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Abstract

Designing novel integrated chemical pathways for the capture, conversion, and storage of CO2 is 

a crucial need for advancing sustainable energy conversion. The accelerated conversion of CO2 to 

water-insoluble and stable magnesium carbonate is a thermodynamically downhill route for 

permanently storing CO2. However, a practical constraint of carbon mineralization is the slow 

kinetics at low CO2 concentrations. In this study, we investigate a direct integrated mineralization 

approach, whereby CO2, amine solvents (such as monoethanolamine, MEA), water and alkaline 

Mg-bearing solids are reacted in a slurry reaction environment. About 70% conversion of 

magnesium oxide to magnesium carbonate was achieved at 50 oC after 3 hours. The looping of 

amine-bearing solvents between the CO2 loaded and release states, facilitates the accelerated 

conversion of magnesium-bearing oxides to magnesium carbonate. Hydrated magnesium 

carbonate and magnesium hydroxide phases were noted when less than complete conversion of 

magnesium oxide was achieved. The morphological features were determined using in-operando 

ultra-small and small angle X-ray scattering (USAXS/SAXS) and grazing incidence-small angle 

X-ray scattering (GI-SAXS) measurements. The proposed pathway is an adaptive, low temperature, 

single-step approach for the direct capture, conversion and storage of CO2. By demonstrating the 

effectiveness of aqueous alkaline amine looping approach for the accelerated carbon 

mineralization of MgO, we aim to expand this approach to include heterogeneous alkaline 

industrial residues such as coal fly ash and steel slag and naturally occurring minerals such as 

magnesium silicate and calcium silicate. 

Keywords: magnesium carbonate, magnesium oxide, monoethanolamine (MEA), amine looping, 

carbon capture, utilization and storage, X-scattering 
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1. Introduction

Rising anthropogenic carbon emissions to the atmosphere to the order of 35,000 million 

metric tons of CO2 and the heterogeneity in gaseous waste streams call for the development of 

adaptive and transformative technologies for integrated CO2 capture, utilization and storage.1 

Carbon mineralization which involves converting CO2 to water insoluble and stable Ca- and Mg-

carbonates is a thermodynamically downhill pathway for the integrated capture, utilization and 

storage of CO2.1-17 Ca- and Mg-bearing alkaline feedstocks include earth abundant silicate-rich 

minerals such as olivine ((Mg, Fe)2SiO4), wollastonite (CaSiO3), and serpentine 

((Mg, Fe)3Si2O5(OH)4), and alkaline industrial residues such as coal fly ash, steel slag, cement kiln 

dust, and red mud. 18–21 

Broadly, two main approaches have been developed for the accelerated conversion of CO2 

to Ca- and Mg-carbonates. In the first approach, high purity silica and carbonates are produced 

through the sequential use of acids and bases. Acids are used for extracting Ca and Mg ions into 

the aqueous phase with concurrent production of silica. Bases are then used to increase pH and 

enhance the generation of carbonate ions for producing Ca- and Mg-carbonates.7,8,15,22–24 This 

approach facilitates the production of high purity silica and Ca- and Mg-carbonates. Another 

approach involves using elevated temperatures greater than 90oC and high CO2 pressures greater 

than 50 atm to accelerate carbon mineralization.4,12,15 Several rate limiting steps such as CO2 

hydration, mineral dissolution and carbonate precipitation are overcome at these experimental 

conditions. For example, elevated CO2 pressures enable enhanced CO2 solvation in the aqueous 

phase.25,26 Elevated temperatures accelerate dissolution of Ca- and Mg-bearing silicate minerals.27–
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31 The solubility of Ca- and Mg-carbonates decreases with increasing temperature which aids the 

precipitation of Ca- and Mg-carbonates.32–34 

The motivation for exploring low temperature hydrothermal routes for enhanced carbon 

mineralization emerges from the high temperature and pressure associated with direct gas-solid 

reaction routes. Complete conversion of Mg(OH)2 to magnesium carbonate is achieved at reaction 

temperature of 500°C and CO2 partial pressure of 340 bar in less than two hours.5 About 30% 

conversion of serpentine to magnesium carbonate is achieved at 340 bar and temperatures in the 

range of  140 to 300°C.5 In comparison, hydrothermal pathways reported by Gerdemann and co-

workers4(a) and Gadikota and co-workers4(b) show that about 80% or higher conversion of olivine 

bearing 47.3 wt% MgO is converted to MgCO3 at experimental conditions of 185 oC, 1.0 M NaCl 

+ 0.64 M NaHCO3, 15 wt% solid, pCO2 of 150 atm4 or 139 atm11 at reaction times of 5 hours or 

greater. As reported by Gerdemann and co-workers,4 these high temperatures and CO2 partial 

pressure requirements contribute to the high energy needs for carbon mineralization. 

