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A B S T R A C T   

The dual need to remove CO2 from our emissions and treat alkaline industrial residues such as ash materials 
motivate the design of innovative pathways to simultaneously capture and convert CO2 into mineralized car
bonates. Direct carbon mineralization is one approach that addresses the need to simultaneously treat alkaline 
industrial residues and mineralize CO2 emissions. Low CO2 solubility in water and slow kinetics at ambient 
temperature have challenged the direct carbon mineralization of alkaline industrial residues. To address these 
challenges, the use of CO2 capture solvents that enhance CO2 solubility and facilitate accelerated carbon 
mineralization of fly ash at temperatures below 90 ◦C is investigated. Calcium carbonate formation results in the 
inherent regeneration of the solvent. The carbon mineralization extents of non-calcium carbonate content in fly 
ash were 50% and 51% and in waste ash were 58% and 62% in 2.5 M sodium glycinate and 30 wt% MEA so
lutions, respectively. The experiments were performed at 50 ◦C for 3 h with CO2 partial pressure of 1 atm in a 
continuously stirred slurry environment with 15 wt.% solid. Furthermore, nanoscale CaCO3 is successfully 
synthesized from dissolved calcium using CO2-loaded sodium glycinate and surfactants such as CTAB (Cetyl 
Trimethyl Ammonium Bromide). Surfactants such as CTAB bind to the calcium carbonate surface and regulate 
the growth of calcium carbonate particles. These innovative approaches demonstrate the feasibility of directly 
storing CO2 in fly ash and waste ash as calcium carbonate and producing nanoscale calcium carbonate using 
regenerable CO2 capture solvents.   

1. Introduction 

Energy efficient strategies to remove CO2 from our air and emissions 
while harnessing abundant low value alkaline resources are crucial for a 
sustainable climate and environmental future. Thermodynamically 
downhill carbon mineralization routes which involve converting CO2 
into inorganic carbonates are emerging as sustainable approaches to 
remove CO2 from our emissions and air by utilizing earth abundant 
industrial residues and natural mineral resources (Chang et al., 2011b; 
Ding et al., 2014; Gadikota et al., 2014; Huijgen et al., 2006, 2005; 
Huntzinger et al., 2009; Ji et al., 2019; Montes-Hernandez et al., 2009; 
Yadav et al., 2010; Yan et al., 2013). In addition, carbon mineralization 
routes could also be utilized to harness various types of industrial resi
dues for producing wide ranging products such as Si-rich residues, 
precipitates enriched in Fe and Cr, or high-purity precipitated calcium 

carbonate (Höllen et al., 2018). To accelerate carbon mineralization 
behavior, various research efforts have focused on enhancing the 
dissolution behavior of silicates and alumino-silicates using strong and 
weak acids (Benhelal et al., 2021; Wolff-Boenisch et al., 2011) and 
chelating agents that bind the Ca2+ or Mg2+ ions to enhance ion solva
tion (Bobicki et al., 2014; Declercq et al., 2013; Wang et al., 2021). 
Further, carbonate precipitation is aided at elevated pH conditions and 
by using seeding surfaces (Donnet et al., 2005; Korchef and Touaibi, 
2020; Mercer et al., 2005). Despite these advances, enhancing the sol
ubility of CO2 for accelerated carbon mineralization has been a long
standing scientific challenge. Biomimetic catalysts such as carbonic 
anhydrase have been developed to enhance CO2 solubility (Di Lorenzo 
et al., 2018; Russo et al., 2013; Verma et al., 2021). However, these 
materials are sensitive to elevated temperatures where carbon miner
alization is often accelerated (Migliardini et al., 2014; Verma et al., 
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2021). Therefore, alternative approaches to enhance CO2 solubility 
while synergistically aiding carbon mineralization at temperatures 
below 90 ◦C need to be developed. 

One emerging approach to enhance CO2 solubility while accelerating 
carbon mineralization involves the use of regenerable solvents. Recent 
efforts have shown that amine bearing solvents for capturing CO2 can be 
chemically regenerated via calcium carbonate formation (Hong et al., 
2020; Liu et al., 2021; Liu and Gadikota, 2020, 2019; Yu et al., 2019). 
The alkalinity sources for these studies ranged from high purity solu
tions bearing calcium (Hong et al., 2020) to pure precursor calcium 
oxide, magnesium oxide, and calcium silicate (Liu et al., 2021; Liu and 
Gadikota, 2020, 2019). Pure precursor calcium and magnesium-bearing 
minerals were investigated to develop calibrated insights into carbon 
mineralization using regenerable solvents. However, the efficacy of 
using heterogeneous materials such as ash samples for integrated CO2 
capture and carbon mineralization with inherent solvent regeneration 
has not been investigated. This approach is a significant departure from 
the use of elevated temperature and high purity CO2 partial pressure to 
accelerate carbon mineralization (Gadikota et al., 2014; Gerdemann 
et al., 2003; Huijgen et al., 2006; Wang et al., 2019) or the use of acids to 
dissolve the mineral followed by using basic solutions to achieve car
bonate formation at elevated pH conditions (Azdarpour et al., 2015, 
Azdarpour et al., 2014; Kodama et al., 2008; Wang and Maroto-Valer, 
2011). These strategies have been successfully demonstrated with 
naturally occurring calcium or magnesium-bearing silicate minerals 
(Babiker and Ahlstrand, 2019; Daval et al., 2009a; Di Lorenzo et al., 
2018; Gadikota et al., 2014; Harrison et al., 2013; Huijgen et al., 2006; 
Min et al., 2017; Tai et al., 2006; Wang et al., 2019; Yan et al., 2013) and 
heterogeneous alkaline residues such as fly ash (Bauer et al., 2011; Li 
et al., 2007; Montes-Hernandez et al., 2009; Nyambura et al., 2011; 
Uliasz-Bocheńczyk et al., 2009; Wang et al., 2008), cement kiln dust 
(Huntzinger et al., 2009; Anderson, 2006), paper mill waste 
(Pérez-López et al., 2008), steel slags (Baciocchi et al., 2009; Bonenfant 
et al., 2008; Chang et al., 2012, 2011b, 2011a; Eloneva et al., 2008; 
Huijgen et al., 2005; Kodama et al., 2008), and red mud (Yadav et al., 

