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i n f o

a b s t r a c t
The ﬂue gas desulfurization (FGD) wastewater and coal ﬂy ash (CFA) are waste products containing potentially
toxic elements (PTEs) and halides of environmental concerns. A novel co-disposal strategy for these two wastes is
a zero-liquid-discharge (ZLD) method which treats the concentrated FGD brine via a solidiﬁcation/stabilization
(S/S) process using CFA and alkaline additives. The objective of this study was to improve PTE and halide immobilization of this ZLD method by optimizing the mineralogy of the S/S solids in co-disposed FGD brines and
bituminous CFA. The formation of Friedel’s salt, which is critical in binding oxyanions and halides, was speciﬁcally evaluated. Various mixtures of FGD brines, CFA, and alkaline additives were systematically tested and the
formed S/S solids were evaluated by long-term leaching tests and quantitative X-ray diﬀraction (QXRD) analyses.
Addition of reactive aluminate (2.5 % by weight) and lime (10% by weight) yielded S/S solids with enhanced
formation of Friedel’s salt by up to 23%, which were able to retain the majority of selenate (>90%), arsenate
(>99%), chromate (>99%) and chloride (>50%) from the brine after nine weeks of leaching tests. Comparatively,
addition of gypsum promoted the formation of ettringite, which only enhanced the immobilization of borate, but
not selenate and chloride. The hydraulic conductivity of the S/S solids was another important factor for contaminant leaching, because it could aﬀect the stability of Friedel’s salt under the leaching conditions and governed the
immobilization of halides since the halide concentration from the brine exceeded the binding capacity of formed
Friedel’s salt.

1. Introduction
In generating electricity, the coal-ﬁred power plants produce large
quantities of waste products that include wastewater from the ﬂue
gas desulfurization (FGD) process and coal combustion residues (CCRs)
(e.g., coal ﬂy ashes (CFA)). The disposal of FGD wastewater and CCRs
is challenging due to constituents of potentially toxic elements (PTEs),
halides and boron. For PTEs, oxyanions such as CrVI (chromate), SeVI
(selenate) and AsV (arsenate) are particularly problematic due to their
high toxicity, weak adsorption and environmental mobility (Wu et al.,
2016). Halides also accumulate in the FGD wastewater. Chloride is naturally abundant, while bromide is commonly used for mercury control
at coal-ﬁred power plants (Kellie et al., 2005). Untreated halides in the
FGD wastewater pose risk to increase the formation of harmful halogenated disinfection byproducts (DBPs) in downstream drinking water
treatment plants (Richardson, 2003; Richardson et al., 2003). Boron
leached from CCRs is one of the major sources of boron in the envi∗

ronment (Noda et al., 2013). Boron is often associated with the smallest
particles in the coal ash, accumulated on the water-soluble fraction of
the particle surface (Hansen and Fisher, 1980; Kaakinen et al., 1975;
Querol et al., 1995). Some volatilized boron compounds are enriched
into the clinker and CFA, while the remaining boron is absorbed by the
wet FGD system (Noda et al., 2013).
The increasing regulations for the disposal of FGD wastewater and
CCRs have resulted in growing interests in the zero liquid discharge
(ZLD) treatment methods. The ZLD options are attractive because it
avoids wastewater discharge and promotes water reuse (Ellison, 2015;
Raucci et al., 2019; Zhang et al., 2019). Therefore, our previous work has
developed a novel treatment method which couples the concentrated
FGD brine with a solidiﬁcation/stabilization (S/S) process using CFA.
CFA is a cementitious material as it mainly contains the oxides of Ca,
Al, Si, and Fe. Once mixed with FGD brine and a pozzolanic agent (e.g.,
Portland cement (PC) or lime), the pozzolanic reactions proceed as the
mixture solidiﬁes (curing) (Renew et al., 2016; Zhang et al., 2019). Sev-
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Table 1
Characteristics of the simulated FGD brine A and brine B.
Composition

Concentration (mg/L)

Composition

Concentration (mg/L)

TDS
Chloride
Nitrate
Bromide
Ca
Na

126,000 (A); 133,700 (B)
80,000 (A and B)
300 (A and B)
1,312 (A); 8,000 (B)
57,580 (A and B)
990 (A); 2940 (B)

Mg
Se(VI)
As(V)
Cd(II)
Cr(VI)
B(III)

