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ABSTRACT 
 
Flue gas desulphurization (FGD) is a process implemented at coal-fired power plants to reduce 
SO2 emissions. FGD is often accomplished by wet a scrubbing process, generating a significant 
volume of wastewater. This wastewater typically contains heavy metals like mercury and 
selenium, as well as chlorides and bromides, all originating from the coal.  New environmental 
regulations will require treatment of individual wastewater streams at power plants before they 
are combined in settlement ponds, and subsequently discharged into surface waters.  These 
new regulations will necessitate the construction of onsite treatment facilities at power plants, at 
significant cost to the utilities, which will invariably be passed down to the consumer.  This study 
explored two potential treatment and disposal alternatives for FGD wastewater (FGDWW). 
Specifically, using coal combustion residues (fly ash) to solidify and stabilize the wastewater for 
disposal using a low alkali concentration geopolymer formulation. Also, a wastewater treatment 
process was investigated to minimize or eliminate the use of fly ash, which is already 
productively reused in concrete, for FGDWW disposal. 
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1. Introduction 
 
Flue gas desulfurization (FGD) is a process used to remove sulfur dioxide (SO2) from exhaust 
flue-gas.  This is typically done by either wet or dry scrubbing.  Wet scrubber FGD processes 
require a significant quantity of water, and produce large volumes of wastewater [1].  In these 
systems the SO2 is removed by contacting the flue-gas with an aqueous solution or slurry 
containing either lime (Ca[OH]2), or limestone (CaCO3). Along with SO2, the FGD process also 
captures other chemical constituents originating from the coal, such as: chlorides, selenium, 
arsenic, and mercury (among others), which end up in the FGD wastewater (FGDWW).  
Chloride and selenium concentrations in particular can be quite high in FGDWW depending on 
the type of coal being burned.   
 
Utilities are currently able to deal with FGDWW by diluting it with other (much less concentrated) 
wastewater streams from different processes within the power plant, collecting this water in 
onsite settlement ponds, and subsequently releasing the diluted wastewater back into surface 
wasters [1].  The US EPA has recently proposed changes to the Power Plant Effluent Limitation 
Guidelines (PELG) first established by the Clean Water Act, and last updated in 1982 [1-4].  The 
proposed changes establish new or additional requirements for wastewater streams from the 
following processes and byproducts at coal-fired power plants: FGD, flue gas mercury control, 
fly ash, bottom ash, and gasification of fuels such as coal and petroleum coke.  The new 
guidelines will essentially prohibit blending of the various wastewater streams at power plants, 
and will require that treatment of these streams be done individually before being combined and 
discharged into surface waters [1]. 
 
This investigation focused specifically on  wastewater from power plant FGD processes.  One 
management strategy for this waste stream would be to use heat from the power plant to 
evaporate the water leaving all the total suspended and dissolved solids behind.  However, at 
power plants burning Illinois Basin (IB) coal, the FGDWW that is generated is often quite high in 
calcium sulfate  (CaSO4) and calcium chloride (CaCl2)content. CaCl2 in particular is extremely 
hygroscopic and deliquescent.  As a result, dried FGDWW solids change into a thick slimy 
constancy after dissolving in the water they absorb from the atmosphere, as demonstrated in 
Figure 1. This slimy material is very challenging to handle, and would raise stability concerns if 
placed in a landfill. 
 
 

 
 
 

 
 
 

Figure 1: Laboratory demonstration of the hygroscopic and deliquescent nature of dried FGD 
wastewater with high CaCl2 content. 

FGDWW After 4 hrs exposed to 
atmospheric 

conditions in the lab 

Dried FGDWW After 24 hrs exposed 
to lab atmospheric 

conditions  
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This study explores some alternative methods for treatment, disposal, and potential beneficial 
use of FGDWW and its components.  The following two alternatives are discussed herein: 
 

1. FGDWW solidification/stabilization using fly ash geopolymer formulation. 
 

2. Treating FGDWW with soda ash (Na2CO3), and subsequent productive reuse of CaCO3 
precipitate generated in the process in concrete. 