Efforts to accelerate carbon mineralization at lower temperatures and using flue gas 

streams led to the exploration of pathways to decouple CO2 solubility, mineral dissolution and 

carbonate precipitation steps. To overcome the challenge of low solubility of CO2 in water, 

additives such as carbonic anhydrase  have been proposed.35–37 The use of organic ligands such as 

oxalate, citrate or acetate were proposed to enhance mineral dissolution.38,39 Seeding surfaces of 

calcite and magnesite were found to aid the accelerated precipitation of the same phases.40,41 

However, these accelerated pathways were developed independently, without considering their 

intended influence on coupling multiple reactions for accelerated carbon mineralization. Therefore, 

the scientific challenge lies in accelerating "step change" advancements in carbon mineralization. 
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This is achieved by synergistically coupling multiple reaction pathways to direct the synthesis of 

Ca- and Mg-carbonates at temperatures below 100 oC using dilute flue gas streams of CO2.

In this study, we evaluate the hypothesis that utilizing aqueous amine-bearing solvents such 

as monoethanolamine (MEA) enhances CO2 hydration via the enhanced formation of bicarbonate 

and carbonate species in the aqueous phase at relatively low temperature and low pressure. 

Carbonate and bicarbonate ions then react with dissolved Ca and Mg in the aqueous phase to 

produce Ca- and Mg-carbonates. Figure 1 is a schematic representation of the proposed 

mechanism. The integrated gas-liquid-solid reaction pathways shown in Figure 1 represent the 

coupling of multiple reactions including enhanced CO2 capture and hydration using MEA solvents, 

mineral dissolution and carbonate precipitation. Alternatively, CO2-loaded amine-bearing 

solutions can be directly reacted with oxides, hydroxides or silicates of Ca and Mg in a slurry 

reaction environment to produce Ca- and Mg-carbonates. Both pathways involve the looping of 

the amine-bearing solvents from the CO2-loaded to CO2-release states by converting CO2 to Ca- 

and Mg-carbonates. This novel aqueous alkaline amine looping process was successfully 

demonstrated for the accelerated mineralization of calcium oxide and calcium chloride to produce 

calcium carbonate.9,42,43 Carbonate-induced solidification of calcium silicate using MEA was 

extensively studied.18,44,45 

However, the carbon mineralization of Mg-bearing oxides, hydroxides or silicates using 

aqueous alkaline amine looping approach has not been established. Given the abundance of Mg-

bearing minerals around the world, evaluating the reactivity of Mg-bearing minerals to produce 

Mg-bearing carbonates using the aqueous alkaline amine looping approach needs to be 

explored.46,47 The successful demonstration of the proposed process will allow us to unlock the 

potential of vast resources of Mg-bearing minerals for the accelerated capture, conversion and 
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storage of CO2 in a single step. The aim of this study is to explore the feasibility of using Mg-

bearing materials using simple precursors such as magnesium oxide for the accelerated capture, 

conversion and storage of CO2 to produce magnesium carbonates. To achieve this aim, several 

research questions need to be addressed: (i) What is the influence of reaction temperature and 

MEA composition on the extent of carbon mineralization of magnesium oxide? (ii) What is the 

chemical composition of the carbonate-bearing materials? (3) How do the structural and 

morphological features of MgO dynamically evolve in these fluidic environments? 

To address these research questions, laboratory-scale experiments were designed to probe 

the sensitivity of carbon mineralization behavior on the reaction conditions such as temperature 

and the composition of the MEA. This gas-liquid-solid reaction environment was designed for a 

constant pressure of 1 atm. The influence of aqueous phase compositions of 10-50 wt% MEA at 

temperatures in the range of 25 oC - 90 oC on the carbon mineralization behavior of MgO was 

probed. A slurry composition of 15 wt% solid was held constant for all the experiments. 