9,340 (A and B)
25 (A and B)
1.0 (A and B)
5.0 (A and B)
1.0 (A);25 (B)
25 (B only)

eral phases form in the cured S/S solids, including ettringite, Friedel’s
salt, quartz, mullite, periclase and calcite (Zhang et al., 2019). Our previous studies have demonstrated the eﬀectiveness of this ZLD method
in retaining PTEs and producing stabilized S/S solids with low leaching potential (Huang and Renew, 2016; Renew et al., 2014; Renew et
al., 2013; Renew et al., 2016; Zhang et al., 2019). This ZLD approach
is promising with several advantages, including: (1) lower costs with
much lower energy demands than the traditional ZLD methods (e.g.,
crystallization), (2) enhanced immobilization of PTEs in the generated
solids for safe landﬁll disposal, and (3) simultaneous stabilization and
disposal of two major wastes (i.e., FGD brines and CFA) generated at the
coal-ﬁred power plants. In this approach, CFA is beneﬁcially utilized to
encapsulate FGD brines and in turn stabilized within the same process,
which is highly positive for the industry.
Our previous studies indicate that, among the PTEs, oxyanions in
their most oxidized forms such as CrVI (chromate) and SeVI (selenate)
are diﬃcult to immobilize. SeVI is the most diﬃcult oxyanion to immobilize due to high solubility and lack of sorption to most mineral
surfaces (Huang and Renew, 2016; Huang et al., 2013; Renew et al.,
2014; Renew et al., 2013; Renew et al., 2016; Zhang et al., 2019). Indeed, our previous works demonstrated that S/S using bituminous coal
ﬂy ash (BCFA) achieved good retainment for AsV , CdII , HgII and SeIV ;
however, good retainment of CrVI and SeVI required addition of a reductant such as FeSO4 or pretreatment of brine by zero-valent iron (ZVI)
(Renew et al., 2016; Zhang, 2019). Without a reduction process for the
SeVI , it was challenging to increase their retainment eﬃciency (Huang
and Renew, 2016; Renew et al., 2014; Renew et al., 2013; Renew et
al., 2016; Zhang et al., 2019). In contrast, S/S using sub-bituminous
CFA (SCFA) could eﬀectively immobilize SeVI , even without a reduction process. It was determined that the enhanced formation of Friedel’s
salt (Ca4 Al2 (OH)12 Cl2 ·4H2 O, denoted as AFm-Cl phase) and its good capacity to uptake SeO4 2− was responsible for the immobilization of SeVI
in the SCFA S/S solids (Renew et al., 2016; Zhang et al., 2019). Additionally, Friedel’s salt can immobilize chloride (and bromide) and thus
reduce halide leaching from the S/S solids (Fang et al., 2018; Huang and
Renew, 2016; Zhang et al., 2021; Zhang et al., 2019). Besides Friedel’s
salt, ettringite (Ca6 Al2 (OH)12 (SO4 )3 ⋅26H2 O, denoted as AFt-SO4 phase)
was also detected in the S/S solids. Although ettringite does not bind
chloride (Ramgobeen, 2010) and has a weak aﬃnity for SeO4 2− compared to the AFm phase (Baur and Johnson, 2003), it has a great aﬃnity
to bind borate (Jankowski et al., 2006; Zhang and Reardon, 2003). In order to retain the contaminants mentioned above, the formation of both
Friedel’s salt and ettringite is desirable and highly dependent on the
composition of S/S mixing composition.
While BCFA is less eﬀective than SCFA for SeVI immobilization, unfortunately power plants that burn bituminous coal have more diﬃcult
FGD wastewater problems than sub-bituminous coal plants. Because bituminous coal contains higher sulfur content than sub-bituminous coal,
bituminous FGD systems generate a larger volume of wastewater with
more concentrated salts and PTEs (USEPA, 2009). In the U.S., 93% of
the produced coal was utilized for energy production in which 45.6%
is bituminous and 45.4% is sub-bituminous (USEIA, 2017). It will not
be feasible to utilize SCFA from other sub-bituminous plants for FGD
wastewater treatment at a bituminous plant due to signiﬁcant transportation costs and the fact that SCFA commands a higher beneﬁcial