 
2. Alternative Treatment/Disposal Strategies for Power Plant FGDWW 
 
2.1.Fly ash geopolymer Solidification/Stabilization  
 
Geopolymerization refers to the polycondensation reaction that occurs between a variety of 
naturally occurring alumino-silicate oxides and silicates when mixed with a highly alkaline 
solution referred to as an activator [5-7]. Over the last two decades, coal fly ash has become a 
common aluminosilicate material used in geopolymers synthesis [8]. The most basic activator 
solutions are composed of an alkali metal (sodium or potassium) dissolved in water.  An alkali 
metal salt and/or hydroxide is necessary for the dissolution of the aluminosilicate particles, as 
well as for catalysis of the condensation reaction [9, 10].   
 
Fly ash geopolymers can have strength and durability characteristics on par with and often 
exceeding concrete strength and durability [5, 8, 11].  In this study however, the goal was to mix 
FGDWW with fly ash and an alkaline activator to produce a mixture that will solidify and stabilize 
upon placement in a disposal facility.  Strength and durability characteristics like those required 
for concrete structures would be overkill for this disposal application [12].  For high strength 
applications, the alkali activator concentration is typically on the order of 10 to 13 Molar [5, 12], 
and activator to solids ratio in the range of 0.25 - 0.45. The high concentration of alkalis and 
other components like silicates that are commonly used in geopolymer synthesis typically result 
in significantly higher costs for geopolymer concrete compared to regular Portland cement 
concrete.  However, when used in this kind of disposal application, research has shown that 
reducing the concentration of alkalis in the activator solution (to bring down the cost), adequate 
solidification and stability can still be maintained in the geopolymer fill [12]. 
 
Table 1 shows physical and chemical characteristics of the fly ash and FGDWW used in this 
geopolymer solidification/stabilization study. For this application, it was important to use as 
much FGDWW in the mix design as possible to maximize the FGDWW disposal rate. An 
activator to fly ash ratio of 0.5 was thus selected.  Also, as mentioned above, a relatively low 
alkali concentration was chosen to reduce the cost of the process. Sodium hydroxide (NaOH) 
was selected for the alkali component, at a concentration of approximately 3 Molar (54g of 
NaOH per 500g of activator solution).  Two different methods of mixing NaOH with the FGDWW 
and ash were explored. In the first mix, a high concentration NaOH solution (12 Mol.) was 
prepared to ensure complete NaOH dissolution, then mixed with the FGDWW, and then mixed 
with fly ash. In the second method, solid NaOH pellets were mixed with the FGDWW directly, to 
maximize the amount of FGDWW in the activator solution, and then mixed with the fly ash. Due 
to the high salt concentration in the FGDWW, it was more difficult to dissolve NaOH directly in 
the FGDWW.  
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Table 1: Chemical and Physical characteristics of a class F fly ash and FGDWW 
Fly Ash FGD Wastewater 

Major Oxides % Composition Chemical Constituent Concentration [mg/L] 