2010). 
Integrated CO2 capture and carbon mineralization pathways over

comes the challenge of low solubility of CO2 in aqueous environments by 
using CO2 capture solvents that concentrate carbonate and bicarbonate 
species in the aqueous phase. Reactions of CO2-bearing solvents with 
calcium- or magnesium-bearing fluids or solids result in the formation of 
the corresponding carbonates and the inherent regeneration of the sol
vents. The effectiveness of solvents such as monoethanolamine (MEA) 
(Hong et al., 2020; Liu and Gadikota, 2019; Sanna et al., 2014), dieth
anolamine (DEA) (Hong et al., 2020), methyl diethanolamine (MDEA) 
(Hong et al., 2020), 2-amino-2-methyl-1-propanol (AMP) (Hong et al., 
2020; Liu et al., 2021), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (Liu 
et al., 2021), and sodium glycinate (Na-glycinate) (Liu and Gadikota, 
2020) on accelerating carbon mineralization with respect to the base 
case (i.e. using water alone without the solvent) was investigated. These 
studies revealed that MEA and sodium glycinate are effective in 
enhancing carbon mineralization, which is attributed to fast CO2 capture 
kinetics and the ease of solvent regeneration. Sodium glycinate is 
preferred since it is more chemically stable, environmentally benign and 
less corrosive compared to monoethanolamine. However, gel-like mass 
transfer limiting phases are noted when AMP or DBU solvents are used in 
the presence of calcium silicate, which limits carbon mineralization (Liu 
et al., 2021). 

Another key consideration is the regeneration of the solvent for 
effective and economical use over multiple cycles. Prior studies with 
pure precursors such as CaO, CaSiO3, and MgO revealed that tempera
tures in the range of 25–90 ◦C are effective in enhancing CO2 capture 
and mineralization with inherent solvent regeneration (Liu et al., 2020; 
Liu and Gadikota, 2020, 2019). Typically, lower temperatures favor CO2 
capture via absorption and higher temperatures favor dissolution of 
alkaline substrates and carbonate formation. Prior studies have shown 
that temperatures of 50 and 75 ◦C aid the mineralization of CaO, MgO 
and CaSiO3 (Liu et al., 2020; Liu and Gadikota, 2020, 2019). 

Among alkaline industrial residues, ash samples generated from 
power plants (Chen et al., 2018) has significant potential for storing CO2 

Fig. 1. Schematic representation of integrated CO2 capture and carbon mineralization using sodium glycinate as a regenerable solvent and CTAB to suppress the size 
of calcium carbonate particles. 
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as inorganic carbonates due to the large quantities generated. For 
example, approximately 750 million tons of fly ash was generated in 
2015 (Gollakota et al., 2019; Yao et al., 2015). In addition to producing 
Ca- and Mg-carbonates, carbon mineralization can immobilize heavy 
metals (Wu, 2017). It has been reported that carbon mineralization 
effectively reduced the leaching of heavy metals from ladle furnace slag 
(LFS), especially for Pb and Zn (Xu and Yi, 2022). Aqueous hydrother
mal routes were found to be more effective in aiding carbon minerali
zation compared to direct gas-solid reactions. Enhanced dissolution, 
mass transfer and reactivity of ions in aqueous hydrothermal environ
ments aid accelerated carbon mineralization. However, the reported 
extents of carbon mineralization of fly ash vary significantly in litera
ture, as the calcium oxide content can vary from less than 5% (Monte
s-Hernandez et al., 2009) to more than 50% (Wang et al., 2008) which 
can impact the reaction efficiency. 

One of the less explored approaches to valorize alkaline industrial 
residues such as fly ash involves synthesizing nano-scale calcium car
bonate, which is of higher value compared to the carbonate-bearing 
product produced directly from fly ash. Nano-scale calcium carbonates 
have wide-ranging applications in paper, rubber and paint industries 
(Barhoum et al., 2014; El-Sheikh et al., 2013; Lei et al., 2006). One 

approach to suppress the growth of calcium carbonate into larger par
ticles is by using surfactants such as cetyltrimethylammonium bromide 
(CTAB). CTAB molecules bind to the nucleating calcium carbonate 
surfaces and prevent further growth (El-Sheikh et al., 2013). However, 
the feasibility of producing nanoscale calcium carbonate from dilute 
CO2-bearing flue gas streams using CTAB and regenerable solvents has 
not been explored. This approach has a high transformative potential 
since CO2-bearing flue gas streams and regenerable solvents are directly 
used to produce nano-scale calcium carbonate from ash materials as an 
alternative to energy-intensive mechanical grinding approaches to 
produce nano-scale calcium carbonate. 