reuse value. Hence, developing an optimized S/S process for FGD brines
and BCFA from bituminous coal plants is particularly needed.
This paper reports new research results to optimize the immobilization of PTEs (particularly SeVI ) and halides in concentrated FGD brines
through S/S with BCFA, by enhancing the formation of desired mineral
phases in the S/S solids. As the AFm phase plays a crucial role in the
immobilization of SeVI and halides, the objective of this study was to
assess the critical factors that can inﬂuence the minerology of the S/S
solids and develop optimization. In this work, the impacts of pH, temperature, and alkaline additives (i.e., lime, reactive Al2 O3 , and gypsum)
on the mineralogy of the BCFA S/S solids were systematically evaluated.
Quantitative x-ray diﬀraction (QXRD) analysis was conducted to determine the weight % of desired mineral phases which was then used to
correlate with the long-term leaching test results. The hydraulic conductivity of selected samples was also evaluated to study its impact on
chloride leaching. Noted that part of this work was presented at the
2019 World of Coal Ash Conference (Zhang et al., 2019).
2. Materials and Methods
2.1. Chemicals and materials
BCFA used in this study was obtained from a bituminous coal-ﬁred
power plant in the southeastern United States. The characterization and
PTE concentrations of the BCFA samples were determined and reported
by the previous study (Huang and Renew, 2016). Sodium aluminate
(NaAlO2 , technical grade), hydrated lime (Ca(OH)2 , 98%), quick lime
(CaO, 99.5%), and gypsum (CaSO4 ·2H2 O, 98+%) were purchased from
Fisher Scientiﬁc (Hampton, NH). All chemicals were used as received.
All chemicals used for making the simulated FGD brines were in analytical grade and are described in the Supporting Information (Text
S1.1). Two simulated FGD brines were prepared and used, the original
brine (“brine A”) and the modiﬁed brine (“brine B”), with compositions
shown in Table 1. The brine B was used to study the removal of boron
and bromide, by spiking with additional 25 mg/L of borate (originally
not added) and a higher level of 8,000 mg/L bromide (originally 1,312
mg/L). The chromate concentration was also increased in brine B to 25
mg/L (originally 1.0 mg/L), because 1.0 mg/L of chromate was completely removed after S/S and a higher initial chromate concentration
allowed evaluating the impact of various mixing compositions on chromate removal. The brine B was applied when the eﬀect of hydrated lime
versus quick lime was studied.
2.2. Generation of S/S solids
Various weight percentages of BCFA, simulated FGD brine A or brine
B (30% and 35%), lime or quick lime (5% and 10%), sodium aluminate
(0%, 2.5%, and 5%), and gypsum (0%, 2.5%, and 5%) were mixed. The
BCFA, simulated brine, and additives were added together to a stainlesssteel bench-scale mixer and mixed immediately for approximately 10
min. To test the eﬀect of brine temperature, the brine was heated to 80°C
using a hot plate and then poured into the mixer immediately. Part of the
resulting mixing slurry was poured into cylindrical plastic containers (48
mm (diameter) × 60 mm (height)) and cured in a humid environment for
14 days before conducting the USEPA 1315 leaching test. Some of the
2
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Table 2
Eﬀects of Lime and Aluminate: Composition (in weight %) of initial mixture of S/S solids and
their corresponding QXRD and K results. SA = sodium aluminate; G = gypsum; FS = Friedel’s salt;
Et = ettringite; and K = hydraulic conductivity.
Sample #

Brine

BCFA

Lime

Additives

FS%

Et%

K (× 10−8 cm/s)

1
2
3
4
5
6
7
8
1
9
10
3
11
12
2
13
14
15
16

30%
35%
35%
35%
35%
35%
35%
35%
30%
30%
30%
35%
35%
35%
35%
35%
35%
35%
40%

60.0%
55.0%
52.5%
52.5%
50.0%
57.5%
57.5%
55.0%
60.0%
57.5%
55.0%
52.5%
50.0 %
47.5%
55.0%
53.75%
52.5%
50.0%
50.0%

10.0%
10.0%
10.0%
10.0%
10.0%
5.0%
5.0%
5.0%
10.0%
12.5%
15.0%
10.0%
12.5%
15.0%
10.0%
10.0%
10.0%
10.0%
10.0%

Not added
Not added
2.5% SA
2.5% G
2.5% SA and 2.5% G
2.5% SA
2.5% G
2.5% SA and 2.5% G
Not added
Not added
Not added
2.5% SA
2.5% SA
2.5% SA
Not added
1.25% SA
2.5% SA
5.0% SA
Not added

15.0
12.4
22.7
10.1
23.0
6.0
0.5
8.4
15.0
12.2
12.6
22.7
22.8
26.8
12.4
18.9
22.0
32.6
6.4

1.1
0.9
0.6
12.9
10.6
4.2
3.7
11.1
1.1
3.8
1.0
0.6
0.9
1.4
0.9
1.8
0.6
0.1
0.9

11.9
0.98
3.60
7.48
26.1
58.9
1.87
61.4
11.9
NA
NA
3.60
NA
NA
0.98
N.A.
N.A.
N.A.
75.6

All of these samples used brine A; N.A. = not available
Table 3
Eﬀect of Gypsum: Composition (in weight %) of initial mixture of S/S solids and their
corresponding QXRD and K results. G = gypsum; FS = Friedel’s salt; Et = ettringite; and
K = hydraulic conductivity.
Sample #

Brine

BCFA

Lime

Additives

FS%

Et%

K (× 10−8 cm/s)

1
2
4
17
18
19
20
21
22

30% (A)
35% (A)
35% (A)
30% (B)
30% (B)
30% (B)
30% (B)
30% (B)
30% (B)

60.0%
55.0%
52.5%
60.0%
59. 5%
59.0%
58.5%
58.0%
55.0%

10.0%
10.0%
10.0%
10.0%
10.0%
10.0%
10.0%
10.0%
10.0%

Not added
Not added
2.5% G
Not added
0.5% G
1.0% G
1.5% G
2.0% G
5.0% G

15.0
12.4
10.1
14.5
14.4
14.2
10.4
9.9
6.3

1.1
0.9
12.9
1.1
1.5
4.7
6.2
7.7
16.2

11.9
0.98
7.48
13.3
6.2
4.5
15.2
17.7
23.3

These samples used brine A or brine B.