Silica (SiO2) 55.28 Calcium  (Ca) 39000 

Alumina (Al2O3) 27.21 Chloride (Cl-) 6000 

Iron oxide (Fe2O3) 7.98 Magnesium (Mg) 3900 

Calcium oxide (CaO) 1.26 Sulfate (SO4
2-) 1200 

Magnesium oxide (MgO) 1.23 Bromide (Br-) 81 

Sulfur trioxide (SO3) 0.07 Sodium (Na) 52 

Sodium oxide (Na2O) 0.47 Potassium (K) 17 

Potassium oxide (K2O)  3.02 Silicon (Si) 16 

Phosphorus oxide  (P2O5) 0.19 Manganese (Mn) 1.1 

Titanium dioxide (TiO2) 1.41 Zinc (Zn) 0.93 

Loss on ignition (LOI)  1.40 Selenium (Se) 0.33 

Total  (including LOI) 99.52 Cadmium (Cd) 0.083 

Total  Carbon (%) 1.1 Phosphorus (P) 0.047 

Specific Surface Area (m
2
/g) 1.27 Iron (Fe) 0.028 

Specific Gravity (Gs) 2.63 Chromium (Cr) 0.009 

Median Particle Size (µm) 16.2 Arsenic (As) 0.002 

 
Table 2 summarizes the two different geopolymer mix designs that were investigated. The 
higher activator solution pH for preparation method #1 can be attributed to less FGDWW in the 
mix and complete dissolution of the NaOH in the 12 molar solution prior to mixing with the 
FGDWW.FGDWW/fly ash geopolymer samples were poured in 5 cm (2 in.) cube molds and 
cured in a sealed container at 38°C (100°F). Block strength measurements (4 block average) 
were then made after 3 and 7 days of curing.  
 
Table 2: Mix Designs for Fly Ash FGD Geopolymer Solidification/Stabilization 

Geopolymer Mix 
Preparation 

Ash 
[g] 

1Ac/Fa NaOH Conc. 
[g/500g Activ.] 

Total 
FGDWW 

[g] 

NaOH Soln. 
Conc. [Mol.] 

NaOH Soln. 
added [g] 

Activator 
pH 

2FG/Fa 

#1 

Mix  NaOH soln. 
first, then mix 
with FGDWW 
and ash 

1000 0.5 54 335 12 165 12.95 0.33 

#2 
Dissolve NaOH 
solid in FGDWW 
then mix with ash 

1000 0.5 54 446 na na 12.28 0.45 

1Ac/Fa = Activator (FGDWW + NaOH) to fly ash mass ratio; 
2FG/Fa =  FGDWW to fly ash mass ratio 

 
 
2.2. Soda ash FGDWW Treatment and Precipitated CaCO3Production 
 
The basic chemical principle of this process was to mix FGDWW containing high levels of 
chlorides (primarily CaCl2), with sodium carbonate (in the form of soda ash) and precipitate out 
calcium carbonate (CaCO3). Equation 1 below shows the general chemical reaction involved in 
this process. The precipitated CaCO3 was then collected by a filtration process and dried. The 
filtrate  was predominantly sodium chloride (NaCl). 
 
CaCl2 aqueous + Na2CO3 solid  → CaCO3 solid precipitate + 2NaCl aqueous Equation 1.
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Handling and disposal of NaCl  based wastewater could be less challenging than untreated 
FGDWW.  However, the main benefit of this particular process is that the CaCO3 precipitate 
could potentially be beneficially used the same way as limestone in Portland Limestone Cement 
(PLC).   
 
2.2.1 Limestone and Precipitated Calcium Carbonate in Portland Cement  
 
With the technology as it exists today, PLC substitution for ordinary Portland cement (OPC) in 
infrastructure represents a significant advancement in concrete sustainability [13]. When OPC, 
which typically contains up to 5% limestone, is replaced with PLC containing up to 15% 
limestone, the resulting impact at cement plants is a 10% reduction of point-source CO2 
emissions [14].  Substituting the limestone with CaCO3 - a byproduct from treating FGDWW with 
soda ash - takes this improvement in sustainability even further. 
 
There is evidence of both physical and chemical benefits from the limestone in PLC that 
improve setting and strength characteristics.  This is especially evident when SCMs like fly ash 
are included in the mix design [13, 15, 16].  The physical benefits result from the fineness of the 
limestone which provides better particle packing and higher paste density due to the enhanced 
overall cement particle size distribution.  The smaller limestone particles in suspension between 
larger PC particles provide nucleation sites that improve hydration reaction efficiency [17].  
Chemically, limestone contributes calcium compounds that dissolve quickly and become 
available for hydration interaction.  Calcium carbonate reacts with aluminate compounds to 
produce durable mono- and hemi-carboaluminate hydrate crystals [17].  It is expected that the 
CaCO3 from FGDWW will offer comparable physical and chemical benefits to concrete, owing to 
its similar chemistry and fine precipitate grade particle size.  
 