In this study, we elucidate the reactivity of ash materials using an 
integrated CO2 capture and carbon mineralization approach with 
inherent solvent regeneration and explore the feasibility of limiting the 
particle growth of micrometer-sized calcium carbonate to produce nano- 
scale particles. Fly ash and waste ash (which is a mixture of fly ash and 
bottom ash) were selected as representative ash materials generated 
during coal combustion. The influence of two solvents for CO2 capture 
and carbon mineralization, sodium glycinate and monoethanolamine 
(MEA) at 50 ̊C, CO2 partial pressure of 1 atm, solid weight of 15%, and a 
stirring rate of 300 rpm for a reaction time of 3 h is investigated. The 
base case involves the use of water as an alternative to the use of sol
vents. We demonstrate the feasibility of producing nanoscale calcium 
carbonate directly using gaseous CO2 and calcium nitrate solution by 
harnessing sodium glycinate to capture CO2 and CTAB to modulate the 
sizes of calcium carbonate. These studies demonstrate approaches to co- 
utilize fly ash and waste ash and CO2 for direct CO2 capture and carbon 
mineralization and to produce nanoscale calcium carbonate using 
chemically regenerable solvents (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Fly ash and waste ash samples were collected from a coal-fired power 
plant in Wyoming. Fly ash is a lighter form of coal ash that floats into the 
exhaust stacks. In contrast, bottom ash settles on the ground of the boiler 
as the heavier component of coal fly ash. Waste ash that is used in this 

Table 1 
Compositions of fly ash and waste ash based on X-Ray Fluorescence (XRF) 
analyses.  

Component Fly ash (wt.%) Waste ash (wt.%) 

CaO 37.40 35.90 
MgO 4.15 4.05 
Fe2O3 3.77 3.99 
Al2O3 10.00 10.00 
SiO2 17.80 18.80 
Na2O 1.68 1.56 
K2O 0.20 0.20 
TiO2 0.67 0.69 
P2O5 0.59 0.53 
MnO 0.04 0.04 
Cr2O3 < 0.01 < 0.01 
V2O5 0.02 0.02 
LOIa 8.56 10.5  

a LOI: loss of Ignition. 

Fig. 2. Schematic representation of the reactor system for continuous CO2 capture and carbon mineralization of fly ash and waste ash materials.  
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study is a mixture of fly ash and bottom ash. The chemical compositions 
of the studied samples were determined using X-ray Fluorescence (XRF) 
analyses. The major constituent of fly ash and waste ash is calcium oxide 
(CaO), while minor constituents include magnesium oxide (MgO), iron 
(III) oxide (Fe2O3), and alumina (Al2O3) (Table 1). Higher CaO content 
aids CO2 capture and carbon mineralization as discussed in the 
following section. High purity reagents such as sodium hydroxide 
(NaOH, Fisher Chemical, Certified ACS), glycine (NH2CH2CO2H, Alfa 
Aesar, 99%), MEA (C2H7NO, Fisher Chemical, Laboratory Grade), CTAB 
(C19H42NBr, MP Biomedicals, Molecular Biology Grade), calcium nitrate 
tetrahydrate (Ca(NO3)2•4H2O, Sigma-Aldrich, ACS reagent), and CO2 
gas (Airgas, 99.8% purity) are used in this study. 

2.2. Integrated CO2 capture and carbon mineralization with fly ash and 
waste ash 

A series of experiments were conducted using fly ash and waste ash 
samples to investigate carbon mineralization behavior using regenerable 
solvents. Experiments were performed at a temperature of 50 C̊ for a 
reaction time of 3 , 15 wt% solid and CO2 partial pressure of 1 atm and a 
stirring rate of 300 rpm (± 5 rpm). 2.5 M sodium glycinate was prepared 
by dissolving equimolar compositions of sodium hydroxide (NaOH) and 
glycine powders in an appropriate volume of water. Similarly, 30 wt.% 
(± 1 wt.%) MEA solution was prepared by mixing 30 ml of MEA and 70 
ml of water to produce a homogeneous aqueous solution. Experiments 
were performed with pure water as the base case. 

All ash sample experiments were performed in a stainless-steel stir
red reactor (Micro Bench Top Reactor, Parr Instrument Company). Fig. 2 
shows a schematic representation of the reactor. First, 3.0 g fly ash or 
waste ash was placed in the reactor and 17 mL of the liquid solution was 
added to prepare a slurry with 15 wt.% (± 1 %) solid. The system was 
purged with CO2 for 3–5 min to remove gas impurities. The system was 
then heated, and the gas pressure was set to the desired value. The start 
of the reaction was marked by reaching the desired temperature setpoint 
of 50 ◦C. At the end of the reaction time of 3 h, the reactor system was 
cooled, and the products were collected. The solids were separated using 
vacuum filtration and dried in a vacuum oven. The dried samples were 
further used to characterize the carbonate content and the morphologies 
of these materials. 

2.3. Nano-scale calcium carbonate synthesis using regenerable CO2 
capture solvents and surfactants 

In this study, nano-scale calcium carbonate is synthesized using so
dium glycinate to capture CO2 and CTAB to suppress the growth of 
CaCO3 particles. We use a solution of 1 M calcium nitrate as the source of 
calcium ions, 3 M CO2-loaded sodium glycinate, and CTAB concentra
tions of 0, 0.5, and 1 wt.% to investigate the feasibility of producing 
calcium carbonate while suppressing the growth of calcium carbonate 
particles. First, Na-glycinate solution was prepared by dissolving equi
molar solution of NaOH and glycine in the appropriate quantity of 
water. CO2 was loaded on sodium glycinate by supplying 20 kPa (± 5 
kPa) of CO2 to the Na-glycinate solution. Next, 15 ml of CO2-loaded Na- 
glycinate solution was added to 10 mL of 2.5 M Ca(NO3)2 solution to 
produce calcium carbonate. After mixing, the solution has 25 mL of 1 M 
Ca(NO3)2 and 3 M CO2-loaded Na-glycinate. The reactions occur at 25 ̊C 
and atmospheric pressure under a constant stirring rate of 300 rpm (± 5 
rpm). After 1 h of reaction, the generated precipitate is separated using 
vacuum filtration and is dried in an oven at 80 ̊C for at least 12 h for 
further analyses. For the reaction system with CTAB, 0.5 or 1 wt.% of 
CTAB was added to 5 M Na-glycinate solution before CO2 loading. So
dium glycinate captures CO2 from the gas phase and supplies high 
concentrations of carbonate ions, which is essential for calcium car
bonate formation (Liu et al., 2021; Liu and Gadikota, 2020). CTAB 
suppresses the particle growth of calcium carbonate particles by binding 
to the nucleating calcium carbonate surfaces and limiting extensive 

growth. The reactions involved are shown in Fig. 1. 