Continuous stirring at the rate of 300 rpm  5 rpm was maintained to reduce mass transfer  ±

limitations. A second of experiments were designed to probe dynamic time-resolved structural and 

microstructural evolution of magnesium oxide as it is reacted to produce magnesium carbonate 

using Ultra Small/Small/Wide Angle X-Ray Scattering (USAXS/SAXS/WAXS) 

measurements.2,10,14,48–51 Further, Grazing Incidence - Small Angle X-Ray Scattering (GI-SAXS) 

measurements were performed to determine the size of the nucleating magnesium carbonate 

particles on silica interfaces. This comprehensive research approach was used to evaluate the 

effectiveness of the coupled reaction pathways in directing the synthesis of magnesium carbonates 

in multiphase reaction environments and the underlying structural and morphological basis for the 

observed reactivity.
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2. Experimental Materials and Methods

Magnesium oxide used in this integrated carbon mineralization approach with aqueous 

alkaline amine looping approach was procured from Sigma-Aldrich. The mean particle size, 

surface area, and cumulative pore volume of magnesium oxide are 8.54 μm, 3.59 m2/g, and 0.0078 

cm3/g, respectively. Monoethanolamine (MEA) with a purity of 98% used in these studies was 

procured from Alfa Aesar. 

2.1 Aqueous alkaline amine looping process for accelerated carbon mineralization 

The experiments to evaluate the influence of temperature and MEA concentrations on the 

accelerated conversion of magnesium oxide to magnesium carbonate using the aqueous alkaline 

amine looping process were performed in a batch environment (Parr Reactor, Series 4590 Micro 

Stirred Reactor). The slurry environment comprised 17 g of liquid and 3 g of solid sample. 

Aqueous phase compositions comprising deionized water, 10, 30, and 50 wt % MEA were used. 

CO2 partial pressure of 1 atm was maintained throughout the length of the experiments. A constant 

stirring rate of 300 rpm  5 rpm was applied. Each experiment was performed over a length of 3 ±

hours. Extents of carbon mineralization at reaction temperatures of 25 oC, 50 oC, 75 oC and 90oC 

were evaluated. About 5-10 minutes were needed to reach the desired reaction temperature, which 

marked the beginning of the experiment. All experiments were performed over 3 hours. At the end 

of 3 hours, vacuum filtration was used to separate the liquid contents from the solids. The 

recovered solid was dried in a vacuum oven for 24 hours at 90 °C to remove any residual water in 

the solid sample. 

2.2 Characterization of chemical and morphological properties 
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The carbon mineralization efficiency using the aqueous alkaline amine looping process 

was evaluated based on the extent of magnesium mineralized to produce magnesium carbonate. 

The carbonate content used in these calculations was determined using Thermogravimetric 

Analyses (TGA, TGA 550, TA Instruments). TGA data provides quantitative information into the 

changes in the weight of the samples on heating at specific temperatures. The heating rate was set 

to 5 °C/min from 25 °C to 800 °C and the flow rate of the N2 gas was 25 mL/min. The carbonate 

content in nesquehonite was determined from the weight change in the temperature range of 350oC 

– 450oC.52 The stoichiometric mass of MgO needed for storing a unit mass of CO2 was defined as 

.53,54 As reported in previous studies, the extent of carbon mineralization, , a measure 𝑅𝐶𝑂2 𝑌𝐶𝑂2,𝑇𝐺𝐴

of the ratio of the amount of CO2 present in the sample with respect to the CO2 storage capacity 

was determined by the following relationship:  where 𝑌𝐶𝑂2 ,𝑇𝐺𝐴 =  𝑅𝐶𝑂2  ×  (
𝑇𝐺𝐴

100 ― 𝑇𝐺𝐴) ×  100%

TGA represents the weight change that corresponds to the carbonate content in the reacted 

materials. To identify the species in the aqueous and solid phases, Attenuated Total Reflection – 

Fourier Transform Infrared spectroscopy analyses were performed (ATR-FTIR, Thermo Fisher 

Nicolet iS 10). The spectra were collected in the range of 650 ~ 4000 cm−1. The morphological 

features of the products were determined using Scanning Electron Microscopy (SEM, Hitachi High 

Technologies America, Hitachi S3400-N). The changes in the porosity and specific surface area 

of the powders were determined using the Brunauer–Emmett–Teller technique (BET, 

Quantachrome NOVAtouch® Analyzer, Boynton Beach, FL).

