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Abstract 1 

The increasing use of energy resources recovered from the subsurface environments and the 2 

resulting carbon imbalance in the environment has motivated the need to develop 3 

thermodynamically downhill pathways to convert and store CO2 as water insoluble calcium or 4 

magnesium carbonates. While previous studies extensively explored aqueous routes to produce 5 

calcium and magnesium carbonates from CO2, there has been a limited scientific understanding of 6 

the phase evolution and textural changes during the direct gas-solid conversion routes to produce 7 

calcium carbonate from calcium hydroxide, which is one of the abundant constituents of alkaline 8 

industrial residues. With increasing interest in developing integrated pathways for capturing, 9 

converting and storing CO2 from dilute flue gases, understanding the compositions of the product 10 

phases as they evolve is essential for evaluating the efficacy of a given processing route. Therefore, 11 

in this study, we investigate the phase evolution and the corresponding textural changes as calcium 12 

hydroxide is converted to calcium carbonate under the continuous flow of CO2 at an ambient 13 

pressure of 1 atm and on heating continuously from 30 °C to 500 °C using in-operando wide angle 14 

X-ray scattering (WAXS), small angle X-ray scattering (SAXS), and ultra-small angle X-ray 15 

scattering (USAXS) measurements.  16 

 17 

Keywords: ultra-small angle X-ray scattering (USAXS), small angle X-ray scattering (SAXS), 18 
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1. Introduction 1 

 One of the emerging challenges in sustainable energy production is the development of 2 

integrated pathways for carbon dioxide capture, utilization and storage (CCUS). With CO2 3 

concentrations increasing from about 280 ppm before the industrial age to over 400 ppm now, the 4 

need for CCUS technologies is unprecedented [1–4]. The transition to a low carbon economy will 5 

require us to develop a portfolio of technologies for capturing, utilizing and storing CO2 at the 6 

gigaton scale [5]. Carbon mineralization is one approach which involves the accelerated 7 

conversion and storage of CO2 as water insoluble calcium and magnesium carbonate via 8 

thermodynamically downhill routes [6–12]. Various routes including gas-solid and gas-liquid-9 

solid reaction routes have been explored to accelerate the conversion of CO2 to calcium and 10 

magnesium carbonates [13–15]. While gas-solid reaction routes are easier to implement, the 11 

kinetics of CO2 conversion to calcium and magnesium carbonates may be slower. However, with 12 

increasing interest in directly using dilute concentrations of CO2 representative of flue gas 13 

concentrations or atmospheric CO2 concentrations, the need to understand the phase transitions 14 

and the textural changes in sorbents such as calcium hydroxide as it is converted to calcium 15 

carbonate provides important insights into the composition of these materials for potential use.  16 

 One of the key motivations for investigating the phase transitions and textural changes of 17 

calcium hydroxide during carbon mineralization is the abundance of these materials in alkaline 18 

industrial residues such as carbide slag [16]. Carbide slag is one of the by-products of the 19 

hydrolysis of calcium carbide (CaC2), a reaction generating ethylene, polyvinyl chloride (PVC) 20 

and other products in the industry [17]. Significant quantities of carbide slag are generated around 21 

the world. For example, in China, 70% of ethyne (C2H2), a raw material of polyvinyl chloride 22 

(PVC), is generated from calcium carbide. About one ton of PVC results in the production of 1.5–23 
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1.9 tons of carbide slag in an industrial plant [17,18]. However, treating carbide slag in an 1 

economical manner has been a challenge. While landfilling these materials has been proposed, 2 

carbide slag is caustic and corrosive, which increases the risk of environmental contamination. 3 

Another approach to utilize carbide slag is to use it to produce cement [18,19]. Recently, a calcium 4 

looping process (CLP) was proposed to integrate carbide slag disposal and CO2 capture [20–22]. 5 