2.4. Material characterization for carbon mineralization 

The chemical compositions of the starting materials were determined 
using X-ray Fluorescence (XRF). Detailed information about the XRF 
analysis: samples are crushed and pulverized according to default 
preparation procedures. Sample preparation entails the formation of a 
homogenous glass disk by the fusion of the sample and a lithium tetra
borate/lithium metaborate mixture. The Loss On Ignition (LOI) is 
determined separately and gravimetrically at 1000 ◦C. The prepared 
disks are analyzed by wavelength dispersion X-ray fluorescence (WD- 
XRF). The LOI is included in the matrix correction calculations, which 
are performed by the XRF software. The thermal behavior of the starting 
materials and their reacted products were determined using a Thermo 
Gravimetric Analyzer (TGA, Discovery SDT 650, TA instrument). The 
carbonate content is determined based on the changes in the sample 
weight upon heating from room temperature to 1000 ̊C or more and at a 
constant N2 flow rate. The crystalline phases of the powders and their 
products were determined using X-ray diffraction (XRD) analysis (X-ray 
diffractometer, Bruker D8 Advance ECO powder diffractometer) with Cu 
Kα radiation (40 kV, 25 mA). The samples were scanned over the 2θ 
range from 20̊ to 80̊. The particle size distributions of the materials were 
determined using a zeta sizer (Malvern Nano ZS) and a particle size 
analyzer (Anton Paar). The pore sizes, surface areas, and pore volumes 
of synthesized particles are determined using N2 adsorption-desorption 
isotherms measured at 77 K using the Brunauer−Emmett−Teller tech
nique (BET, Quantachrome Autosorb iQ Analyzer). The particle mor
phologies before and after reaction were determined using Scanning 
Electron Microscopy (SEM, LEO 1550 FESEM). 

2.5. Extent of carbon mineralization 

The determination of the extent of the carbon mineralization is 
challenged by the heterogeneous compositions of the ash samples 
(Table 1). The extent of carbon mineralization is calculated by assuming 
that only calcium (Ca) and magnesium (Mg) components of fly ash react 
to produce solid carbonates. The pH of the solutions bearing the alkaline 
industrial residues and solvents is usually higher than 7.5 which limits 
the dissolution of Ni and Fe and their subsequent reactivity to produce 
carbonates (Table 2). Thus, the extent of mineral carbonation should be 
calculated and estimated based on careful determination of the chemical 
phases as well as reasonable assumptions. In this paper, several factors 
are considered when assessing the extent of carbon mineralization. First, 
only calcium (Ca) and magnesium (Mg) elements are considered to react 
and produce water insoluble Ca- and Mg-carbonates, while other ele
ments such as Fe and Ni are unlikely to dissolve at pH greater than 7.5 
and react to produce respective carbonates. Second, non-carbonate Ca 
and Mg species are considered for carbon mineralization. Dissolution of 
solid calcium carbonate at pH greater than 7.5 in material systems 
bearing alkaline industrial residues and solvents is negligible. Third, the 
weight changes arise from carbonate formation and the dissolution and 
re-precipitation of other phases is negligible. 

Based on above assumptions, the extent of carbon mineralization 
achieved is defined as the measured amount of CO2 stored in the samples 
as solid carbonate relative to the theoretical maximum CO2 storage ca
pacity, and could be expressed by Eq. (1): 

Extent =
Measured CO2 amount in the samples

Theoretical maximum CO2 storage capacity
× 100% (1) 

The solid carbonate content is determined using thermogravimetric 
analyses (TGA). CaCO3 decomposition generally occurs between 550 
and 800 ̊ C in an N2 environment (Babou-Kammoe et al., 2012; Kar
unadasa et al., 2019; Vance et al., 2015). CO2 composition is determined 
based on the weight loss caused by the carbonate decomposition. Our 
analyses revealed that both the unreacted fly ash and waste ash 
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materials contain around 12 wt% CaCO3. 
To determine if the original CaCO3 dissolves during the experiments, 

the pH values of several solutions before and after reactions are 
measured (Accumet AE150 pH Benchtop Meter, Fisher Scientific). So
lutions bearing sodium glycinate or MEA (with and without CO2- 
loading) and the unreacted ash samples had pH levels above 6 which 

does not favor the dissolution of calcium carbonate present in the 
unreacted fly ash and waste ash materials. 