cured S/S solids were stored under vacuum (500 mmHg) and used later
for QXRD measurements within 3 days after the curing of the S/S solids.
To prepare the QXRD samples, S/S solids were crushed and then sifted
through a sieve with a mesh of 90 μm. Rutile was then added as an
internal standard (5% by weight) and the QXRD was conducted on the
same day.

in 2.2. After curing, the samples were sent to a commercial lab who applied the American Society for Testing and Materials (ASTM) method
d5084 (ASTM, 2010).
2.5. Analytical methods
The pH was measured by an Orion StarTM A111 pH meter. Concentrations of PTEs were detected by a Perkin Elmer 8000 inductively coupled plasma optical emission spectroscopy (ICP-OES) (Waltham, MA).
The washing solution used for ICP was 5% trace-metal-grade nitric acid.
The concentrations of halides were measured using a Dionex ion chromatograph with conductivity detector (Sunnyvale, CA). The minerology
of the S/S solids was analyzed by QXRD at the Institute for Electronics and Nanotechnology Materials Characterization Facility at Georgia
Tech. The build-in Rietveld method in HighScore software was applied
to obtain the weight percentage of Friedel’s salt, ettringite, and amorphous phase. The details of these analytical instruments are described
in Text S1.2.

2.3. Long-term leaching test
The cured S/S solid monolith was applied in the USEPA 1315 leaching test. The solid block had a mass of 50 g with a total surface area
of 54 cm2 . The solid block was tied up by a plastic string which was
ﬁxed under the cap of a 500-mL plastic bottle. The length of the string
allowed the solid to hang in the middle of the bottle (Figure S1). It took
480 mL of DI water to ﬁll the bottle, and the ﬁnal liquid-to-solid surface
area ratio (in mL:cm2 ) was around 9:1. At each sampling time speciﬁed
in the method, the mass of the solid and the pH and conductivity of the
leachate were measured. The leachate was then poured into a clean container, acidiﬁed with nitric acid, and stored in refrigeration for further
measurements. Fresh DI water was added again into the bottle and the
same procedure was applied in the next sampling time.

3. Results and Discussion
According to many tests in our previous studies (Huang and Renew,
2016; Renew et al., 2016; Zhang et al., 2019), the optimal mixing ratio
for solidiﬁcation and stabilization to generate stable solids was approximately 30% of brine, 60% of BCFA, and 10% of activating agent by
mass. Thus, this mixing ratio was generally followed in this study, but
with addition of extra additives or change of the amount of activating

2.4. Hydraulic conductivity test
Selected samples were cured separately for the hydraulic conductivity test. The composition of initial mixture for these samples are shown
in Table 2-4. The preparation of these samples was the same as described
3
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Table 4
Eﬀect of Brine Temperature: Composition (in weight %) of initial mixture of S/S solids and
their corresponding QXRD and K results. SA = sodium aluminate; G = gypsum; FS = Friedel’s salt;
Et = ettringite; and K = hydraulic conductivity.
Sample #

Brine

BCFA

Lime

Additives

FS%

Et%

K (× 10-8cm/s)

1
3
5
23
24
25

30%
35%
35%
30% (hot)
35% (hot)
35% (hot)

60.0%
52.5%
50.0%
60.0%
52.5%
50.0%

10.0%
10.0%
10.0%
10.0%
10.0%
10.0%

Not added
2.5% SA
2.5% SA and 2.5% G
Not added
2.5% SA
2.5% SA and 2.5% G

15.0
22.7
23.0
14.0
22.5
23.7

1.1
0.6
10.6
1.1
1.2
10.8

11.9
3.6
26.1
0.26
0.63
9.9

All of these samples used brine A.
Table 5
Eﬀect of Quick Lime: Composition (in weight %) of initial mixture of
S/S solids and their corresponding QXRD and K results. L = lime; Q = quick
lime; SA = sodium aluminate; G = gypsum; FS = Friedel’s salt; Et = ettringite; and
K = hydraulic conductivity.
Sample #

Brine

BCFA

Lime

Additives

FS%

Et%

26
27
28
29
30
31

30%
35%
35%
30%
35%
35%

60.0%
52.5%
50.0%
60.0%
52.5%
50.0%

10.0% Q
10.0% Q
10.0% Q
10.0% L
10.0% L
10.0% L

Not added
2.5% SA
2.5% SA and 2.5% G
Not added
2.5% SA
2.5% SA and 2.5% G

13.0
25.0
25.9
13.7
20.8
24.2

1.3
1.2
10.2
1.3
1.3
9.7

These samples used brine B; Hydraulic conductivity was not measured for these
samples.

