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Abstract 
  

Considered herein is a process concept that integrates fly ash amendment  of brine 

produced as a result of oil and gas extraction with subsequent sequestration of carbon dioxide in 

the resulting alkaline solution.  The CO2 solubility-trapping capacity of the alkaline mixture is 

substantially greater than that of the acidic raw brine.  In addition to pH adjustment, addition of 

CaO-rich combustion byproduct augments the concentration of Ca++ cations initially present in 

the brine to increase solution capacity for mineral trapping of CO2.  One- and two-stage 

approaches for implementation of this treatment process were considered.  Batch reactions were 

conducted with several Class C fly ashes and one flue gas desulfurization (FGD) byproduct.  

Preliminary results verify the potential to substantially enhance CO2 sequestration capacity and 

increase mineral sequestration of absorbed CO2, primarily as CaCO3.  Feasibility of the 

described CO2 sequestration treatment concept was, therefore, successfully demonstrated.  

   

Introduction 

CO2 emissions from fossil fuel combustion are a major contributor to global warming. 

Failing to significantly reduce atmospheric CO2 emissions will have far-reaching environmental 

consequences beyond the 21st century [1].  In response to this issue, researchers in many nations 

are investigating strategies for lowering CO2 emissions to the environment.  The principle modes 

for carbon management include:  (i) increasing the efficiency of energy conversion; (ii) using 

low-carbon or carbon-free energy sources; and (iii) capturing and sequestering CO2 emissions.  

The latter strategy termed “CO2 sequestration” has gained increased attention recently.  Such a 

strategy permits continued use of fossil fuels for the generation of electric power while ensuring 

CO2 emission reductions. Various CO2 sequestration options  including ocean, terrestrial, 
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geologic, advanced biological processes, and advanced chemical approaches are currently being 

studied [1].  Each of these options has significant technical and economic hurdles that need to be 

addressed before being considered feasible for full-scale application. 

One potentially attractive approach for CO2 sequestration is injection of gaseous CO2 into 

underground geologic formations such as active and depleted oil and gas reservoirs, deep 

unmineable coal seams, basalt formations, and deep saline aquifers [1].  The underlying principle  

of this method of sequestration lies in the premise that injected CO2 will remain sequestered in 

the host rock for an extended period of time (i.e., hundreds of years or more).  However, the 

permanent, safe and long-term storage of CO2 in a geological formation remains a concern in the 

scientific community.  

 In addition to simple storage, geologic sequestration of CO2 by injection into saline 

aquifer formations enhances sequestration by promoting conversion of CO2 into carbonates.   

Upon injection of CO2 into saline aquifers, CO2 may be stored by hydrodynamic, solubility, and 

finally mineral trapping.  The most critical concern regarding hydrodynamic trapping is the 

potential for CO2 leakage through imperfect confinement. The main issue affecting solubility 

trapping is the limited absorptive capacity of brine. In mineral trapping, dissolved CO2 reacts 

with aqueous cations found in the saline aquifer to form carbonate minerals [2].  Various 

carbonates such as calcite (CaCO3), magnesite (MgCO3), dolomite (CaMg(CO3)2), and siderite 

(FeCO3) can be formed in the brine aquifer by mineral trapping.  These carbonate minerals can 

be stored in saline aquifer formations for millions of years [2].  However, conversion of CO2 to 

stable carbonate minerals is expected to be slow (on the order of hundreds of years) [2-3].  These 

studies suggest that conversion of CO2 to carbonate minerals via mineral trapping may contribute 

significantly to CO2 sequestration within saline aquifers but only in the long term.   
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Two barriers that could hinder application of the approach of sequestration of CO2 via the 

formation of carbonates are the requirement of a massive supply of easily obtained, appropriate 

calcium and/or magnesium sources in close proximity to the CO2 emission source [4] and the 

slow reaction rate via mineral trapping [3].  These barriers need to be overcome in order for the 

sequestration of CO2 through mineral carbonate formation to be a viable approach.  