In this approach, carbide slag, recovered from energy-intensive industrial plants, could be used to 6 

capture CO2, which is generated by industrial plants, and then used as raw materials to produce 7 

cement [23–25].  8 

 Previous studies discussing CO2 capture with carbide slag or modified carbide slag 9 

reported that carbonate conversions up to 28% could be reached after 100 calcination/carbonation 10 

cycles in the optimal temperature range of 650–700 °C [17]. Modified sorbents produced from 11 

carbide slag using reagents such as aluminum nitrate hydrate and glycerol water solution and 12 

propionic acid has higher CO2 capture capacity compared to untreated slag. While these studies 13 

focused on enhancing the conversion of carbide slag, there was a limited fundamental 14 

understanding of the phase transitions and textural behavior of the key constituents of carbide slag 15 

such as calcium hydroxide [26,27].  16 

 In this paper, the evolution of calcium carbonate phases from calcium hydroxide and the 17 

corresponding changes in the roughness of the pore-solid interface are investigated using in-18 

operando synchrotron ultra-small, small, and wide angle X-ray scattering (USAXS/SAXS/WAXS) 19 

measurements [6,8,10,11,28–32]. The wide angle X-ray scattering measurements provide 20 

unambiguous insights into the structural changes, while ultra-small and small angle X-ray 21 

scattering measurements reveal the changes in the textures of the pore-solid interface during the 22 

carbon mineralization of calcium hydroxide to produce calcium carbonate. Calcium hydroxide is 23 
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continuously reacted with CO2 flowing at 1 atm while being heated from 30 °C to 500 °C in a 1 

capillary reaction cell as the multi-scale X-ray scattering measurements were taken. While recent 2 

efforts by Benedetti, Ilavsky and co-workers relate the reactivity of calcium oxide with CO2 during 3 

carbonation and calcination cycles using microstructural modeling of the USAXS [33], in this 4 

study, we systematically track the structural evolution of calcium carbonate as it is formed from 5 

calcium hydroxide.   6 

2.  Experimental Methods 7 

2.1 Materials and Methods  8 

 Calcium hydroxide powder procured from Himedia Laboratories (West Chester, PA, USA) 9 

was placed in a quartz capillary with an internal diameter of 1.3 mm and thickness of 0.2 mm 10 

(Friedrich & Dimmock Inc., Millville, NJ, USA) and loaded into a capillary cell holder [34]. Glass 11 

wool was placed at both ends of the capillary to hold the powder in place. CO2 was continuously 12 

supplied at a flow rate of 10 mL/min. Temperatures in the range of 29 °C to 502 °C were 13 

investigated and the ramp rate was set to 4.73 °C /min. The surface area and cumulative pore 14 

volume of Ca(OH)2 used in this experiment is 8.65 (±0.82) m2/g and 0.0134 (±0.0017) mL/g, 15 

respectively. The pore size distribution of calcium hydroxide is shown in Figure 1.  16 

2.2 USAXS/SAXS/WAXS measurements 17 

 The multi-scale X-ray scattering measurements were performed at Sector 9-ID at the 18 

Advanced Photon Source (APS) in Argonne National Laboratory (ANL), Argonne, IL [35]36]. 19 

Temporal uncertainties in the collected data were reduced with rapid acquisition times which were 20 

set to 90 s, 30 s, and 30 s for USAXS, SAXS, and WAXS, respectively. The total X-ray flux, 21 

energy and corresponding wavelength were 10-13 photon s-1, 21.0 keV, and 0.59 Å, respectively. 22 

SAXS and WAXS measurements were calibrated using silver behenate and the NIST standard 23 
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reference material, SRM 640d (Si), respectively [37]. Data analyses were performed in the Irena 1 

and Nika software packages embedded in IgorPro (Wavemetrics, Lake Oswego, OR) [38,39].  2 

3. Results and Discussion 3 

3.1 Phase transformations during the carbon mineralization of calcium hydroxide 4 

 The changes in the structure of calcium hydroxide were determined from the wide angle 5 

X-ray scattering data. The characteristic peak of calcium hydroxide which corresponds to the (1 0 6 

0) reflection at q = 2.024 Å-1 undergoes significant changes with continuous CO2 flow as the 7 

temperature increases (Figure 2) [40]. The shift in the characteristic peak to lower q or larger d 8 

values corresponds to thermal expansion, as reported in previous studies [10,28,41]. Tracking the 9 

changes in the integrated intensity of calcium hydroxide peak yields important insights into the 10 

onset of carbon mineralization behavior. The relative integrated intensity of calcium hydroxide as 11 

it reacts with CO2 and with increasing temperature is shown in Figure 2(b). As the reaction 12 

temperature is increased to 400 °C, the peak intensity is reduced to 60% of the original value at 13 

ambient temperature (Figure 2(b)). A steeper reduction in the integrated peak intensity to 15% of 14 

the original value at ambient temperature is noted as the reaction temperature increases to 500 °C. 15 