agent to systematically evaluate the impacts on the S/S solid mineralogy. To compensate the change in the weight percentage of additives,
the weight percentage of BCFA was adjusted while the weight percentage of brine remained unchanged. The original recipe generated cured
S/S solids with both Friedel’s salt and ettringite present, but at relatively low weight% (<15% and <1.1%, respectively). Therefore, we used
sodium aluminate (a good source of active aluminum) to enhance the
formation of Friedel’s salt, and used gypsum (a provider of sulfate) for
the formation of ettringite. One issue noticed was that the addition of
aluminate made the mixtures dry quickly and the monoliths produced
after curing had signiﬁcant holes and cracks. Therefore, it was deemed
necessary to increase the brine weight percentage (to 35%) to compensate for the water demand by aluminate additive. Furthermore, some
mixtures used a modiﬁed simulated brine (“brine B” in Table 3 and 5),
hot brine (80 °C in Table 4) or quick lime (Table 5) for comparison,
along with the results of QXRD for each S/S solid sample. All the samples were subjected to the USEPA Method 1315 long-term leaching test
and the results are shown in Figures 1–6, which are discussed along with
the QXRD results for the eﬀects of additives in the sections below.
Note that for PTEs’ leaching, only low levels of selenate could be
detected in the leachate. Other PTEs (i.e., arsenate, chromate, and
cadmium) were close to complete removal with concentrations in the
leachate either non-detectable or close to the analytical instrument (ICPOES) detection limits, so their data are not reported. The excellent retainment of these PTEs was related to the formation of both AFm and
AFt mineral phases in the S/S solids. The ability of these mineral phases
to retain PTEs, including SeO4 2− , AsO4 3− , CrO4 2− and Cd2+ , were previously reported by other researchers (Albino et al., 1996; McCarthy et
al., 1991; Zhang and Reardon, 2003).

Fig. 1. Eﬀects of lime addition combined with aluminate (SA) and/or gypsum
(G) addition on (a) cumulative chloride leaching and (b) cumulative Se leaching
from S/S solids with 35% of brine A.

(Sample #3), the Friedel’s salt content was increased to 22.7%. When
lowering the lime addition to 5% and keeping the aluminate at 2.5%
(Sample #6), there was only 6.0% of Friedel’s salt formation likely due
to the lack of alkalinity. To further investigate the impact of lime on
Friedel’s salt formation with or without aluminate, additional samples
were made for QXRD analysis. Without the addition of aluminate, increasing lime addition from 10% to 15% did not increase the amount of
Friedel’s salt formed, likely due to the limitation of available aluminate
in the ash (Samples #1, 9 and 10). By adding 2.5% of aluminate, further
increase of lime addition slightly increased the Friedel’s salt formation

3.1. Eﬀect of lime addition
3.1.1. QXRD
The hydration of BCFA is a process of pozzolanic reaction. For this
reaction to proceed, adequate alkalinity is required to dissolve the glassy
silicate and aluminate phases in the mixture. As shown in Table 2, for
the mixture with 10% lime added (Sample #2), there was about 12.4%
of Friedel’s salt formed in the S/S solids. By adding 2.5% of aluminate
4
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from 22.7% to 26.8% (Samples #3, 11 and 12). Therefore, in terms of
Friedel’s salt formation, adequate lime is required for the reaction to proceed, but extra lime is not beneﬁcial for Friedel’s salt formation when
the aluminate source is limited.
3.1.2. Leaching tests
In term of chloride leaching (Figure 1a), 20%-40% (in weight % compared to the original amount of chloride in the brine) of chloride was
leached from the S/S solid samples in which 10% lime was added (Samples #3-5 in Table 2), but 30%-70% of chloride was leached from S/S
samples with 5% of lime addition (Samples #6-8) in Table 2), after 63
days of leaching. In terms of selenium leaching (Figure 1b), selenium
concentrations in the leachate from the S/S solid samples with 10% of
lime addition (Samples #3-5 in Table 2) were close to the detection
limit; in contrast, the S/S solid samples with 5% of lime addition (Samples #6-8 in Table 2) leached about 2-7% of selenate (calculated based
on the amount of selenate introduced from the brine) after 63 days. Combining the leaching test and the QXRD results, we can conclude that S/S
solids with 10% lime addition generated more Friedel’s salt, and immobilized more chloride and selenate than S/S samples with only 5% of
lime addition. The extra alkalinity from the greater amount of added
lime not only facilitated Friedel’s salt formation but also helped maintain the high pH of the leachate and thus prevented the dissolution of
Friedel’s salt.
3.2. Eﬀect of aluminate addition
3.2.1. QXRD
Aluminate addition provides the source of Al which is part of the
layered double hydroxide (LDH) in AFm phases. As shown in Table 2,
by increasing the amount of aluminate added into the S/S mixture while
keeping 10% of lime, Friedel’s salt content increased from 12.4% to
32.6% (Samples #2 and 13-15). Therefore, with adequate lime addition,
more aluminate addition will increase the Friedel’s salt formation.
Note that, although aluminate addition enhanced the formation of
Friedel’s salt, it caused the S/S mixtures to become drier and solidify more quickly than those without aluminate addition. S/S samples
without aluminate addition stayed as slurry or paste during the mixing
and could be poured into the mold readily for curing. Preliminary tests
showed that samples with 5% of aluminate addition solidiﬁed quickly
during the mixing and thus a satisfactory monolith solid could not be
obtained for the leaching tests later. S/S samples with 2.5% of aluminate addition also dried more quickly than samples without aluminate
addition; however, by increasing the FGD brine percentage from 30%
to 35%, the mixture could stay as a paste during the mixing and be
transferred into the mold. Therefore, one potential issue with aluminate
addition is increase of porosity of the S/S solid due to the faster drying
rate, thereby aﬀecting the leaching potential.