Currently 20-30 billion barrels of saline wastewater are produced annually as a by-

product of oil and gas production in the U.S. [5].  About 65% of this water is reinjected into 

reservoirs for pressure balancing and the remaining water is treated/discharged into surface 

water.  A typical treatment cost for this wastewater can range from less than $ 0.01 to at least 

several dollars per barrel, with costs of up to $3.00/ per barrel in the Commonwealth of 

Pennsylvania [6].  Some brine has high concentrations of Ca, Mg, and Fe in addition to the 

dominant Na and Cl ions [5].  Under favorable conditions, the Ca, Mg and Fe from brine could 

react with dissolved CO2 to produce CaCO3(s), MgCO3(s), Fe2CO3(s) and other products.  These 

carbonates can safely and permanently store CO2.  This suggests the potential applicability of 

saline wastewater utilization for long-term mineral trapping of carbon dioxide.  However, most 

brines are acidic, with a typical pH ranging from 3 to 5.  This low pH precludes dissolution of 

CO2 and prevents carbonate formation.  The suitable pH range for the formation of carbonate 

needs to be at least 7.8 or higher [7].  Therefore, to favor the precipitation of mineral carbonates, 

the pH of the brine must be modified.  

Coal-burning electric utilities produce over 110 million tons of coal combustion by-

product materials annually in the U.S. [8].   Less than 33 percent of these coal combustion by-

products are utilized for productive purposes.  The remainder is disposed of in landfills or slurry 

impoundments, representing a significant cost to electric utilities.  This fly ash is typically close 
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to the CO2 emission source in power plants.   Some Class C fly ashes are CaO/MgO rich and 

alkaline in nature.  For example, some lignite fly ashes have high concentrations of CaO/MgO 

and flue gas desulfurization (FGD) fly ash also has a high concentration of CaO.  Since an excess 

of limestone is often used to achieve satisfactory desulfurization levels, the FGD ashes are high 

in free lime and anhydrite (CaSO4) [9].   Fly ashes have been widely applied for beneficial use 

on land as an amendment to mitigate low soil pH problems [10].  Fly ashes with high 

concentration of alkalizing agents, such as CaO and Ca(OH)2  would be good candidates for use 

as the caustic material to adjust brine to a basic range, as well as reactant for brine carbonation 

with CO2 for the formation of carbonates.  The primary reactions involved in the application of 

brine/fly ash mixtures for CO2 sequestration are discussed below. 

 

Possible reactions involved in this conceptual process 

A simplified list of reactions (1-6) by which carbonates may form in solution in the 

presence of CaO and CO2 is shown below.  CO2 gas dissolves into solution and reacts with water 

to form carbonic acid (1).  Once equilibrium is established between the dissolved CO2 and 

H2CO3, carbonic acid then dissociates into bicarbonate (2) and carbonate ions (3). Thus, the pH 

of an aqueous solution decreases with the addition of CO2[11-12]. As carbon dioxide dissolves in 

solution, an equilibrium is established involving the carbonate ion, CO3
2-.   CaO from fly ash 

reacts with H2O to form Ca(OH)2  (4)[15].  The   Ca(OH)2  can further dissociate into  Ca 2+and 

OH-  (5). Carbonate anions interact with Ca cations in solution to form calcite (6).   

CO2(g) + H2O ßà H2CO3    (1) 

H2CO3 ßà H+ + HCO3
-    (2) 

HCO3
-   ßà H+ + CO3

2-    (3) 
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CaO + H2O ßà Ca(OH)2     (4) 

Ca(OH)2 (s) ßà Ca2+ + 2OH-    (5) 

Ca2+  + CO3
2-  ßà CaCO3 (s)    (6) 

This paper examines the feasibility of using brine and fly ashes for CO2 sequestration.   