Time-resolved structural and microstructural features as MgO is reacted in the aqueous 

amine looping process were determined using in-operando Ultra Small/Small/Wide Angle X-Ray 

Scattering (USAXS/SAXS/WAXS) measurements at Sector 9-ID at the Advanced Photon Source 

(APS) in Argonne National Laboratory (ANL).2,3,10,14,48,51,55 The arrangement comprised of a cell 
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with a continuous flow of CO2 at the rate of 10 mL/min. In this in-situ measurement, 1 mL 30 wt% 

CO2-loaded MEA and 0.15 g MgO were added to an NMR tube with an internal diameter of 4 

mm. CO2 was continuously supplied to the aqueous phase to ensure high concentrations of 

inorganic carbon in the aqueous phase. The acquisition times for USAXS, SAXS, and WAXS were 

90 s, 20 s, and 30 s respectively. Silver behenate  was used to calibrate SAXS and LaB6 was used 

to calibrate WAXS measurements.56 The total X-ray flux, energy and corresponding wavelength 

were 10-13 photon s-1, 21.0 keV, and 0.59 Å, respectively. Irena57 and Nika58 software packages 

embedded in IgorPro (Wavemetrics, Lake Oswego, OR) were used for data analyses.57,59 To 

capture the hierarchical morphological features during the carbonation of MgO, the combined 

USAXS/SAXS data were modeled using the “Modeling II” tool in Irena package.57  

In-situ Grazing Incidence – Small Angle X-Ray Scattering (GI-SAXS) measurements were 

performed to determine the sizes of the nucleating particles. These measurements were conducted 

at the beamline 12 ID-B at the Advanced Photon Source (Argonne National Laboratory, USA). A 

custom designed cell was used for these measurements. The internal dimensions of this cell are 10 

mm × 10 mm × 15 mm. 30 wt% CO2-loaded MEA solution with a volume of 0.1988 mL was 

injected into 5 mL of 0.1 M Mg(NO3)2 solution, which marked the beginning of the in-situ 

measurement. The X-ray beam was directed to the substrate with an incidence angle of αi = 0.11° 

through the two Kapton windows. This incident angle is lower than the critical angle for total 

reflection (αc‑quartz = 0.14° at 14 KeV incident X-ray energy). The scattered intensity from the 

nucleated magnesium carbonate particles was collected using a 2-dimensional Pilatus 2 M detector 

(Dectris Ltd., Baden, Switzerland). The incidence X-Ray energy, a sample-to-detector distance 

(ds-d), and q-range for these measurements were 14 keV, 2060 mm, and 0.005 Å−1 to 0.6 Å−1, 

respectively. After background subtraction and 2D data reduction, the reduced data was fitted by 
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Guinier-Porod fit60 as shown in Figure 7 (c). The equations that describe the relationships of the 

generalized Guinier Law are listed below.60 

     (Equation 1)𝐼(𝑄) =
𝐺
𝑄𝑠

exp( ―𝑄2𝑅𝑔
2

3 ― 𝑠 ) for 𝑄 ≤ 𝑄1

            (Equation 2)𝐼(𝑄) =
𝐷
𝑄𝑑 𝑄 ≥ 𝑄1

                                           (Equation 3)𝑄1 =
1

𝑅𝑔
(

3𝑑
2 )

1/2

                                                          (Equation 4)𝐷 =  𝐺exp( ―𝑄2𝑅𝑔
2

3 )𝑄1
𝑑 = 𝐺exp( ―𝑑

2 )(3𝑑
2 )

𝑑
2 1
𝑅𝑔

𝑑

G and D are the Guinier and Porod scale factors.  Q is the scattering variable, I(Q) is the scattered 

intensity, Rg is the radius of gyration, d is the Porod exponent. Q1 is set up to ensure the continuity 

of the slopes (derivatives). A dimensionality parameter (3 – s) is defined to provide more flexibility 

for modeling different shapes of objects. For example, objects with spherical, rod-like, and 

lamellae or platelet dimensions, s = 0, 1; or 2, respectively.60 The Rg and Porod scale factors are 

calculated based on the equations represented above. 

3. Results and Discussion

3.1 Effect of temperature and MEA concentration

To evaluate the influence of temperature and MEA concentration on the extent of carbon 

mineralization of MgO, multiphase reaction environments are constructed. The pressure of CO2 in 

the gas phase is held at 1 atm over the course of the experiment. The slurry was composed of 15 

wt% solid. MEA compositions were evaluated as 10, 20, 30 and 50 wt% at temperatures of 25 oC, 

50 oC, 75 oC, and 90 oC. Reaction times were set to 3 hours and the stirring rates at 300 rpm  5 ±

rpm. The extents of carbon mineralization of MgO as a function of MEA concentration and 

temperature are noted in Figure 2 and summarized in Table S1. A non-linear relationship of the 
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influence of temperature and MEA on the carbon mineralization of MgO was noted. The highest 

conversion of MgO to magnesium carbonate achieved with 30 wt% MEA at 50 oC is 70%. 

Subsequent increase in reaction temperature resulted in a lower extent of carbon mineralization. 