3. Results and discussion 

3.1. Carbon mineralization of fly ash and waste ash 

To probe the enhancement in carbon mineralization using regener
able solvents, fly ash and waste ash were reacted in the presence of 
regenerable CO2 capture solvents such as 2.5 M sodium glycinate and 30 
wt.% mono ethanolamine (MEA). A significant enhancement in the 
extent of carbon mineralization was noted in the presence of the solvents 
relative to the base case in which no solvent was used. The extent of non- 
carbonated calcium converted to calcium carbonate was 18.9% and 
19.9%, respectively, when fly ash and waste ash were reacted in only 
water (Fig. 3). In contrast, the extents of non-carbonate calcium 
mineralized with fly ash were 49.9% and 51.4% in 2.5 M sodium gly
cinate and MEA, respectively (Fig. 3). Similarly, the extents of non- 
carbonate calcium mineralized with waste ash were 58.3% and 61.8% 
in 2.5 M sodium glycinate and 30 wt.% MEA, respectively (Fig. 3). The 
content of CaO in fly ash and waste ash are comparable and around 37.4 
wt.% and 35.9 wt.%, respectively. The dominant calcium-bearing pha
ses in fly ash and waste ash are calcium oxide, calcium hydroxide, and 
calcium sulfate (Fig. 4). The higher reactivity of waste ash compared to 
fly ash is attributed to higher surface area and larger pore volume of 
waste ash. 

Additional insights into the factors underlying the reactivity of waste 
ash and fly ash are obtained by analyzing the changes in the solution pH 
and the solubility of the major calcium-bearing constituents of waste ash 

Fig. 3. Actual CO2 uptake vs. maximum CO2 uptake in fly ash and waste ash. 
Experiments were performed at 50 ◦C for 3 h with 15 wt.% solid in a contin
uously stirred system and in various solutions as shown. 

Fig. 4. Evidence of stable calcite and metastable aragonite formation via integrated CO2 capture and carbon mineralization using MEA and sodium glycinate solvents 
using X-Ray Diffraction (XRD) analyses. 
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and fly ash. The solutions obtained after dissolving untreated fly ash and 
waste ash materials in water at room temperature have a pH greater 
than 12 which represents the highly alkaline nature of these residues. 
The solutions that are recovered after reacting these materials in water 
have pH in the range of 7.1 – 8.7. The solutions recovered after reacting 
in 2.5 M sodium glycinate and 30 wt.% MEA have pH in the range of 7.9 
– 8.2 and 8.3 – 8.6, respectively (Table 2). The feasibility of dissolving 
the calcium constituents in ash to produce calcium carbonate at these pH 
conditions can be evaluated based on the solubility behavior of the 
primary calcium-bearing constituents in the fly ash and waste ash 
materials. 

Insights into the mechanisms underlying carbonate formation are 
determined based on the relative solubilities of the primary calcium- 
bearing constituents of fly ash which are calcium oxide, calcium 

hydroxide, calcium sulfate, and calcium carbonate. Calcium oxide pre
senting in alkaline industrial residues is readily converted to calcium 
hydroxide in the presence of water. The solubility products of calcium 
hydroxide, calcium sulfate, and calcium carbonate are 5.02 × 10−6, 
4.93 × 10−5, and 3.3 × 10−9, respectively (Benjamin, 2002; Lide, 2002; 
Rumble et al., 2018). These data show that the calcium hydroxide and 
calcium sulfate dissolve preferentially over calcium carbonate, while 
maintaining all other conditions constant. At pH in the range of 7–9, the 
solubility of calcium carbonate is significantly lower compared to that of 
calcium hydroxide and calcium sulfate. Thus, calcium hydroxide (and 
oxide precursor) and calcium sulfate readily dissolve and precipitate to 
produce calcium carbonate, while the calcium carbonate present in the 
original ash materials remains relatively undissolved at these pH con
ditions. In this study, crystalline calcium silicate phases are not 

Fig. 5. Evidence of calcium carbonate and calcium hydroxide present in the unreacted fly and waste ash materials (a) and carbonate formation in the reacted fly ash 
and waste ash materials. The weight loss around 400 ◦C is attributed to the calcium hydroxide while calcite decomposition is believed to occur around 750 ◦C–950 ◦C 
as shown in the unreacted materials (a). In the reacted products shown in (b), carbonates decomposition is assumed to occur in the range of 550 ◦C–800 ◦C. This wide 
weight loss range results from the mixture of complex alkaline metal carbonates from Ca, Mg and other elements. 

Fig. 6. Evidence of the morphological features of (a) unreacted fly ash, (b) fly ash reacted in sodium glycinate, and (c) fly ash reacted in monoethanolamine (MEA) 
using SEM images. The morphological features of (d) unreacted waste ash, (e) waste ash reacted in sodium glycinate, and (f) waste ash reacted in monoethanolamine 
(MEA) are shown. 
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abundant based on the X-Ray Diffraction (XRD) analyses. Prior studies 
showed that calcium present in silicate phases such as CaSiO3 (wollas
tonite) reacts with CO2 to produce calcium carbonate in MEA and so
dium glycinate solvents noted in this study. In these scenarios, silica 
serves as a passivation layer which limits carbon mineralization (Daval 
et al., 2009b; Gadikota et al., 2020; Kashim et al., 2020; Miller et al., 
2013) and only about 35–37% carbonate conversion of pure calcium 
silicate (CaSiO3) is noted as opposed to near complete conversion of 
calcium oxide at similar experimental conditions (Liu et al., 2021; Liu 
and Gadikota, 2020). 

The conversion of dominant phases such as calcium oxide, calcium 
sulfate, and calcium hydroxide to calcium carbonate are evident from 
detailed X-Ray Diffraction (XRD) analyses when reacted in 2.5 M sodium 
glycinate or 30 wt.% MEA (Fig. 4). Stable calcite and metastable 
aragonite phases are dominant in the reacted carbonate-bearing fly ash 
and waste ash materials (Fig. 4). Moderate temperature (50 ◦C) and CO2 
pressure (1 atm) contribute to the formation of multiple carbonate 
phases such as calcite and aragonite. In contrast, higher temperature 
(200 ◦C) and pressure (20 bars) favor the formation of stable carbonate 
phases such as calcite. Minor phases such as Fe2O3 are not detected from 
X-Ray Diffraction (XRD) analyses. No significant changes in the silica 
(SiO2) are detected after reactions in fly ash and waste ash samples. 