 

Experimental Materials and Methods  

Five different types of Class C fly ash (Lignite, Columbia, Waukegan, Muskogee, and 

Montrose) and a FGD fly ash (Freeman) were used in this  study.  Lignite fly ash was obtained 

from the Great River Energy Co., Coal Creek Station located in North Dakota.  Columbia fly ash 

is a lignite derived fly ash obtained from the LaFarge North America Co.  Freeman Coal fly ash 

was obtained from the United Coal Mining Co. in Illinois.  Detailed analyses of these fly ash 

materials are listed in Table 1.   Fresh brine samples were collected from the Oriskany Sandstone 

aquifer in Indiana County, Pennsylvania.  Samples were collected directly from the well operated 

by Linn Energy, LLC at a formation depth of 2,800 meters.   

Brine carbonation experiments were carried out in 0.5 liter and 1 liter autoclave reactors.  

In a typical experiment, the 0.5 liter reactor was charged with 180 ml of brine. The reactor was 

then purged/evacuated with CO2 three times to remove residual O2 and N2 from the air in the 

reactor.  Finally, a predetermined amount of CO2 was charged into the reactor to achieve the 

desired testing pressure.  The brine-CO2 mixture was agitated at 1000 rpm to ensure gas/liquid 

mass transfer and prevent any settling of precipitate during the experiments. Upon completion of 

each experiment, the remaining CO2 was vented and the slurry was removed from the reactor and 

filtered to separate the solids from the aqueous solution. A silver/silver chloride probe with 

digital pH meter (Sentron-1001 pH) was used to determine the pH of the brine before and after 
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reaction.  The brine was used either as received, or the pH was adjusted before reaction by 

adding 10 wt. % of a fly ash with respect to the brine under constant stirring.  The fly ash was 

either separated from the brine for recycling or mixed with brine as the reactant for further 

reaction with CO2. 

Cation concentrations were determined by inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) on a Perkin Elmer Optima 3000 ICP.  The details of sample  

preparation, procedures, FTIR, and X-ray diffraction (XRD) measurements are discussed 

elsewhere [7].   

 

Results and Discussion 

Figure 1 illustrates a conceptual process for the carbonation reaction using brine solution 

and CO2 as the reactants.  The CaO/MgO-rich fly ashes are used as caustic materials to increase 

the pH of the brine allowing carbonate formation under basic conditions.  Furthermore, these 

materials may also provide additional sources of Ca or Mg for carbonation.  The conceptual 

process for the sequestration of carbon dioxide via brine consists of the following steps, 1) 

pumping brine out of an aquifer or using the brine produced during oil/gas production, 2) 

adjusting the pH of brine by reacting the brine with fly ash under favorable conditions, 3) 

separating the brine and the caustic material (for recycle) or directly using the mixture as the 

reactant without separation,  4) the reaction between brine (with pH adjusted) and carbon dioxide 

under the conditions that favor the formation of carbonates in a stirred reactor under controlled 

conditions (initially at mild condition, adding more caustic agent if needed) in a reasonable 

reaction time (hours), 5) the separation of  carbonate precipitates and other solids from the 

reacted brine, 6) the disposal of carbonates through landfill or use in other possible applications 
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(dolomite and some carbonates can be used for agricultural purposes), and 7) the final disposal of 

reacted brine by pumping back into the aquifer for further trapping of CO2,  or 8) the reacted 

brine (if it still has a high concentration of Ca) can be recycled back to step 2 use the recycled fly 

ash material to adjust the pH of the brine.   

The following sections discuss various issues regarding this potential concept: 1) brine 

pH adjustment via fly ash; 2) two stage approach (fly ash + brine + caustic material + CO2) with 

recycling of brine and fly ash; 3) one stage approach (without the separation of fly ash from the 

brine/ash mixture and comparing with/without the addition of caustic material); and 4) one stage 

approach via FGD fly ash. 