Fig. 2. Eﬀects of aluminate addition on (a) cumulative chloride and (b) cumulative selenium leaching from S/S solids. All of the samples used brine A.

less selenium compared to that without aluminate addition. Similarly,
when both aluminate and gypsum were added, there was more selenium leached out compared to the sample with only aluminate added.
This increase of selenium leaching could be due to the competition between sulfate and selenate for uptake by Friedel’s salt when gypsum was
introduced.
3.3. Eﬀect of gypsum addition

3.2.2. Leaching tests
In terms of chloride leaching, Figure 2a shows that the S/S solid with
aluminate addition (Sample #3, Table 2) released less chloride than the
sample without aluminate addition (Sample #2, Table 2). When both
aluminate and gypsum were added (Sample #5, Table 2), there was
more chloride leached out than that from the sample with only aluminate addition (i.e. Sample #3). This increase of chloride leaching related
to gypsum addition was more pronounced when only 5% of lime was
added in the S/S mixture (Sample #8 in Table 2 and data shown in
Figure 1a). One signiﬁcant factor causing this unusual high leaching of
chloride for Sample #8 could be the high hydraulic conductivity of the
sample. Another possibility could be due to the damage of the monolith (especially on the surface) when the S/S solids were made. It was
diﬃcult to remove the cured samples from the plastic molds without a
certain degree of damage because of the low strength of this solid (likely
caused by inadequate alkalinity with only 5% of lime). In terms of selenium leaching (Figure 2b), S/S solids with aluminate addition leached

3.3.1. QXRD
Gypsum provides sulfate into the system and enhances the formation
of ettringite. For example, Sample #2 with 10% lime addition but without gypsum only formed 0.9% of ettringite. By adding 2.5% of gypsum
(Sample #4), the ettringite was increased to 12.9% (Table 3). To further
investigate the eﬀect of gypsum on ettringite formation, S/S mixtures
with 0.5-5.0% of gypsum addition were made and their QXRD results
indicated increasing formation of ettringite as shown in Table 3 (Samples #17-22). Note that these S/S samples were made utilizing brine B,
which was spiked with borate.
3.3.2. Leaching tests
Ettringite formation had no signiﬁcant impact on chloride leaching
(data not shown), which can be expected since it does not bind chloride. For the S/S samples in Table 3, their results of boron and selenium
5
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Fig. 4. Eﬀect of hot brine with or without aluminate addition on cumulative
chloride leaching from S/S solids. The experiments used brine A.

could play an important role in the stability of both AFm and AFt phases
(Clark and Brown, 1999, 2000; Damidot and Glasser, 1992). However,
raising the temperature of brine did not result in signiﬁcant diﬀerence
in terms of minerals formation and their percentages (see comparisons
between Samples #1 vs. #23, #3 vs. #24, and #5 vs. #25 in Table 4).
This was likely due to rapid cooling of hot brine when contacted with
the mixture and heating was not conducted throughout the mixing in
this study.

3.3.4. Leaching tests
Although the addition of hot versus room temperature brines did
not change the mineralogy of the S/S solids. The samples with hot brine
and aluminate addition leached more chloride during the ﬁrst 2 days
than the corresponding samples with room temperature brine (Figure
4). After 2 days, the amounts of chloride released from both samples
were similar. Therefore, the diﬀerence was mainly due to the amount of
leached chloride during initial surface wash-oﬀ. The hot brine sped up
the drying of the mixture when aluminate was added, thus leaving more
cracks on the solid surfaces, which could enhance the surface wash-oﬀ.
Without the addition of aluminate, adding hot brine did not speed up
the drying, so no signiﬁcant diﬀerence was observed. Selenium leaching could not be compared among these S/S solids because the selenium
concentration in the leachate was always close to the analytical detection limit, indicating very low selenium leaching potential.