Further evidence of the near complete conversion of calcium hy
droxide to calcium carbonate is evident from Thermogravimetric Anal
ysis (TGA). In the unreacted fly ash and waste ash samples, the weight 
changes in the range of 50–150 ◦C, 300–480 ◦C (Liu and Gadikota, 
2018), and 750–950 ◦C correspond to the loss of free water and volatile 
constituents, decomposition of Ca(OH)2 and the dissociation of CaCO3, 
respectively. Thus, the weight compositions of free water, Ca(OH)2 and 
CaCO3 in fly ash are 0.8%, 7%, and 12% and the respective values in 
waste ash are 2.5%, 6%, and 12% (Fig. 5 (a)). Carbon mineralization in 
the presence of sodium glycinate and mono ethanolamine (MEA) results 
in near complete conversion of calcium hydroxide to calcium carbonate 
as noted from the TGA curves, where a single weight loss profile is 

observed around 750 ◦C (Fig. 5 (b)). This wide decomposition curve is 
attributed to the existence of mixed metal carbonates. 

Extensive carbon mineralization contributes to significant differ
ences in the particle morphology after carbon mineralization of fly ash 
and waste ash samples as noted from Scanning Electron Microscopy 
(SEM) images (Fig. 6). The unreacted fly ash and waste ash samples 
exhibit spherical particle morphologies with sizes ranging from as small 
as 1–5 μm to larger sizes of 20–30 μm. These observations are consistent 
with the particle morphologies of fly ash and waste ash materials re
ported in literature (Heineck et al., 2010; Kutchko and Kim, 2006; Ma 
et al., 2021). Interestingly, the spheres are attached to each other to form 
a linked matrix (Fig. 6 (a) and (d)). The extensive spherical morphology 
of fly ash and waste ash materials is reduced upon carbon mineralization 
and oval-shaped particles are noted. Closer investigation of the 
oval-shaped particles reveals the formation of rod-like aragonite parti
cles noted in prior studies (Yu et al., 2017). These studies confirm the 
formation of aragonite particles which is consistent with our observa
tions from XRD analyses (Fig. 4). 

The formation of larger particles due to the carbon mineralization of 
fly ash and waste ash is confirmed using particle size analyses. The 
unreacted fly ash and waste ash samples have similar particle size dis
tributions in the range of 1–100 μm (Fig. 7). The average particle 
diameter of the unreacted fly ash and waste ash are 10.96 and 12.35 μm. 
Carbon mineralization of fly ash and waste ash in the presence of MEA 
and sodium glycinate results in an increase in the average particle size 
which is attributed to the growth of newly formed calcium carbonate. A 
small decrease in the particle size of the fly ash and waste ash materials 
in the range of 1–10 μm is attributed to the dissolution of the ash par
ticles. The mean particle diameters of the fly ash and waste ash materials 
reacted in MEA are 14.56 μm and 12.72 μm, respectively. Similarly, the 
mean particle diameters of the fly ash and waste ash materials reacted in 
sodium glycinate are 261.90 μm and 16.08 μm, respectively. The mean 
diameter is not the only parameter representative of the changes in the 
particle size distribution since multi-modal particle size distributions 

Fig. 7. Particle size distributions of unreacted and reacted (a) fly ash and (b) waste ash materials.  
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emerge on carbon mineralization (Fig. 7 (a) red line). 
This trend in the dissolution of small particles smaller than 10 μm 

and the associated peak shift to larger particle diameters or increase in 
the intensity of particles of 20 – 30 μm due to carbonate formation is 
consistent with prior studies reporting direct carbon mineralization of 
magnesium-bearing silicate ((Mg,Fe)2SiO4, olivine) to produce magne
sium carbonate (Gadikota et al., 2020, Gadikota et al., 2014). Insights 
from the particle size analyses (Fig. 7) and SEM images (Fig. 6) show 
that the newly formed calcium carbonate phases precipitate on the 
surface of the existing particles as opposed to forming discrete particle 
size distributions. 

The competing effects of the dissolution of alkaline industrial 

residues and minerals on increasing the pore size and surface area and 
that of carbonate formation in closing the pore spaces and reducing the 
pore volume are investigated. The changes in the surface area and pore 
morphology of the unreacted and reacted fly ash and waste ash materials 
are determined using Brunauer-Emmett-Teller surface (BET) method 
using N2 adsorption approach. The average pore size, surface area and 
cumulative pore volume of the unreacted and reacted fly ash and waste 
ash materials are summarized in Table 3. 

A significant increase in the surface area and pore volume of the 
reacted fly ash and waste ash materials are noted on carbon minerali
zation in the presence of MEA and sodium glycinate. The surface area of 
the fly ash reacted in MEA and sodium glycinate is 26 m2/g compared to 

Fig. 8. Pore size distributions for (a-1) unreacted and (a-2 and a-3) reacted fly ash and (b-1) unreacted and (b-2 and b-3) reacted waste ash materials determined 
using BET measurements. 

Fig. 9. Extent of calcium carbonate formation from calcium nitrate solutions in the presence and absence of CTAB surfactants.  
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the unreacted fly ash which is 5 m2/g. Similarly, the surface area of the 
waste ash reacted in MEA and sodium glycinate is 31 m2/g while that of 
the unreacted precursor is 16 m2/g. These data suggest that the 

simultaneous and localized dissolution and carbonate formation in fly 
ash and waste ash contributes to an increase in the surface area. 
Furthermore, the cumulative pore volume of fly ash and waste ash 
materials is a factor of 2.5 – 3.6 higher compared to the unreacted 
materials. Similarly, an increase in the pore diameter is noted when fly 
ash and waste ash are reacted in MEA and sodium glycinate. 