 

Brine pH adjustment via fly ash 

CaO/MgO rich-fly ashes are alkaline in nature [9].   These materials were used to adjust 

the pH of the brine from acidic to basic conditions.  For example, the effect of lignite fly ash on 

pH of the brine is illustrated in Table 2.  Table  2 shows that adding a small amount of lignite fly 

ash (10 wt% with respect to brine) could increase the pH of brine significantly.  At 25 °C, the pH 

of the brine was increased from 3.8 to 8.3 within 1.5 hr and leveled off to 7.8 after 24 hrs under 

constant stirring.  Higher temperatures could further enhance the effect.  At a temperature of 60 

°C,  the pH was raised from 4.07 to 8.34 within one hour and finally to 9.19 after 24 hrs.  No 

significant increase of pH at 80 °C was observed.  The enhancement of pH in brine is largely due 

to the CaO in the fly ash.  For example, lignite fly ash has a CaO concentration of 18% (Table 1).   

CaO is known to have a high neutralizing value, thus it can neutralize the brine and raise its pH.  

Addition of 10 wt% byproduct to brine at 60 °C results in the increases in pH shown in 

Table 3.  A similar trend observed for lignite fly ash on brine pH (Table 2) was also found for 
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other fly ashes (Table 3).  The FGD fly ash, Freeman, increased the pH of the brine from 2.04 to 

9.62 within 30 minutes with stabilization at 9.46 after 24 hrs.   The other fly ashes tested also 

showed a similar trend as observed in the FGD fly ash.  The pH was increased significantly with 

0.5 hr and leveled off after 24 hrs.  These results indicate that in general the pH of the brine can 

be raised by the addition of fly ashes.   

Table 4 shows the major cations in the brine solution after exposure to the 

aforementioned array of fly ashes.   ICP-AES was used to analyze cations in the liquid portion 

(filtrate) of the brine/ash (10 wt%) mixture.  The Ca concentrations were increased from 41,000 

mg/l in the raw brine to as high as 97,000 mg/l after the addition of fly ashes at 60°C and 

increased to approximately 80,000 mg/l with most of the fly ashes tested.  In addition, the Na 

concentration in brine was reduced from 71,000 mg/l in the raw brine to as low as 38,000 mg/l 

after the addition of fly ashes.  These results clearly suggested that addition of fly ash to brine is 

useful for increasing brine pH (Table 3) and Ca concentration (Table 4).  The major solid 

components in fly ash were also examined after exposure to brine at 60 °C for 24 hrs.  It was 

noticed that the concentration of CaO in the fly ash decreased significantly after it had been 

exposed to brine, separated, and analyzed.   From these results, we can conclude that fly ashes 

can increase the pH of the brine significantly within 0.5 hr and also provide additional Ca for 

possible reaction in later carbonation stages.  

 

Two stage approach (fly ash + brine + caustic material +CO2) with recycling of  brine and fly 

ash 

A series of experiments using Columbia lignite fly ash as the alkaline agent was 

conducted.  The first stage of this process is to use fly ash to adjust the pH of the brine.  In this 
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stage, the addition of 10 % of Columbia lignite fly ash to the brine at 60°C and stirring for one hr 

increased the pH from 3 to 8.96.  The lignite fly ash was then separated from the slurry mixture 

for later use.  Further addition of 0.083 mole/liter of NaOH increased the pH of the brine from 

8.96 to 11.36.  In the  second stage of this process, brine carbonation reaction was carried out in a 

1-liter autoclave reactor with the preadjusted brine at  20 °C with an initial charge of 1.36 MPa 

of CO2.  The reaction consumed up to 0.063 mole/liter of CO2 within 2 hrs.  As a result of this 

reaction, a 29.63 g/l weight gain in the product was observed.  The solid was separated from the 

slurry mixture and analysed by XRD.   The analysis indicated that the major phases in the solid 

precipitate were CaCO3 (90%) and NaCl (9%).   The final liquid product still had a high 

concentration of Ca and a pH of 5.58.  The recycle stage of this process used the residual brine  

and recycled fly ash from the first stage for further reaction.  Thus, the separated Columbia 

lignite fly ash from the first stage was dried and used again to increase the pH of the brine.  In 

the recycle stage process, addition of 10 % of used Columbia lignite fly ash to the used brine at 