For this study, actual FGDWW was used.  Chemical analysis of the FGDWW, and CaCO3 
precipitate was conducted by TestAmerica environmental laboratory. Particle size distribution 
(Horiba LA-960) and Strength Activity Index (ASTM 311), and isothermal calorimetry (Calmetrix 
I-Cal 8000 HPC) were then performed on OPC/CaCO3 precipitate blends and the results 
compared to an OPC control sample. 
 
 
3. Experimental Results 
 
3.1. Fly Ash Geopolymer Solidification/Stabilization 
 
Two different mix preparation methods were investigated for preparing solidified and stabilized 
FGDWW in a fly ash geopolymer formulation.  Five cm (2 in.) cubes were produced for each 
preparation method.  After 3 and 7 days of curing at 38 °C (100°F) in a closed container, both 
sets of blocks had solidified, with no evidence of cracking. Figure 2 shows an image of one 
block from each mix preparation method after 3 days of curing. 
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Figure 2: Fly ash/FGDWW geopolymer blocks produced using 3 molar NaOH in FGDWW,  
and class F fly ash after 3 days of curing. Right block – Mix #1, Left block – Mix #2. 

 
Based on the ratio of FGDWW to fly ash in each geopolymer mix, preparation method #2 was 
the most efficient for FGDWW disposal.  However, geopolymer block strengths were 
consistently higher for preparation method #1, as shown in Table 3. The likely explanation for 
these results is that the NaOH was fully dissolved in the activator solution for method #1, which 
resulted in higher pH and more dissolution of the reactive aluminosilicates in the fly ash, and 
thus more complete geopolymer formation.  Additionally, since the activator for method 2 
contained only FGDWW as the liquid component, the high salt concentration (from the 
FGDWW) in that mixture could have interfered with the polycondensation reactions in the 
geopolymerization process. 
 
Table 3: Compressive Strength for 3 and 7 day FGDWW/Fly Ash Geopolymer Blocks, and 
Estimated Material Cost for Every 1000 gallons of FGDWW Disposed. 

Geopolymer 
Mix Method 

1FG/Fa 
3 Day 

Strength 
[KPa] 

7 Day 
Strength 

[KPa] 

NaOH per 10,000 L 
FGDWW [Kg] 

Fly Ash per 10,000 L 
FGDWW [metric ton] 

2Estimated Cost 
[$/10,000L FGDWW] 

#1 0.33 6,650 8,550 1,750 32.6 3,430 

#2 0.45 6,300 7,030 1,320 24.4 2,560 
1FG/Fa = FGDWW to Fly ash mass ratio in mix;  
2Estimated cost is for materials only,  based on $1.50/Kg for NaOH and $18/metric ton for  fly ash. 

 
 
The total material cost per 10,000 liters of FGDWW disposed is another way to evaluate the 
effectiveness of each geopolymer mix preparation method. As shown in Table 3, Method #2 
was significantly cheaper since less NaOH and fly ash was required per unit mass of FGDWW. 
The material cost for preparation method #1 could be reduced by using a higher concentration 
NaOH solution to mix with the FGDWW.  Further reducing the overall concentration of NaOH in 
the activator solution (less than 3 molar) would reduce costs for both methods.  However, the 
strength of the final geopolymer product would decrease as well, and may not be adequate for a 
solidification/stabilization application. 
 