Further insights into the changes in the pore morphology are ob
tained by analyzing the pore volume distributions. The unreacted fly ash 
and waste ash materials have broad pore size distributions in the range 
of 2.7–5 nm. However, carbon mineralization results in a uniform and 
narrower pore distribution in the range of 3.5–4.2 nm (Fig. 8) in the 
reacted fly ash and waste ash materials. These observations are consis
tent with prior studies that showed the evolution of well-defined pore 
size distributions on extensive carbon mineralization of magnesium 
silicate minerals ((Mg, Fe)2SiO4, olivine). Thus, the competing effects of 
the dissolution of calcium hydroxide and calcium sulfate and formation 
of newly formed calcium carbonate contribute to increases in the surface 
area, pore volume and pore diameter and the formation of well-defined 
pore volume distributions. 

3.2. Nano-scale calcium carbonate synthesis using CO2 capture solvent (e. 
g., sodium glycinate) and surfactant (e.g., CTAB) 

The ability to synthesize nano-scale calcium carbonate directly using 
CO2 in the gas phase unlocks the potential for CO2 capture and utiliza
tion using calcium-rich alkaline residues. Advances in electrodialysis 
(Kumar et al., 2019) now enable us to produce acids and bases directly 
from brine. These electrochemically produced acids can be used to 
dissolve Ca-rich residues such as fly ash or waste ash and produce 

Fig. 10. Effect of CTAB addition on the formation of calcium carbonate phases where (a), (b), and (c) correspond to scenarios with 0, 0.5, and 1 wt% CTAB, 
respectively using Wide Angle X-Ray Scattering (WAXS) measurements. 

Table 2 
pH of the solutions recovered after the reaction of fly ash and waste ash with CO2 
to produce calcium carbonate. The pH of the untreated fly ash and waste ash 
when dissolved in water is greater than 12 which is indicative of the high 
alkaline content in these materials.   

Fly ash Waste ash 

Solutions obtained after reacting in H2O 7.56–8.68 7.15–7.33 
Solutions obtained after reacting in 2.5 M Na-glycinate 7.93–8.21 8.10–8.15 
Solutions obtained after reacting in 30 wt.% MEA 8.46–8.62 8.29–8.38  

Table 3 
Comparison of the surface area, pore volume, and pore diameter of unreacted 
and reacted fly ash and waste ash materials.  

Sample ID Surface Area 
(m2/g) 

Pore Volume 
(cc/g) 

Pore Diameter 
(nm) 

Unreacted fly ash 5.05 0.028 2.75 
Fly ash reacted in Na- 

glycinate 
26.07 0.102 3.84 

Fly ash reacted in MEA 26.13 0.101 3.91 
Waste ash 16.20 0.034 3.80 
Waste ash reacted in Na- 

glycinate 
30.60 0.084 3.91 

Waste ash reacted in MEA 31.28 0.108 3.85  
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Table 4 
Average particle sizes of calcium carbonate (CaCO3) obtained with and without the addition of CTAB.  

Ca(NO3)2 CTAB Na-glycinate CO2 loading time Average size Standard deviation Average size Standard deviation 
Diameter ≤ 300 nm 300 nm < Diameter 

1 M 0 wt.% 3 M 60 min N/A N/A 691.10 nm 130.20 nm 
1 M 0.5 wt.% 3 M 60 min 184.16 nm 52.87 nm 531.59 nm 179.33 nm 
1 M 1 wt.% 3 M 60 min 197.01 nm 61.76 nm 659.21 nm 191.35 nm  

Fig. 11. Effect of CTAB addition on the particle size distributions of the precipitated calcium carbonate where (a), (b), and (c) correspond to scenarios with 0, 0.5, 
and 1 wt% CTAB, respectively. 

Fig. 12. Evidence of the changes in the morphology of precipitated calcium carbonate (a) without CTAB and (b) 0.5 wt% CTAB. All other conditions such as the 
concentration of 1 M calcium nitrate, 3 M sodium glycinate, and with continuous CO2 loading are held constant. 
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calcium-rich solutions for carbon mineralization. High purity 
calcium-bearing solutions are recovered based on ion separations. These 
recovered calcium-rich solutions are used to precipitate nano-scale 
calcium carbonate using anthropogenic CO2. 

Our results showed that more than 90% conversion of dissolved 
calcium nitrate solution to calcium carbonate particles is achieved on 
reacting for 45 and 60 min. On reacting for 45 min, the extents of car
bonate formation without CTAB, with 0.5 wt.% CTAB and with 1.0 wt.% 
CTAB are 92.2%, 95.1%, and 94.1%, respectively. Slightly higher ex
tents of carbon mineralization of 98.2%, 97.7% and 95.2% are noted 
when the reaction time is 60 min in cases without CTAB, with 0.5 wt.% 
CTAB and with 1 wt.% CTAB, respectively (Fig. 9). The estimated error 
is in the range of 4-5%. These results show that the addition of CTAB did 
not have a significant effect on enhancing carbonate formation (Fig. 9). 