60 °C and stirring for one hr increased the pH from 5.58 to 8.97.  Adding 0.0723 mole/liter of 

NaOH further increased the pH of the brine from 8.97 to 11.06.  The brine carbonation reaction 

was conducted in the autoclave reactor under the same reaction described earlier.  The reaction 

consumed 0.092 mole/liter of CO2 within 2 hours.  A total of 17.53 g/l weight gain in the product 

was observed after the reaction.  The dominate phases in the solid precipitate were CaCO3 (94%) 

and with some NaCl (5 %). 

These results clearly indicate the feasibility of this potential brine carbonation process 

using brine and Columbia lignite fly ash.  One significant  advantage of this process is the high 

purity of the CaCO3 (> 90 wt %) by-product generated.  Addition of caustic material to raise the 
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pH of the brine, and the separation of fly ash from the brine /fly ash mixture are drawbacks of this 

process, and represent significant technical and economic hurdles to full-scale implementation. 

   

One stage approach (without the separation of ash from brine/ash mixture and comparison of 

with and without addition of caustic material) 

Experiments designed to address the above concerns (without the separation of ash from 

the brine/ash mixture and comparison between with and without the addition of alkaline material, 

NaOH) were conducted. The results from the Columbia lignite fly ash/brine/CO2 sequestration 

tests are discussed.  In the first stage reaction, the addition of 10 wt % of Columbia lignite fly ash 

to brine at 60 °C and stirring for one hr increased the pH of the brine from 3 to 8.84.  The 

Columbia lignite fly ash/brine slurry mixture was used as the reactant without further separation 

step.  The brine carbonation reaction was carried out in the autoclave reactor with the slurry 

mixture at 20 °C with and an initial charge of 1.36 MPa of CO2.  The reaction consumed 0.305 

mole/liter of CO2 within 2 hrs.  As a result of this reaction, 9.99 g/l weight gain in the product 

was measured and the pH of the slurry dropped to 4.79.  The solid precipitate was separated from 

the slurry and analyzed by XRD.   The analysis (Table 5) indicated that the dominate phases in 

the product are CaCO3 (33%), Fe2O3 (3 %), FeS (5%), and NaCl (2 %).  Table 5 also illustrates 

the major phases of the reactant consisted of CaCO3 (8%), Fe2O3 (3%), NaCl (12%), KAlSiO3 

(15%), MgO (3%), SiO 2 (3%), and.   An increase of CaCO3 concentration from 8 wt.% in the 

reactant to 33 wt% in the product was observed.  This observed increase represents substantial 

mineral trapping of absorbed CO2. 

In another experiment, 10 wt. % of Columbia lignite fly ash was added to the brine at 60 

°C and stirred for one hr raising the pH from 3 to 8.94.  Adding 0.08 mole/liter of NaOH further 
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increased the pH of the brine from 8.94 to 10.94.  The reaction of brine, fly ash, and NaOH was 

carried out at 20 °C and 1.36 MPa of CO2, in the autoclave reactor.   The reaction consumed up 

to 0.52 mole/liter of CO2 within 2 hr with a total of 21.9 g/l weight increase in the product.  The 

pH of the slurry product was decreased to 4.82.  The XRD analysis of the solid precipitate 

indicated that the dominant phases in the precipitate are CaCO3 (30%), KAlSiO 3 (10 %), Fe2O3 

(2 %), and NaCl (5 %).  The composition of the reactant consisted of CaCO3 (2%), NaCl (15%), 

Fe2O3 (2%), Ca(OH)2 (2%) and CaCO3 (10%).  The further addition of NaOH to raise the pH of 

brine led to more CO2 consumption and a larger product weight gain.  Though, the CaCO3 wt.% 

in the products was about the same (30 as compared to 33 wt%).   Both experiment s suggest that 

fly ash alone with brine can sequester CO2 in the form of carbonate.   Further addition of NaOH 

to fly ash and brine mixtures increases the amount of CO2 reacted. 