This is a result of the competing effects of temperature on CO2 absorption and carbon 

mineralization. Temperatures below 50 oC favor CO2 absorption in MEA61 but the kinetics of 

carbon mineralization are slow. Higher temperatures favor carbon mineralization but the 

equilibrium constant associated with CO2 uptake in MEA decreases as the reaction temperature 

increases.62,63 As a result, there is a non-monotonic dependence in the combined absorption-

mineralization behavior of MgO with temperature.

At similar experimental conditions, 100% conversion of CaO to calcium carbonate was 

reported.9 As MEA concentrations are increased starting from DI water to 10 wt% and 20 wt% 

MEA, high conversions of MgO to magnesium carbonate are achieved at 75 oC. At 30 wt% MEA, 

higher extents of carbon mineralization were achieved at 50 oC. At 50 wt% MEA, gel formation 

was noted with MgO which made it challenging to separate the solid and liquid constituents. Our 

hypothesis is that the enhanced hydrogen bonding resulting from the interactions between the 

dissolved fluidic constituents result in gel formation. This observation is consistent with the 

formation of magnesium carbonate-based porous gels.64 Our hypothesis for the limited reactivity 

of MgO at high concentrations of MEA, i.e., 50 wt% emerges from the mass transfer limitations 

caused by gel formation. 

To identify the constituents in the solid phase and aqueous phase, ATR-FTIR analyses were 

performed. A wide range of phases were identified. Absorption bands at 1471 cm−1 and 1515 cm−1 

indicates  asymmetric CO3
2– stretching mode, which matches with features of nesquehonite 𝜈3

(MgCO3
.3H2O), and lansfordite (MgCO3

.5H2O).65–67 The bands at 1097 cm−1 and 852 cm−1 reflect 
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the  symmetric C–O, and the  C–O non-planar bending vibrations, respectively.65–67 These 𝜈1 𝜈2

observations are consistent with previous studies that show the formation of hydrated magnesium 

carbonates at the experimental conditions of interest (Figures 3(a) and S1).65–67 Analyses of the 

liquid recovered post-reaction at 30 wt% MEA and 50oC showed that MEAH+, MEACOO-, and 

CO3
2- ions are the dominant species present in the aqueous phase (Figures 3(b) and S2). At lower 

MEA concentrations of 10 wt% and 20 wt%, the relative intensities of these liquid species, in 

particular carbonate species is lower compared to that at 30 wt% MEA. The aqueous species are 

identified using FT-IR analyses in this study with MgO as the reactant are consistent with the 

observations reported by Ji and co-workers with CaO as the reactant.42 The CO2 uptake and release 

behavior of MEA is evident from the multiple MEA species detected in the ATR FT-IR spectra. 

3.2 Morphological characterization of magnesium carbonates 

The morphological features before and after reacting CO2 with MgO were determined 

using scanning electron microscopy images. The sizes of the unreacted MgO grains is to the order 

of a few micrometers (Figure 4(a)). Needle-shaped nesquehonite (MgCO3
.3H2O) is dominant after 

MgO is reacted with 30 wt% MEA at 50 oC in pCO2 = 1 atm (Figure 4(b)). Further, in-operando 

Ultra Small and Small Angle X-Ray Scattering (USAXS/SAXS) measurements were performed 

to determine the dynamic evolution in the structural and morphological features as MgO is reacted 

with CO2-loaded MEA (Figure 5 (a)). The experimental conditions at which these measurements 

were performed are 25 oC, 1 atm, and CO2-loaded MEA concentrations of 30 wt%. These time-

resolved measurements show the emergence of carbonate phases in the high q regimes that 

corresponds to the SAXS regime. The peaks at q ~ 1.02 Å-1 and q ~ 0.51 Å-1 correspond to the (0 

0 2) and (0 0 1) reflections of lansfordite (MgCO3
.5H2O).68,69 These data suggest that lansfordite 

growth is a precursor to the formation of nesquehonite.69 In hydrothermal environments where the 
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effects of temperature and MEA compositions on the accelerated carbon mineralization of MgO 

to magnesium carbonate are evaluated as shown in Figure 2, it is hypothesized that lansfordite 

undergoes pseudomorphic transformations to produce nesquehonite.69 

Since the characteristic peak for (001) plane of lansfordite  (MgCO35H2O) emerged after 

89 min of reaction time, the data were modeled in two stages.65–67 In the first stage, the 