The hypothesis that surfactants such as CTAB influence the phases of 
calcium carbonate formed is investigated by analyzing the X-ray 
diffraction patterns of the calcium carbonate end-product with and 
without the addition of CTAB. These analyses showed that metastable 
vaterite and stable calcite phases are co-present when CTAB is not used. 
This observation is consistent with the formation of stable and meta
stable calcium carbonate phases when sodium glycinate is used for CO2 
capture and mineralization of calcium oxide (Liu and Gadikota, 2020). 
The presence of multiple carbonate phases is also in agreement with the 
previous result when MSWI-bottom ash was utilized as the starting 
material (Höllen et al., 2018). However, the addition of CTAB leads to 
the formation of metastable vaterite, whereas stable calcite phases are 
not observed (Fig. 10). We hypothesize that this vaterite-calcite phase 
transformation is related to the presence of CTAB. In these experiments, 
calcium carbonate initially precipitates as vaterite. CTAB binds to the 
vaterite particles and prevents transformation to a more stable calcium 
carbonate phase such as calcite. In the absence of CTAB, transformations 
of vaterite to calcite are favored. 

Particle size analyses of calcium carbonate product showed that the 
average particle diameter of precipitated calcium carbonate is 691.1 nm 

in the absence of CTAB. However, the addition of 0.5 wt.% CTAB results 
in a bimodal distribution with mean particle sizes of 184.2 nm and 
531.6 nm, respectively. Similarly, the addition of 1 wt.% CTAB results in 
bimodal distributions with mean particle sizes of 197.0 nm and 659.2 
nm, respectively (Table 4 and Fig. 11). At a higher CTAB concentration 
of 1 wt.%, the peak intensity around 600 nm is significantly lower 
compared to the CTAB concentration at 0.5 wt.%. These results reveal 
that higher CTAB concentrations are effective in suppressing the growth 
of calcium carbonate particles. These observations are corroborated 
with SEM images. 

The effect of CTAB on the morphology of CaCO3 particles is evident 
from SEM images shown in Fig. 11. Spherical aggregates with smaller 
nano-scale particles are noted. These smaller nano-scale particles have a 
vaterite structure which is spherical in shape (Gadikota et al., 2015; 
Pouget et al., 2010; Trushina et al., 2014). Fig. 11 (a) and (b) represents 
the morphology of calcium carbonate particles without and with 0.5 wt. 
% CTAB. In the absence of CTAB, most of the particles have a particle 
diameter larger than 400 nm (Fig. 11 (a)). However, the addition of 
CTAB results in particles that are smaller in size (Fig. 11 (b)). 

When considering the mechanisms underlying calcium carbonate 
formation, it is essential to consider surface energy associated with 
producing particles of varying sizes. Because surface energy of larger 
particles is lower when compared to small particles, larger particles are 
more stable and more likely to be generated (Song et al., 2020). The 
addition of surfactants such as CTAB alters the surface zeta potential 
since it can neutralize the negative surface charge developed at the 
CaCO3 surface (El-Sheikh et al., 2013). There are two possible particle 
growth mechanisms that can lead to the disappearance of small parti
cles. The first mechanism for particle growth is called Ostwald Ripening 
(Song et al., 2020), which is shown in Fig. 13 (a). In Ostwald Ripening, 
small solid particles decompose, and the associated solute diffuses 
through the liquid and re-precipitates on larger particles which leads to 
the growth of large particles and the disappearance of small particles 
(Huo et al., 2010). 

Fig. 13. Suggested mechanisms associated with calcium carbonate growth where (a) and (b) represent Ostwald-Ripening and solid-state bonding, respectively.  
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In Fig. 13 (b), a peanut-shaped particle, formed by the aggregation of 
two spherical particles, can be observed. Formation of this peanut-like 
particle can be attributed to another possible particle growth mecha
nism called solid-state bonding (Yu et al., 2005), which is illustrated in 
Fig. 13 (b). When two particles have an inter-particle contact surface, 
based on the solid-state bonding theory, the inter-particle contact area 
enlarges gradually. Meanwhile, nanoparticles in the two aggregated 
micro particles redistribute along the liquid wetted particle boundary, 
forming the peanut-shaped particles (Huo et al., 2010). The 
peanut-shaped particle morphologies are evident with and without 
CTAB (Fig. 12). However, smaller particle sizes are noted in the presence 
of CTAB due to the adsorption of these molecules on the surface of 
CaCO3 particles which limits crystal growth, dissolution of small parti
cles, and inter-particle contact (Barhoum et al., 2014; El-Sheikh et al., 
2013). 

4. Conclusions 

Accelerated low temperature integrated CO2 capture and carbon 
mineralization of fly ash and waste ash is realized using regenerable 
solvents such as sodium glycinate and monoethanolamine which in
crease the concentration of dissolved bicarbonate and carbonate species 
in the aqueous phase and favor carbon mineralization. Fly ash and waste 
ash conversions of calcium and magnesium to produce carbonates in the 
range of 50%–60% are achieved at 50 ̊C, CO2 pressure of 1 atm, reaction 
time of 3 h and in well-stirred environments. The co-presence of calcite 
and aragonite is noted in the reacted materials. An increase in the par
ticle size, pore volume and surface area in the final products is noted on 
carbon mineralization. 

Furthermore, the role of regenerable CO2 capture solvents in 
enabling the synthesis of high purity nanoscale calcium carbonate is 
investigated. The synergistic combination of sodium glycinate and CTAB 
which increase the concentration of carbonate species in the aqueous 
phase and direct the formation of nanoscale calcium carbonate, 
respectively are noted. The addition of CTAB significantly suppresses the 
growth of larger calcium carbonate particles by binding to the nucleated 
calcium carbonate particles and preventing further growth. These 
studies demonstrate that low-cost CO2 capture solvents can be used in 
regenerable CO2 capture and carbon mineralization cycles from het
erogeneous alkaline industrial waste precursors such as fly ash and 
waste ash. 
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