Fig. 3. Eﬀects of gypsum dosage (0%-5.0%) on the cumulative leaching of (a)
boron and (b) selenium from S/S solids. The experiments used brine B.

leaching are shown in Figure 3. It was found that S/S solids made with a
higher dosage of gypsum, which generated more ettringite, leached less
amounts of boron (Figure 3a). However, this trend was not observed
in selenium leaching (Figure 3b) which can be explained by ettringite’s
much weaker aﬃnity for selenate.
Cox et al. reported the leaching of boron (as borate or boric acid)
from bottom ash and ﬂy ash (Cox et al., 1978). The boron content in
CFA was found as high as 1,900 ppm and more than 50% was leachable
into the water. Jankowski at al. studied the mobility of boron along with
other selected metals from Australian ﬂy ashes (Jankowski et al., 2006).
Long-term (144 h) batch leaching tests suggested that boron has the
highest relative mobility among the studied elements, and the decrease
of boron in the leaching solution could be attributed to the formation
of ettringite. At high pH values, boron can co-precipitate with CaCO3
(Hollis et al., 1988; Kitano et al., 1978). There are also several studies
that reported the formation of borate substituted ettringite (Bothe and
Brown, 1998; Solem-Tishmack et al., 1995; Zhang and Reardon, 2003).

3.5. Lime (hydrated) vs. quick lime (unhydrated)
The use of hydrated lime versus unhydrated quick lime as the activating agent in the S/S was also conducted for comparison. This set of
S/S samples used 30% or 35% of brine B and with or without the aluminate and/or gypsum additives, as shown by Samples #26-31 in Table
5.

3.5.1. QXRD
Addition of quick lime slightly increased the formation of Friedel’s
salt compared to that in the same mixing composition (i.e., Samples
#26-28 vs. #29-31, Table 5). However, S/S mixture made with quick
lime dried faster compared to that made with hydrated lime due to the
higher water demand of quick lime. The faster drying rate may aﬀect the
hydraulic conductivity of the S/S solids which requires further study.

3.4. Eﬀect of brine temperature
3.3.3. QXRD
S/S samples with hot FGD brine heated to 80 °C was also made to
compare with samples with room temperature FGD brine using the same
S/S mixing compositions. Previous literature suggested that temperature
6
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Fig. 5. Eﬀects of lime or quick lime on cumulative leaching of (a) chloride and
(b) bromide from S/S solids with brine B.
Fig. 6. Eﬀects of lime or quick lime on (a) cumulative boron leaching and (b)
cumulative Se leaching from S/S solids with brine B.

3.5.2. Leaching Tests
In terms of chloride leaching (Figure 5a), S/S samples with hydrated
lime addition generally leached less chloride than the S/S samples with
quick lime addition using the same mixing composition. However, this
diﬀerence was only seen at the early stage of the leaching test. In the
later stage, the diﬀerence was no longer signiﬁcant (Figure 5a). Therefore, lime or quick lime does not impact the performance of the S/S
for immobilization of chloride in the long term. In terms of bromide
leaching (Figure 5b), no obvious trend was observed among diﬀerent
samples. The overall leaching percentage of bromide was in 30%-40%
after 63 days, which was at the similar level of chloride leaching. The
samples without addition of additives (black lines with square symbols
in Figure 5) appear to leach less chloride and bromide, partly because
those samples had less amounts of brine added. In terms of overall retainment percentage, all the samples leached similar levels of chloride
(∼30%) and bromide (30-40%) without a clear trend.
Chromate leaching was not detected even using the brine B which
contained a higher concentration (25 ppm) of chromate, indicating that
the S/S method is excellent for chromium immobilization. Boron and
selenium results are shown in Figure 6. It was found again that ettringite formation improved the immobilization of boron (Figure 6a) but
not for selenium (Figure 6b), which agrees with the results in Section
3.3 discussing the eﬀect of gypsum. Therefore, the addition of gypsum
is not as important as aluminate and lime for chloride and selenate immobilization but is important for boron. Additionally, S/S samples with