USAXS/SAXS curves were modeled using two unified fit levels in two different q regions,  where 

q = (4π/λ)sin(θ/2) and λ is the wavelength of incident X-ray and θ is the scattering angle.72 The 

two q-regions 0.001 - 0.02 Å-1 and 0.02 - 0.8 Å-1, were modeled based on the approach proposed 

by Beaucage.73,74 The fit in each level can be described by a Guinier regime and a power-law 

regime. Typically, the model assumes a spherical and centrosymmetric shape of the scattering 

objects.74 However, it can be applied to a broad range of scatterer shapes, including spheres, rods, 

lamellae, cylinders etc. based on its formulation in terms of radius of gyration (Rg) and free power-

law slope. In the second stage of fitting, for all the data curves after 89 min, the scattering profiles 

were fitted using three levels of fits. Like the approach in first stage, two regions of unified fit 

were modeled in q ranges of 0.001 - 0.02 Å-1 and 0.02 - 0.3 Å-1, respectively. Additionally, a 

Lorentzian diffraction peak was fitted in the q range of 0.3 - 0.8 Å-1. The representative model fits 

overlaid on experimental data are shown in Figure S6. The normalized integrated intensity of (001) 

peak of lansfordite is presented in Figure 5 (b).65–67 Additionally, the modeling results from the 

unified fit in q range of 0.02 - 0.8 Å-1, were of interest and are discussed further. The power-law 

slope and radius of gyration (Rg) obtained from the unified fit are presented in Figure 6(a). The 

Rg values are representative of pore dimensions. 

The evolution in the pore morphology as MgO is converted to MgCO3 is determined by 

tracking changes in the characteristic radius of gyration, Rg. Initially, an Rg value of ~5 nm was 
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noted for the precursor, MgO. This value is comparable to the representative pore size determined 

from N2 BET adsorption measurements (Figure 6 (b-1)). The increase in Rg values noted until 61 

minutes of reaction time, is attributed to the dissolution of MgO. As discussed earlier, the (001) 

peak for lansfordite first emerged after 89 minutes of reaction time (Figure 5 (b)), the Rg values 

started to decrease and achieved a value of ~3.4 nm as the carbonation of MgO began. The changes 

in the Rg values corresponding to the phase change of MgO to MgCO3 during reaction are mapped 

in (Figure 6 (b-2)). These values of Rg remained persistent till the end of reaction (385 minutes). 

For comparison, the pore dimensions of MgCO3 powder obtained after reaction of MgO with 30 

wt.% MEA in a batch reactor for 3 hours was compared with the Rg value at 183 minutes. The N2 

BET data determined at these experimental conditions and shown in Figure 6 (b-3) is mapped to 

Figure 6 (a). The Rg values determined from USAXS/SAXS measurements are comparable to the 

pore radius data determined from N2 BET measurements. The reduction in the pore radius as 

carbon mineralization occurs suggests that the diffusion limitations may contribute to the changes 

in reactivity. 

Insights into the evolution of pore-solid interfaces can be obtained from the porod exponent. 

Porod exponent between 2 and 3 represents scattering from branched networks or mass fractals.70 

Porod exponents between 2.2 – 2.8 are noted prior to the development of the lansfordite phase. 

Concurrent dissolution of MgO and lansfordite phase growth result in Porod slopes in the range of 

1.6 – 2.4. These data show that the fractal character of the pore-solid interfaces evolves as MgO 

reacts to produce MgCO3.  While USAXS/SAXS measurements provide insights into the influence 

of bulk morphological changes and structural evolution during the carbon mineralization of 

magnesium oxide, it is challenging to determine the sizes of the magnesium carbonate particles in 

the proposed process. The research question in this context is as follows: How can we determine 

Page 14 of 31Sustainable Energy & Fuels



15

the sizes of the carbonate particles once the Mg cations are mobilized in the aqueous phase? To 

address this research question, we utilize in-operando Grazing Incidence – Small Angle X-Ray 

Scattering (GI-SAXS) measurements to determine the sizes of the magnesium carbonate particles. 

Figure 7(a) is a schematic of the GI-SAXS cell. 0.1988 mL of 30 wt% CO2-loaded MEA solution 

was injected into 5 mL 0.1 M Mg(NO3)2 solution. The reaction vessel used in these experiments 

was made from silica. To mimic the formation of magnesium carbonate particles on these silica 

surfaces, we used solid quartz substrate (100). These quartz surfaces were  rinsed with acetone to 

remove any organic contaminants.75 Figure 7 (b) is an example of raw 2D GISAXS scattering 

pattern from quartz (100) substrates with MgO. The original image is shown, without background 

subtraction and further processing. After background subtraction and 2D data reduction, the 

reduced data was fitted by Guinier-Porod fit60 as shown in Figure 7 (c). 