These observations were consistent the changes in the characteristic (0 0 1) reflection of calcium 16 

hydroxide at q = 1.28 Å-1 (Figure S1 (a) and (b)). The relative integrated intensity of this peak 17 

decreases from 80 % at 400 °C to 30 % at 500 °C, which provides additional validation of major 18 

structural changes of calcium hydroxide to produce calcium carbonate. The disappearance of the 19 

characteristic peaks of calcium hydroxide as it is reacted with CO2 is consistent with previous 20 

studies [17,42,43]. 21 

 The disappearance of the calcium hydroxide peaks corresponds to the onset of calcium 22 

carbonate peaks. The onset of three different phases of calcium hydroxide: aragonite, vaterite and 23 
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calcite is noted during the carbon mineralization process. The characteristic peaks of calcite (0 1 1 

2) at q = 1.63 Å-1, vaterite (1 1 0) at q = 3.02 Å-1, and aragonite (2 1 0) at q = 2.53 Å-1 in WAXS 2 

regime, all start to emerge at 300 °C. These data suggest that all types of CaCO3 form at the same 3 

time, instead of transforming from one structure to another [44–46]. The integrated peak intensities 4 

show that the growth of the calcium carbonate phases is significantly enhanced as the temperature 5 

increases above 400 °C (Figure 3). These observations are consistent with previous papers [42]. 6 

It was also interesting to note that the formation of calcium carbonate phases did not level off on 7 

heating to 500 °C suggesting that less than 100% conversion of calcium hydroxide to calcium 8 

carbonate was achieved (Figure 3). A comparison of the wide angle X-ray scattering data at 30 °C 9 

and 497 °C suggests that the amount of calcium hydroxide present in the sample reacted at 497 °C 10 

may be too small to be detected compared to the abundance of the calcium carbonate present. It 11 

was also interesting to note the formation of denser calcium carbonate phases compared to the less 12 

dense calcium hydroxide material. The densities of calcite, vaterite, and aragonite are 2.71, 2.65, 13 

2.94 g/cm3 respectively [47]. In comparison, the density of calcium hydroxide is 2.21 g/cm3. The 14 

influence of forming more dense phases on the textural properties of the end product are discussed 15 

in the following section.  16 

3.2 Evolution of the pore-solid interface during the carbon mineralization of calcium 17 

hydroxide 18 

 As discussed in the previous section, the changes in the density and shape of the product 19 

phases during carbon mineralization may potentially impact the morphology of the material as the 20 

reaction proceeds. Insights into the morphological changes of calcium hydroxide as it is converted 21 

to calcium carbonate are obtained from the combined Ultra-Small and Small Angle X-Ray 22 

Scattering (USAXS/SAXS) data. The combined USAXS/SAXS data of calcium hydroxide during 23 
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carbon mineralization is represented at temperatures in the range of 29-300 °C and 325-502 °C in 1 

Figure 4 (a) and Figure 4 (b), respectively.  2 

The intensity of the USAXS/SAXS data did not change significantly on heating from 3 

ambient temperature to 300 °C as shown in Figure 4(a). The small reduction in the intensity of 4 

the scattering data at q in the range of 0.1 to 2 Å-1 suggests a coarsening in the morphology of the 5 

calcium hydroxide. Significant reduction in the scattering intensity, particularly in the range of 6 

0.01 – 0.1 Å-1 is noted. This reduction corresponds to the onset and growth of denser calcium 7 

carbonate phases and depletion of calcium hydroxide (Figure 4(b)). These data suggest that the 8 

newly formed CaCO3 phases may occupy the pores of calcium hydroxide resulting in a lower 9 

scattering intensities.  10 

Determination of the Porod slopes in the q-range of 0.001-0.01 Å-1 and 0.01-0.1 Å-1 11 

provided detailed insights into the pore-solid interface. Previous literature reports the fractal 12 

character of porous materials such as calcium hydroxide, (surface fractal dimension Ds = 2.0 [48]) 13 

calcium carbonate, (surface fractal dimension, Ds = 1.7665 [49]) cementitious materials (The 14 

fractal dimension found was universally 1.25 in pore boundary fractal terms [50]), shales (surface 15 

fractal dimension is 3.4 [51]) using scattering techniques. In this study, the fractality of the 16 

microstructure is probed in the q regions of 0.001-0.01 Å-1 and 0.01-0.1 Å-1 using the universal 17 

porod slope model. The porod slope is calculated based on the relationships shown below, where 18 