 

One stage approach via FGD fly ash 

The FGD ashes are typically high in free lime and anhydrite [9].  Thus, they may be used as both 

the caustic agent and the Ca source for the formation of CaCO3.   The following experiments 

were conducted to test this concept of using FGD fly ash and brine for CO2 sequestration.  In the 

initial test, 10 wt.% Freeman FGD fly ash was reacted with constant stirring for one hour at 60 

°C to increase the pH of the brine.  The pH of the brine was increased from 3 to 10.89.  

Subsequently, the slurry was filtered and the filtered liquid brine was reacted with CO2 in an 

autoclave reactor with initial pressure of 1.36 MPa at 20 °C for 2 hours.   After the reaction 

period, no carbonate precipitate was observed from the reaction of filtered brine alone with CO2.  

It has been reported in the literature that the formation of CaCO3 is substantially faster if seed 

particulate is present to promote nucleation and CaCO3 growth [13].   As such, the following 
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experiments were conducted to verify this hypothesis.  In this test, a 10 wt % Freeman FGD fly 

ash was first used to increase the pH of the brine from 3 to 10.78 at 60 °C within one hour. 

Subsequently, the filtered liquid brine with a small amount of used Freeman fly ash (0.5 g) as 

seed nuclei were used to react with CO2 under the same reaction conditions in an autoclave 

reactor.  A trace amount of solid was precipitated after this test.  CaCO3 was identified in the 

solid precipitate.  It was then decided to add Freeman fly ash directly into the reactor without 

further filtration.  In the next experiment, 5 wt% of Freeman FGD fly ash was used to increase 

the pH of the brine at 60 °C with constant stirring.  The pH of the brine was increased from 3 to 

10.76 within one hour.   The slurry mixture was then used to react with CO2 in an autoclave 

reactor under the same reaction conditions  described above.  A total of 3.88 g/l of weight gain in 

the slurry was measured with the consumption of 0.38 mole/liter of CO2.   In another test, 10 

wt% of Freeman FGD fly ash was used to increase the pH of the brine from 3 to 10.68 at 60 °C. 

Then, the total slurry mixture was reacted with CO2 under the same reaction conditions.   This 

experiment resulted in an increased weight gain of 13.8 g/l for this slurry and accumulated 0.546 

mole/liter of CO2 was consumed in the experiment.  All ash samples before and after reaction 

were subjected to analysis by XRD.   

XRD analysis (Table 6) indicated that the presence of CaO (25%) and CaCO3 (1%) in the 

fresh Freeman fly ash.  After the fly ash was exposed to brine, much of the CaO was converted 

to Ca(OH)2 (18 wt.%) as a result of rapid hydration of CaO.  Rapid dissociation of Ca(OH)2 in 

water to form Ca++ and OH-, forms a basic solution of medium strength.   After reaction with 

CO2, Ca++ ions reacted to produce CaCO3, which comprised 53% of the solid product.  A total 

carbon analysis was conducted on the solid product samples.  The initial carbon content of the 

fresh fly ash was 1.47 wt. %.   The carbon content increased to 5.64 wt % after the reaction with 
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CO2.  In addition, a FTIR analysis was conducted on the fly ash sample exposed to brine and the 

solid sample collected after the carbonation reaction (Figure 2).  This analysis indicated 

carbonate formation as evidenced by the changes in spectral peak intensities (1429 to 1492, 879, 

and 706 cm-1 which correspond to calcite [14]).  The spectra indicated a greater than 500% 

increase in intensity of the carbonate peak for the sample collected after reaction.  The fate of the 

CaSO4 is unclear and is under investigation.   These results indicate the feasibility of this 

potential one stage process using the FGD fly ash and brine for CO2 carbonation reaction.   