The formation of magnesium carbonate particles was noted after about 60 minutes. The 

scattering curves were obtained by reducing the data contained in the 2-D images.75 The sizes of 

the particles are obtained by fitting the Guinier-Porod fit based on Equations 1-4.60 Also, the factor 

s was set as 1 based on the formation of rod-like shape particles observed in the SEM images in 

Figure 4 (b). The size distribution in Figure 7 (d) was extrapolated from the Figure 7 (c) based 

on the maximum entropy method using Irena and Nika packages. From these data, we infer that 

the sizes of the precipitates are to the order of 15-16 nm (Figure 7 (d)). At these experimental 

conditions, the formation of hydrated magnesium carbonates is expected.75 In comparison, the 

sizes of the calcium carbonate is approximately 2 nm.75,76 These GI-SAXS data provide insights 

into the size of the magnesium carbonate particles on silica surfaces, while the USAXS/SAXS data 

show the emergence of metastable lansfordite and the characteristic pore size as MgO is converted 

to metastable magnesium carbonate phases. 
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4. Conclusion

In this study, we investigate the effectiveness of utilizing aqueous alkaline amine looping 

process for the directed synthesis of magnesium carbonate starting from magnesium oxide as the 

precursor. Experiments were performed in a multiphase reaction environment comprising CO2 at 

a pressure of 1 atm with temperature varying between 25 °C to 90 °C, and aqueous concentrations 

of MEA varying from 0 to 50 wt%. The maximum extent of carbon mineralization achieved with 

magnesium oxide was 70 % in 30 wt% MEA solution at 50 oC for a reaction time of 3 hours. The 

formation of hydrated phases of magnesium carbonate such as nesquehonite (MgCO3
.3H2O) was 

noted. Small angle X-ray scattering measurements showed the formation of lansfordite at system 

conditions as likely precursors prior to the formation of nesquehonite. The high carbonate 

conversions achieved with the use of magnesium oxide using the aqueous alkaline amine looping 

demonstrate the effectiveness of using the proposed approach for the direct capture, conversion 

and storage of CO2 or can be adapted for the reactive separation of CO2. In the context of Carbon 

Capture and Storage (CCS) or more broadly processes needed for decarbonization or carbon 

removal, we present a single integrated process that combines CO2 capture and storage as Mg-

bearing carbonates. The end-product of this process which is magnesium carbonate produced from 

anthropogenic CO2 can be utilized in filler materials. The high extents of carbon mineralization 

with MgO at significantly lower temperatures of 50 oC demonstrate that the proposed reaction 

pathways are promising alternatives to the high pressure and high temperature routes or chemically 

intensive routes for carbon mineralization previously reported in literature. Having demonstrated 

the feasibility of these chemical pathways with pure precursor MgO, subsequent research efforts 

will be directed towards exploring the use of alkaline industrial residues with high Ca and Mg 
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content and naturally occurring Ca-and Mg-bearing silicate minerals for the low temperature and 

integrated capture, conversion and storage of CO2 as Ca- and Mg-bearing carbonates. 
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Captions for Figures

Figure 1. Schematic representation of the alkaline aqueous amine looping process for the carbon 
mineralization of magnesium oxide to produce magnesium carbonate. 

Figure 2. Extent of carbon mineralization of MgO reacted with water, 10 wt%, 20 wt%, 30 wt%, 
and 50 wt% at 25 oC, 50 oC, 75 oC, and 90 oC at  1 atm for 3 hrs and stiring rate of 300 𝑃𝐶𝑂2 =
rpm. Experiments were performed in duplicate. 

Figure 3. Identification of the functional groups present in the (a) reacted solid and (b) fluid 
obtained from reacting MgO with 30 wt% MEA at 50 oC with  1 atm for 3 hours and stirring 𝑃𝐶𝑂2 =
rate of 300 rpm, using ATR-FTIR measurements. 

Figure 4. Comparison of the morphological changes in (a) unreacted magnesium oxide, (b) MgO 
reacted with 30 wt% MEA and (c) 50 wt% MEA. Experimental conditions for the images shown 
in (b) and (c) represent 50 oC with  1 atm for 3 hours and stirring rate of 300 rpm. The 𝑃𝐶𝑂2 =
needle-shaped particles in (b) correspond to nesquehonite particles.