I (q) represents the scattering intensity and the n represents the porod slope.  19 

(ݍ)	ܫ = 	 ஺
௤೙
+  20 (Equation 1)         ܤ

logଵ଴[ܫ	(ݍ) − [ܤ =	 logଵ଴ ܣ −	݊ logଵ଴  21 (Equation 2)      		ݍ
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The growth of denser and crystalline calcium carbonate phases results in increasingly 1 

smoother pore-solid interfaces in the high q and low q regimes as shown in Figure 5. Porod slope 2 

in the low q regime is in the range of 2-3, which is indicative of a branched or mass fractal 3 

morphology at larger length scales. Porod slopes in the high q regime are in the range of 3-4, which 4 

is indicative of a surface fractal morphology or rough pore-solid interfaces. The changes in the 5 

porod slopes were much larger in the high q regime as opposed to in the low q regime suggesting 6 

that the morphologies at the larger length scales are branched while the local microstructures are 7 

characterized by surface fractal morphologies. These data also suggest that the changes in the local 8 

microstructure are much larger compared to the changes in the bulk morphology. The increase in 9 

the porod slope from 3.3 to 3.6 in the high q regime of the USAXS/SAXS data suggests that the 10 

relative smoothness of the pore-solid interface may be enhanced during the growth of the calcium 11 

carbonate phases. These observations are consistent with previously observed studies that report 12 

smoother pore-solid interfaces resulting from the growth of denser, crystalline phases [10,50].  13 

4. Conclusions 14 

 In this study, we report the phase transitions and the textural changes as calcium hydroxide, 15 

one of the significant components of alkaline industrial residues, is converted to calcium carbonate 16 

using in-operando Ultra-Small, Small, and Wide Angle X-Ray Scattering (USAXS/SAXS/WAXS) 17 

measurements. The onset of calcium carbonate formation is noted at 300 °C and the progressive 18 

growth of these phases is noted as the temperature increases to 500 °C. The simultaneous onset of 19 

three different calcium carbonate phases identified as calcite, vaterite, and aragonite are reported. 20 

Textural changes as calcium hydroxide is converted to calcium carbonate are noted. The pore-21 

solid interface in the high q regime in the range of 0.01-0.1 Å-1 is representative of a surface fractal 22 

morphology. Reduced roughness of the pore-solid interface is noted due to the formation of denser 23 
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and crystalline phases of calcium carbonate. These data suggest that connecting the phase 1 

transitions and the morphologies of alkaline-bearing materials as they are converted to their 2 

respective carbonates has important implications for process scale considerations such as the 3 

temperature conditions that yield optimal composition and morphology of the desired end-products. 4 
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Captions for Figures  1 

Figure 1. The cumulative pore volume (a) and pore volume distribution (b) of unreacted calcium 2 

hydroxide using BET measurements.  3 

Figure 2. Changes in the characteristic peak of calcium hydroxide (d = 3.105 Å, q = 2.024 Å-1, h 4 

k l: (1 0 0)) and the integrated peak intensity are represented in (a) and (b) respectively [40]. The 5 

relative integrated intensity of calcium hydroxide represented in (b) is the integrated intensity of 6 

the characteristic peak at a given temperature normalized to the integrated intensity at 30 °C. 7 

Vertical bars in (b) represent estimated 5% standard deviation uncertainties.  8 

Figure 3. Changes in the characteristic carbonates peaks:  calcite (d = 3.85 Å, q = 1.63 Å-1, h k l: 9 

(0 1 2)) [46] in (a-1), vaterite (d = 2,08 Å, q = 3.02 Å-1, h k l: (1 1 0)) [44] in (b-1), and aragonite 10 

(d = 2.48 Å, q = 2.53 Å-1, h k l: (2 1 0)) [45] in (c-1) as calcium hydroxide is reacted with CO2 at 11 

reaction temperatures in the range of 30 °C to 500 °C. The integrated peak intensities of calcite, 12 

vaterite, and aragonite are shown in Figures (a-2), (b-2), and (c-2) respectively. Vertical bars 13 

represent estimated 5% standard deviation uncertainties in Figures (a-2), (b-2), and (c-2). 14 