Beruto and Botter [15] reported the formation of CaCO3 in the Ca(OH)2/CO2 solid-gas reaction 

at 20°C in the presence of water.  They further indicated that porous calcium hydroxide particles 

have been equilibrated with water vapor at 20 °C and react with gaseous carbon dioxide to form 

calcium carbonate.  In addition, Anthony et al., [9] reported that with unrestricted air contact, fly 

ash-water mixtures undergo carbonation. The final phases are calcite, gypsum and amorphous 

materials containing aluminium.   They described the formation of carbonate via CaO at room 

temperature in the presence of CO2 and water.  As will be shown, this is in good agreement with 

our current finding, the formation of carbonate via CaO-bearing fly ash, brine and CO2 at 20 °C.  

Both Ca from brine and Ca from fly ash may contribute to the formation of CaCO3.  The 

contribution of Ca from brine can be verified by conducting a set of experiments at the same 

conditions as those described above, but using distilled water instead of brine.  In such a distilled 

water/fly ash experiment, only 8.8 g/l total weight gain was found in the solid product.   In 

contrast with the brine experiments where a total weight gain of 13.88 g/l from the product was 

observed.  All solid samples before and after reaction were analyzed by XRD.   

The XRD analysis (Table 7) indicated the presence of CaO (25 wt%) and CaCO3 (1 wt%) 

in the fresh Freeman fly ash.  The reaction product with water instead of brine showed only 12 % 
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CaCO3 (Table 7) in the product versus 53% of CaCO3 resulting from reaction with brine (Table 

6).  This suggests that some Ca from brine is also converted to CaCO3. 

 

Summary of Findings 

This current concept may offer some advantages over that of direct 

hydrodynamic/mineral trapping in aquifer and mineral carbonation [2-3].  The conceptual 

process may reduce the time required for mineral trapping from a time scale of hundred years to 

hours.  The use of industrial solid residues (fly ash and FGD fly ash) for their potentia l in 

permanently sequestering CO2 as mineral carbonates offer some advantages. These materials are 

readily available at low cost, easily gathered at or near energy and industrial sites, and readily 

accessible in fine particle sizes and in large quantities. Furthermore, this concept can fully utilize 

the saline wastewater already available from oil/gas production.  In addition, the carbonates 

produced may have added value to off-set the cost of this process.  Utilizing the results obtained 

from 10 wt% of Freeman FGD fly ash/brine/CO2 experiment, it is estimated that 20 billion 

barrels of brine could sequester 763 million tons of CO2 and consume 150 million tons of fly 

ashes.   

Conclusion 

The study has demonstrated the feasibility of using CaO/MgO-rich industrial waste 

(Class C and FGD  fly ash) as the alkaline agent for brine carbonation reaction under mild 

reaction conditions.  Furthermore, these materials can also provide additional sources of Ca for 

carbonation reactions.  One-stage and two-stage process configurations were shown to achieve 

the desired results; increased CO2 dissolution and formation of CaCO3 for the permanent 

sequestration of CO2.   Results suggest that fly ash alone with brine can sequester CO2 as 
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carbonate solid, while further addition of caustic to fly ash and brine mixtures can sequester 

more CO2.  Hydration of CaO present in the fly ash to Ca(OH)2 contributes to the carbonation 

reaction.  Dissociation of calcium hydroxide results in addition of substantial concentrations of 

Ca++ and OH- to solution,  forming a medium strength basic solution.  In the presence of CO3
2-, 

Ca++ in brine/ash mixture is converted into CaCO3.   In addition to that already present in the 

brine, calcium cation added from the fly ash contributes to the increase in overall formation of 

calcium carbonate precipitate. 