3.2. Precipitated CaCO3 from FGDWW Treated with Soda Ash  
 
FGDWW for this study was obtained from a power plant in Georgia, USA. Table 4 shows the 
chemistry (ICP MS/OES) for the FGDWW used in this study.  The main constituents of the 
FGDWW were calcium, chlorides, magnesium and sulfates. Arsenic and selenium were 
detected in FGDWW however, these were in very low concentrations. 
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Table 4: Chemistry of FGDWW 

Chemical Constituent 
Actual FGDWW 

(Primarily CaCl2 aqueous) 

Concentration [mg/L] 

Calcium 39,000 

Chloride 6,000 

Magnesium 3,900 

Sulfate 1,200 

Bromide 81 

Sodium 52 

Potassium 17 

Silicon 16 

Manganese 1.1 

Zinc 0.93 

Selenium 0.33 

Arsenic 0.002 

Lead ND 

Mercury ND 

ND = non-detect 

 
 
Chemical composition of the CaCO3 precipitate from the FGDWW soda ash treatment process  
is presented in Table 5.  The elevated concentration of heavy metals such as Se, As, Pb, and 
Hg, compared to the initial FGDWW was likely due to co-precipitation from solution during soda 
ash treatment, and concentration upon drying.  As such, productively reusing this material in 
applications like concrete, where it would be encapsulated is preferred.  If necessary, secondary 
treatment could be added to the process, such as ion exchange and/or iron co-precipitation, to 
remove  the metal cations and arsenic [3]. 
 
 
Table 5: Chemistry of CaCO3 precipitate produced from FGDWW 

Chemical Constituent 
Precipitate  

(Primarily CaCO3  solid) 

Concentration [mg/kg] 

Calcium 220,000 

Chloride 69,000 

Sodium 65,000 

Magnesium 12,000 

Boron 6,700 

Bromide 2,100 

Potassium 1,600 

Selenium 70 

Cadmium 29 

Barium 13 

Arsenic 5.3 

Chromium 3.6 

Lead 2.3 

Mercury 1.0 

Iron ND 

Aluminum ND 

ND = non-detect 
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Figure 3 shows laser diffraction particle size distribution for CaCO3 precipitate from FGDWW, 
OPC powder, as well as dry 10%, 15%, and 20% CaCO3/OPC blends.  Due to the fineness of 
the precipitated CaCO3, the median particle size for each blend decreases with increasing 
CaCO3 content from 15.7 µm in the 10% blend, to 13.9 µm in the 20% blend. 
 
 

 
 

 
Figure 3: Particle size distribution of OPC, CaCO3 precipitate from FGDWW and OPC/CaCO3 

blends 
 
 
Strength activity index results for the OPC/CaCO3 precipitate blends are shown in  
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Table 6. Testing was conducted in accordance with ASTM C311 with two exceptions: w/c ratio 
for each mix was kept constant (242g water/500g cementitious material) for comparison 
purposes; also, the OPC replacement was at 10%, 15%, and 20%, instead of the strict 20% 
substitution specified in the standard. The effect of CaCO3 precipitate addition on mortar 
rheology and strength for each mix could thus be evaluated.  
 
As shown in Table 6, flow decreased as CaCO3 content increased.  Water demand would thus 
increase with CaCO3 precipitate content in order to achieve the same flow as OPC mortar.  
Seven day compressive strength values also decreased as CaCO3 content increased. Both the 
10% and 15% mixes, however, had average compressive strength values above 75% of the 
control OPC mortar blocks. The 20% mix was the only one with average compressive strength 
below 75% of the OPC control.  
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Table 6: Strength Activity Index (ASTM C311) Results for OPC/10%, 15%, and 20% CaCO3 
Precipitate Blends. 