Figure 4. Identification of the characteristic peaks in unreacted and reacted calcium hydroxide at 15 

30 °C and 497 °C, respectively, using Wide Angle X-Ray Scattering (WAXS) measurements. Peak 16 

identification is based on the crystallographic data reported for calcium hydroxide [40], calcite 17 

[46,53], vaterite [44,47], and aragonite [45].  18 

Figure 5. Changes in the combined slit-smeared USAXS/SAXS data as calcium hydroxide is 19 

reacted with CO2 where (a) and (b) represent temperatures in the range of 29 °C to 300 °C and 20 

325 °C to 502 °C, respectively.  21 

Figure 6. Porod slopes as calcium hydroxide is reacted with calcium carbonate are represented. 22 

Low q and high q ranges represent 0.001-0.01 Å-1 and 0.01-0.1 Å-1, respectively. The data was 23 
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obtained after desmearing the USAXS/SAXS data shown in Figure 5. Porod slope of 1 and 4 1 

indicated scattering from rigid rods and smooth surfaces, respectively. Porod slopes in the range 2 

of 2-3 and 3-4 are indicative of branched systems or networks also known as mass fractals and  3 

rough interfaces with a fractal dimension, D where n = 6 - D represents a surface fractal.  4 

  5 
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Figure 1. The cumulative pore volume (a) and pore volume distribution (b) of unreacted calcium 2 

hydroxide using BET measurements.  3 
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Figure 2. Changes in the characteristic peak of calcium hydroxide (d = 3.105 Å, q = 2.024 Å-1, h 3 

k l: (1 0 0)) and the integrated peak intensity are represented in (a) and (b) respectively [40]. The 4 

relative integrated intensity of calcium hydroxide represented in (b) is the integrated intensity of 5 

the characteristic peak at a given temperature normalized to the integrated intensity at 30 °C. 6 

Vertical bars in (b) represent estimated 5% standard deviation uncertainties.  7 
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Figure 3. Changes in the characteristic carbonates peaks:  calcite (d = 3.85 Å, q = 1.63 Å-1, h k l: 4 

(0 1 2)) [46] in (a-1), vaterite (d = 2,08 Å, q = 3.02 Å-1, h k l: (1 1 0)) [44] in (b-1), and aragonite 5 

(d = 2.48 Å, q = 2.53 Å-1, h k l: (2 1 0)) [45] in (c-1) as calcium hydroxide is reacted with CO2 at 6 

reaction temperatures in the range of 30 °C to 500 °C. The integrated peak intensities of calcite, 7 
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vaterite, and aragonite are shown in Figures (a-2), (b-2), and (c-2) respectively. Vertical bars 1 

represent estimated 5% standard deviation uncertainties in Figures (a-2), (b-2), and (c-2).  2 
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 1 

Figure 4. Identification of the characteristic peaks in unreacted and reacted calcium hydroxide at 2 

30 °C and 497 °C, respectively, using Wide Angle X-Ray Scattering (WAXS) measurements. Peak 3 

identification is based on the crystallographic data reported for calcium hydroxide [40], calcite 4 

[46,53], vaterite [44,47], and aragonite [45].  5 

 6 
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 1 

Figure 5. Changes in the combined slit-smeared USAXS/SAXS data as calcium hydroxide is 2 

reacted with CO2 where (a) and (b) represent temperatures in the range of 29 °C to 300 °C and 3 

325 °C to 502 °C, respectively.  4 
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 1 

Figure 6. Porod slopes as calcium hydroxide is reacted with calcium carbonate are represented. 2 

Low q and high q ranges represent 0.001-0.01 Å-1 and 0.01-0.1 Å-1, respectively. The data was 3 

obtained after desmearing the USAXS/SAXS data shown in Figure 5. Porod slope of 1 and 4 4 

indicated scattering from rigid rods and smooth surfaces, respectively. Porod slopes in the range 5 

of 2-3 and 3-4 are indicative of branched systems or networks also known as mass fractals and  6 

rough interfaces with a fractal dimension, D where n = 6 - D represents a surface fractal.  7 

 8 
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