Figure 5. Changes in the combined slit-smeared USAXS/SAXS data as MgO is reacted with CO2-
loaded MEA to produce magnesium carbonate as shown in (a). The characteristic peak of 
lansfordite at q = 0.5 Å-1 and the normalized integrated intensity are shown in (b) and (c), 
respectively. The integrated intensity is normalized to the highest peak intensity which is noted at 
385 minutes.

Figure 6. (a) Power law slope and radius of gyration (Rg) values obtained from the fitting of 
experimental USAXS/SAXS curves in the q-range of 0.02 - 0.8 Å-1. The pore size distribution and 
cumulative pore volume for unreacted MgO and MgO reacted with 30 wt% MEA for 3 hours are 
represented in Figures 6 (b-1) and 6 (b-3), respectively. The pore size distributions were 
determined by using the BJH method on N2 desorption isotherm. The emergence of (001) 
lansfordite (MgCO3

.5H2O)68,69 peak from MgO is shown in Figure 6 (b-2). 

Figure 7. The in-situ cell for Grazing Incidence – Small Angle X-Ray Scattering (GI-SAXS) 
measurements is shown in (a).  A representative scattering image (b) and the scattering curve (c) 
that correspond to the nucleation of magnesium carbonate particles on quartz (0 0 1) surface are 
shown. The size distribution obtained from fitting the scattering curve using the Guinier-Porod 
slope is shown in (d). The experiments were performed at 25 oC. 0.1988 mL 30 wt% CO2-loaded 
MEA solution was injected into 5 mL 0.1 M Mg(NO3)2 solution, which marked the beginning of 
the in-situ measurement. 
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Figure 1. Schematic representation of the alkaline aqueous amine looping process for the carbon 
mineralization of magnesium oxide to produce magnesium carbonate. 
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Figure 2. Extent of carbon mineralization of MgO reacted with water, 10 wt%, 20 wt%, 30 wt%, 
and 50 wt% at 25 oC, 50 oC, 75 oC, and 90 oC at  1 atm for 3 hrs and stiring rate of 300 rpm𝑃𝐶𝑂2 =

 5 rpm. Experiments were performed in duplicate. ±
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Figure 3. Identification of the functional groups present in the (a) reacted solid and (b) fluid 
obtained from reacting MgO with 30 wt% MEA at 50 oC with  1 atm for 3 hours and 𝑃𝐶𝑂2 =
stirring rate of 300 rpm  5 rpm, using ATR-FTIR measurements. ±
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Figure 4. Comparison of the morphological changes in (a) unreacted magnesium oxide and (b) 
MgO reacted with 30 wt% MEA at 50 oC with  1 atm for 3 hours and stirring rate of 300 𝑃𝐶𝑂2 =
rpm  5 rpm. The needle-shaped particles in (b) correspond to nesquehonite particles. ±
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Figure 5. Changes in the combined slit-smeared USAXS/SAXS data as MgO is reacted with CO2-
loaded MEA to produce magnesium carbonate as shown in (a). The characteristic peak of 
lansfordite at q = 0.5 Å-1 and the normalized integrated intensity are shown in (b) and (c), 
respectively. The integrated intensity is normalized to the highest peak intensity which is noted at 
385 minutes.

(a)
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Figure 6. (a) Power law slope and radius of gyration (Rg) values obtained from the fitting of 
experimental USAXS/SAXS curves in the q-range of 0.02 - 0.8 Å-1. The pore size distribution and 
cumulative pore volume for unreacted MgO and MgO reacted with 30 wt% MEA for 3 hours are 
represented in Figures 6 (b-1) and 6 (b-3), respectively. The pore size distributions were 
determined by using the BJH method on N2 desorption isotherm. The emergence of (001) 
lansfordite (MgCO3

.5H2O)68,69 peak from MgO is shown in Figure 6 (b-2). 
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Figure 7. The in-situ cell for Grazing Incidence – Small Angle X-Ray Scattering (GI-SAXS) measurements is shown in (a).  A 
representative scattering image (b) and the scattering curve (c) that correspond to the nucleation of magnesium carbonate particles on 
quartz (0 0 1) surface are shown. The size distribution obtained from fitting the scattering curve using the Guinier-Porod slope is shown 
in (d). The experiments were performed at 25 oC. 0.1988 mL 30 wt% CO2-loaded MEA solution was injected into 5 mL 0.1 M Mg(NO3)2 
solution, which marked the beginning of the in-situ measurement. 
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Novelty of the work: Aqueous amine solvents (e.g., monoethanolamine) coupled with reactive alkaline sorbents (e.g., MgO) favor low 
temperature CO2 removal as solid carbonates.  
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