ASTM C311 Parameter OPC Control 10% CaCO3 15% CaCO3 20% CaCO3 

Water in mortar 
Mass [g] 242 242 242 242 

% of Control  - 100% 100% 100% 

Flow 
Diameter [mm] 211 205 201 193 

% of Control - 97% 95% 91% 

7 day Compressive 
Strength 

[MPa] 34.0 29.2 26.4 23.6 

[% of control] - 86% 78% 69% 

 
Data from isothermal calorimeter analysis of heat generated from hydration reactions over time 
for neat OPC paste, and OPC/CaCO3 precipitate pastes, are plotted in Figure 4.  Figure 4(A) 
shows thermal power (normalized by the mass of OPC in the mix) during the first 60 minutes of 
hydration, while Figure 4(B) shows thermal power over time for the first 24 hours of hydration. A 
reduction in hydration heat intensity relative to the control paste, when plotted in this manner, 
would indicate a deleterious effect on cement hydration by the blended CaCO3.  However, a 
synergistic effect of CaCO3 on hydration in each blend was observed. Compared to the OPC 
control paste, the addition of CaCO3 precipitate intensified and slightly accelerated early age 
hydration as shown in Figure 4(A). Additionally, after the dormant stage, there was again an 
acceleration in heat generation per unit mass of OPC during the final set, which consistently 
increased with CaCO3 content as shown in Figure 4(B).  
 
These results show that the CaCO3 precipitate did not have a deleterious effect on OPC 
hydration. However, the low strength activity index of the 20% mix indicated that this level of 
replacement of OPC with the CaCO3 precipitate resulted in a paste with too little OPC to provide 
appropriate strength for standard concrete applications. 
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Figure 4: Isothermal calorimetry plots showing thermal heat generated for neat OPC paste 

compared with OPC/CaCO3 precipitate pastes, each at 0.4% w/c, blended at 10%, 15%, and 20% 
OPC substitution rates. (A) Early age hydration; (B) First 24 hours of hydration. 
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Conclusions and Recommendations 
 
Two methods for mixing FGDWW with fly ash and NaOH to form a solidified and stabilized 
geopolymer end product for disposal were explored. Dissolving NaOH in water at high 
concentration and then mixing the NaOH solution with FGDWW to make an activator solution 
for geopolymerization (Method #1) was more effective than directly dissolving the NaOH in 
FGDWW to make the activator solution with equivalent NaOH concentration (Method #2). The 
activator solution for Method #1 had the highest pH and resulted in geopolymer blocks with 
higher compressive strength. Method #2 was the most cost effective of the two approaches, 
since less fly ash and less NaOH was required for every 10,000 liters of FGDWW disposed. A 
geotechnical evaluation of the stability of these geopolymer formulations in a landfill setting 
would be required to make a final determination on the effectiveness of this disposal method. 
 
Precipitated CaCO3 was produced from treating actual FGDWW with soda ash (Na2CO3). The 
precipitate was evaluated for beneficial use in Portland cement, like limestone (which is 
predominantly CaCO3) is used in Portland limestone cement.  Strength activity index (SAI) 
results for OPC/CaCO3 mortars showed that the addition of the precipitate increased water 
demand and decreased compressive strength. A substitution rate of 20% CaCO3 precipitate for 
OPC resulted in mortar compressive strength below the ASTM specified 75% minimum. The 
10% and 15% blends showed SAI values above 75%. Calorimeter analysis showed that the 
CaCO3 precipitate did not have a deleterious effect on cement hydration. Based on these 
results, up to 15% substitution of OPC with CaCO3 precipitate from FGDWW could potentially 
be marketed for use in concrete. 
 
Other than in cement and concrete, there are a wide range of industrial and agricultural 
applications for powdered or precipitated CaCO3.  For this particular precipitate derived from 
FGDWW, owing to the heavy metal content originating from the coal,  the main focus for 
productive reuse should be in industrial applications where the precipitate can act as a filler and 
at the same time be encapsulated. Such applications include: paints, plastics, rubber, ceramic 
and paper. CaCO3 is also used as a filler material in carpet backing. In all these applications, 
CaCO3 is used as a chemically inert filler.  
 
Further testing (bench and pilot scale) and economic feasibility studies are required to make a 
final assessment of geopolymer solidification/stabilization, and soda ash treatment processes 
for FGDWW management. However, overall, the results from this initial undertaking suggest 
that both of these could be viable alternative solutions for managing this high volume 
wastewater stream at US power plants. 
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