zhang et al., 2005). Based
on potential in-situ selenate reduction rates within sedi-
ments (Steinberg and Oremland, 1990; Oremland etal,,
1991; Lortie et al., 1992; Herbel et al., 2003) coupled
with electron donor concentrations in these pilot-scale
CWTSs, we suggest that the microbial reduction of se-
lenium species to elemental forms does not account for
the removal extents and rates measured in these ex-
periments. Reduction reactions of selenium forms in
FGD waters with ferrous or zero-valent iron species
(Zhang et al., 2005) and coprecipitation with ferri-
hydrite or goethite (Balistrieri and Chao, 1987, 1990) may
have accounted for the relatively high removal extents
measured for the first pilot-scrubber FGD water and
may have decreased for the latter pilot-scrubber FGD
waters because of the decrease of reactive iron species.
Zero-valent iron was amended to all pilot-scale CWTSs
at concentrations of 22 g per reducing reactor and
therefore could have served as a reducing and complex-
ing agent for selenium species. Zingaro et al. (1997)
suggested that Se (VI) can be reduced to Se (IV) in the
presence of ferrous iron, and after the transformation to
Se (IV), rapid complexation with iron oxyhydroxides
(Feory) can occur. Zhang et al. (2005) suggested that Se
(V1) may directly adsorb to Feop and further react to
produce an insoluble selenium-iron species. Microbial
transformations of selenium species maybe important
reaction pathways in these systems and may aid in the
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versus pretreatment samples, and reproduction in post-
treatment samples did not differ from laboratory organ-
isms (controls; P < 0.001). For the first and fourth pilot-
scrubber FGD waters, significant C. dubia mortality
occurred in the exposures of all pretreatment samples
(both treatment systems); however, no differences were
observed for any posttreatment samples (Figure 5).
Additionally, for both pilot-scrubber FGD waters, no
statistical differences in reproduction occurred for post-
treatment samples of either treatment system, however,
both pretreatment samples statistically inhibited repro-
duction (Figure 6). For the second pilot-scrubber FGD
water, significant C. dubia mortality occurred for the
pretreatment samples but no differences were measured
for either posttreatment sample (Figure 6). A significant
increase in C. dubia reproduction was measured be-
tween the pre- and posttreatment samples of both sys-
tems. For the third pilot-scrubber FGD water, no sig-
nificant mortality effects were caused by C. dubia for
any pre- or posttreatment samples of either treatment
system. Reproduction was not affected in the pretreat-
ment samples for the no-ash or ash systems, but a sig-
nificant decrease was measured in the exposures of the
posttreatment sample from the no-ash system, This ef-
fect is believed to be caused by a handling error because
the initial introduction of C. dubia resulted in the com-
plete mortality and retesting of the sample resulting in
complete survival. Lower reproduction may have been a
result of an inadequate feeding of the C. dubia popu-
lation used in the retesting of the sample. These data
indicate that pilot-scale CWTSs can decrease the envi-
ronmental risks FGD waters may pose to receiving sys-
temns, thus enabling the discharge of posttreatment waters
in compliance with NPDES permits.
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CONCLUSIONS

For this study, a risk characterization was conducted by
comparing the mean concentration of elements or
compounds measured in four actual FGD waters to the
NPDES permit criteria obtained from the USEPA data-
bases. The results of this risk-based characterization in-
dicate that cadmium, COD, chloride, copper, mercury,
selenium, and zinc are constituents of concern in these
FGD waters that require treatment before discharge.
Because FGD waters must meet the discharge criteria
established by the USEPA through NPDES permits, we
designed a series of reactors or CWTSs that would alter
the chemical solubility of the targeted constituents. This
was accomplished by assessing the biogeochemical
cycling of the constituents of concern through literature
reviews and proposed biogeochemical models. Each
treatment system contained an EQ basin and two re-
ducing and oxidizing reactor types. The treatment per-
formance of these systems was monitored for three
FGD water types (formulated, actual-amended, and
pilot-scrubber FGD waters) by measuring removal ex-
tents and rates and toxicity evaluations. The results
from these studies indicated that targeted constituents
of concern in FGD waters can be decreased in CWTSs,
and with an appropriate comanagement of low-ionic
strength water for chloride concentrations, toxicity is
decreased to acceptable discharge limits. These studies
indicate that CWTSs can be a viable treatment strate-
gy for FGD waters, but a continued research is needed
to thoroughly understand the biogeochemical cycling
(i.e., fate and transport) of constituents of concern in
these systems thereby enhancing the sequestration of
these contaminants. The experiments presented in this
article are part of an ongoing research project to com-
pare and contrast the treatment performance of pilot-
and full-scale constructed wetland treatments systems
for FGD waters. An additional research is underway
to determine the dominant removal pathways (chem-
ical and microbial) for selenium and mercury in full-
scale CWTSs for FGD waters to discern the toxicity
sources in FGD waters based on C. dubia responses and
to measure the binding strength of sequestered con-
stituents of concern from the hydrosoil of full-scale
CWTSs. The results presented in this article are spe-
cific to the FGD waters used in this study and may
differ for other site-specific FGD waters because of
factors such as the state regulatory criteria (i.e., toxicity
testing protocols and MDLs) and wet scrubber opera-
tion (i.e., coal composition, chemical additions, and
source water).
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