quick lime performed slightly better than their corresponding samples
with hydrated lime addition for boron retainment. Although quick lime
did not enhance the formation of ettringite compared to hydrated lime,
it provided more alkalinity to the reaction since its addition was 10%
by weight and quick lime has a lower molecular weight. This extra alkalinity could enhance the stability of ettringite during the long-term
leaching test. Figure 6b shows the cumulative leaching of selenium.
Consistent with the previous results, aluminate addition decreased the
selenium leaching.
3.6. Hydraulic conductivity
Among all the samples discussed above, eighteen of them were tested
for their hydraulic conductivity (K in cm/s). The composition of these
samples, along with their K values and Friedel’s salt % (FS%), are shown
in Table 2-4. The chloride leaching data of these samples were evaluated by correlating the amount of chloride release during the ﬁrst week,
weeks 2-9, and the entire 9 weeks with solid K value and FS% (Figure
7).
Overall, both low K value and high FS% are important for chloride
retainment. In general, the amount of chloride leached during the ﬁrst
7 days accounted for the majority of total chloride leaching for the entire process. In the ﬁrst 7 days, the unbounded chloride retained on
7
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Figure 7. Eﬀects of hydraulic conductivity (K) and Friedel’s
salt content (weight %) on chloride leaching from S/S solids
during (a) overall 63 days, (b) 0-7 days, and (c) 7-63 days.
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the surface and near surface was released into DI water rapidly. The
amount of unbounded chloride would be less when a higher amount of
Friedel’s salt was formed. Figure 7b shows the general trend of a higher
FS% releasing a lower amount of chloride. After 7 days, the unbounded
chloride originally existed near the surface was already leached out, so
the diﬀusion of unbounded chloride from the inside of the S/S solids
contributed to the chloride leaching. The diﬀusion rate could be related
to the hydraulic conductivity of the S/S solids. Indeed, the solids with
relatively high conductivity released more unbounded chloride from
the inner solid over the long term (Figure 7c). Another possible chloride leaching mechanism is the dissolution of Friedel’s salt. During the
course of the leaching test, DI water (pH 5.5) was replaced frequently
over time. Therefore, the alkalinity of the solids was gradually consumed
over time. Although lime was added into the samples for S/S, much of
the alkalinity could be consumed during the curing of the solids. During
the long-term leaching test, the measured pH of all the samples in this
study remained at 11-12, indicating that the solid alkalinity was being
consumed. Mineral phases whose structures contained metal hydroxides
(e.g. Friedel’s salt) will partially dissolve to generate hydroxide until the
pH of the extraction ﬂuid reached to the point where it was stable (Dai
et al., 2009; Wu et al., 2010). Figure 7c indicates that during the later
stage of long-term leaching, samples with similar K value but higher
FS% released more chloride, which could be an indication of Friedel’s
salt dissolution. However, Figure 7c also indicates that the amount of
chloride leaching from Friedel’s salt dissolution (note the lower scale)
was not as signiﬁcant compared to the amount of chloride leached out
during the ﬁrst 7 days (Figure 7b). Overall, based on the results discussed above, a combination of high FS% and low K is desired for the
S/S solids. This work has demonstrated that FS% could be improved
by adding reactive aluminate with an adequate amount of lime. Future
work should focus on lowering the K for the solids.

from the brine. Meanwhile, the stability of the AFm phase can also affect the immobilization of the contaminants and should be considered.
Once the S/S solids are exposed to the landﬁll conditions, rainwater and
leachate may slowly penetrate the solids and the alkalinity could gradually be consumed. Preliminary analysis of the S/S solids generated in
this study indicated a saturated hydraulic conductivity in the range of
10−7 to 10−9 cm/s which could be deﬁned as impervious. The long-term
leaching tests conducted in this study followed the USEPA Method 1315
which utilized DI water and covered the span of 9 weeks. Additional
leaching tests could use synthetic rainwater to more closely mimic the
landﬁll conditions. Diﬀerent water pH and temperature may also have
an impact on the leaching behaviors of elements from the S/S solids.
For the temperature eﬀect, pure Friedel’s salt is stable at environmental relevant temperatures (Balonis, 2019). However, the complex matrix
of S/S solids may inﬂuence the stability of FS at various temperature.
Nevertheless, the main conclusions obtained from this study on the importance to optimize mineralogy to promote immobilization of PTEs and
halides will like hold even under more varied leaching conditions. For
S/S solids to be disposed of in the landﬁlls for years, a low permeability
as well as the optimized mineralogy are critical for the immobilization of
contaminants. Therefore, further research should be conducted on how
to reduce the permeability while maintaining the desired mineralogy of
the S/S solids.
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4. Conclusions
The experimental results of this study indicate that the S/S method of
using about 35% brine, 52.5% CFA, 2.5% aluminate and 10% lime (by
weight) generates a solid with excellent performance on immobilization
of selenium and chloride. This ratio of reagents may be subject to modiﬁcations considering the variability of FGD wastewater, brine generation
methods, and coal ash properties at diﬀerent coal-ﬁred power plants.
Overall, aluminate addition along with an adequate amount of lime in
the S/S process is crucial for enhanced formation of Friedel’s salt and reduced leaching of contaminants. Gypsum addition enhances the formation of ettringite which does not improve the retainment of selenium and
chloride signiﬁcantly but will improve the retainment of boron. The addition of hot brine, extra lime and aluminate could make the S/S slurry
drier and harden faster. Therefore, the S/S solids generated under such
conditions may be more porous and thus have higher leaching potential.
Although the addition of quick lime provides more alkalinity compared
to the addition of hydrated lime (due to lower molecular weight of quick
lime under the same mass amount addition), quick lime only slightly increases the percentage formation of Friedel’s salt in the S/S solid, and
thus has no signiﬁcant impact on chloride leaching.
This work has clearly demonstrated the importance of minerology of
the S/S solids on the retainment of contaminants such as selenium and
chloride. However, another important factor that must be considered as
well is the permeability of the solids because permeability could govern
the stability of the minerals inside the solids and the leaching of unbound contaminants (e.g., excess chloride). Regarding the inﬂuence of
permeability, our results on a selected set samples have indicated that
the long-term leaching of chloride may correlate more to the permeability of the solids, and less to the Friedel’s salt formation, because most
of the chloride in the S/S mixture remains as free chloride ions due to
the very high concentration of chloride from the brine. Although the
AFm phase is capable of binding chloride, the amount of Friedel’s salt
formed could only bind a small portion of the total chloride introduced
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