 

Disclaimer 

Reference in this paper to any specific commercial product, process, or service is to facilitate 

understanding and does not necessarily imply endorsement by the U.S. Department of Energy. 
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Figure 2. FT-IR spectra of fly ash before and after reaction with brine/CO2.
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Table 1: ICP-AES analyses of fly ash samples. 

wt.% Lignite Freeman Columbia Waukegan Muskogee Montose 

Sulfur - 0.02 - - - - 

Carbon 0.68 1.47 0.08 0.14 0.05 0.98 

Al2O3 14.88 5.89 17.7 17.65 17.99 18.69 

CaO 17.91 25 27.3 28.9 26.6 27 

Fe2O3 8.47 5 5.32 6.06 5.89 7.58 

K2O 2.83 1.38 0.34 0.43 0.61 0.41 

MgO 6.06 1.4 4.9 6.4 5.9 5.3 

Na2O 5.54 0.6 1.6 2.22 1.64 1.81 

SiO2 51.61 13.6 27 28.4 31.8 28.7 

CaSO4 - 34 - - - - 
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Table 2: The effect of lignite fly ash on pH of the brine at various temperatures. 

Time (hr) 25 °C 60 °C 80 °C 

hr pH pH pH 

0 3.8 4.07 4.16 

1.50 8.3 8.33 7.83 

3.50 8.3 8.27 7.82 

6.00 8.2 8.29 7.83 

24 7.8 9.19 8.99 

 

 

Table 3  The effect of various fly ashes on pH of the brine at 60°C. 

Time (hr) Snooner Columbia Freemamn Waukegan Muskogee Montrose Lignite 

hr pH pH pH pH pH pH pH 

0 2.04 2.04 2.04 1.98 1.98 1.98 4.07 

0.5 7.13 7.38 9.62 7.18 7.1 6.78 8.37 

6.00 6.62 6.80 8.8 6.56 6.6 6.3 8.29 

24 7.09 7.43 9.46 7.08 7 6.98 9.19 
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Table 4  Cation concentration in the brine after being exposed to fly ashes. 

mg/L Ca K Mg Na Sr 

Raw Brine 41000 3050 2490 71100 13700 

Brine/Ash      

Sooner 93500 6370 1820 45600 27400 

Columbia 88700 6110 2010 49200 25000 

Freeman 86100 6080 1200 56400 13500 

Waukegan 92700 6350 1040 48700 26500 

Muskogee 84600 5880 1860 49900 25100 

Montrose 97700 6760 2610 37800 28300 

Lignite 29900 2100 1220 52400 8850 

 

Table 5  XRD analysis of the reactants and product.  A+B  (fly ash + brine); A+B+CO2 (fly ash 

+ brine +CO2);  A+B+NaOH (fly ash + brine + NaOH)); A+B+NaOH+ CO2 (fly ash + brine + 

NaOH +CO2) 

 SiO2 Fe2O3 Ca(OH)2 CaCO3 NaCl SrSO4 KAlSiO MgO FeS 

A+B 3 3 0 8 12 0 15 3 0 

A+B+CO2 0 3 0 33 2 0 0 0 5 

A+B+NaOH 0 2 2 10 15 2    

A+B+NaOH+CO2 0 2 0 30 5 0 10 0  
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Table 6  XRD analysis of the reactants and products   

 

 CaO CaSO4 SiO2 Fe2O3 Ca(OH)2 MgO CaCO3 NaCl SrSO4 

Raw ash 25 34 7 5 1 1 1 0 0 

Ash+brine 0 14 5.1 4 18 0 2 1 3 

Ash+brine+CO2 0 13 4.5 5 0 0 53 0 3 

 

 

Table 7  XRD analysis of the reactants and product.   

 

 CaO CaSO4 SiO2 Fe2O3 Ca(OH)2 CaCO3 

Ash 25 34 7 5 1 1 

Ash+water 0 27 5.3 4 27 1 

Ash+water+CO2 0 23 4.6 4 13 12 

 




