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Reactive CO2 Capture and Mineralization of Magnesium Hydroxide 

to Produce Hydromagnesite with Inherent Solvent Regeneration
Xun Gao,a Peilong Lu,a Ivan Kuzmenko,b Jan Ilavsky b and Greeshma Gadikota*ac

Valorization of multiple low value streams including CO2 emissions and magnesium-hydroxide bearing mine tailings to 
produce magnesium carbonate through reactive CO2 capture and mineralization provides a less explored opportunity to 
manage several gigatons of CO2 emissions. To resolve the feasibility of converting magnesium hydroxide to magnesium 
carbonate through reactive CO2 capture and mineralization, CO2 capture solvents such as sodium glycinate are harnessed to 
capture CO2 and react directly with Mg(OH)2 to produce hydromagnesite (Mg5[(CO3)4(OH)2]·4H2O). This approach eliminates 
the energy-intensive step of producing high purity CO2 associated with regenerating the solvent, and redissolving CO2 to 
produce magnesium carbonate. Interestingly, while temperatures below 50 °C facilitate CO2 capture, the mineralization 
kinetics are slow. However, at higher temperatures, accelerated carbon mineralization is favored by the faster kinetics of 
Mg(OH)2 dissolution and precipitation of magnesium carbonate. Reacting Mg(OH)2 at 90 °C with 15 wt% solids in the 
presence of 2.5 M sodium glycinate after 3 hours under well-stirred conditions results in an extent of carbon mineralization 
of 75.5%. The theoretical maximum extent of carbon mineralization when hydromagnesite is formed is 80%. Pre-loading 
CO2 on the solvent is also an effective approach to ensure that sufficient CO2 is available for reactive CO2 capture and 
mineralization, particularly when dilute CO2 and N2 mixtures are used. Higher extents of carbon mineralization are associated 
with an increase in the particle size and a reduction in the cumulative pore volume. These insights unlock the feasibility of 
harnessing reactive CO2 capture and mineralization as a pathway to convert magnesium-hydroxide bearing resources into 
industrially relevant magnesium carbonate products. 

Keywords: Reactive CO2 capture and mineralization, Magnesium hydroxide, Magnesium carbonate, Regenerable CO2 
capture solvents, Hydromagnesite

1. Introduction
Harnessing multiple emissions such as CO2-bearing flue gas 

streams and magnesium hydroxide (or brucite) bearing tailings is 
emerging as a viable approach to capture and store CO2 emissions as 
stable magnesium carbonates, given the thermodynamically 
downhill nature of carbon mineralization pathways.1,2 The direct 
carbon mineralization of Mg(OH)2-bearing mine tailings with CO2 in 
ultra-dilute streams including air and flue gas is feasible but 
kinetically slow.1,3 Alternatively, bubbling highly concentrated or 
nearly pure CO2 through Mg(OH)2 is known to facilitate rapid carbon 
mineralization within two hours or less.4 However, CO2 capture 
technologies are needed to concentrate CO2 that can be used for 
subsequent carbon mineralization using this approach.5,6 To achieve 
fast kinetics of carbon mineralization while directly harnessing ultra-
dilute sources of CO2 including flue gas streams or even air without 

additional steps to regenerate the solvents and solubilize CO2, 
reactive CO2 capture and mineralization pathways are being 
developed.7  

Reactive CO2 capture and mineralization pathways involve 
concentrating CO2 emissions to produce CO2 – loaded solvents. These 
CO2 – loaded solvents react directly with the alkaline source to 
produce the respective carbonates with concurrent regeneration.8 
This approach is designed to overcome: (i) the low solubility of CO2 
by harnessing CO2 capture solvents with basic functionalities that 
enhance CO2 solubility at very low gas phase concentrations, (ii) 
energy needs associated with producing high purity CO2 for 
subsequent mineralization, and (iii) the additional unit operations 
associated with producing high purity CO2 which occurs 
conventionally via pressure – swing or thermal – swing sorption 
processes. 

The efficacy of these pathways for mineralizing calcium – bearing 
resources, such as oxides and silicates, and heterogeneous 
resources, such as fly ash, has been verified by harnessing 
polyamines and water-lean solvents such as 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), branched amines such as 2-
Amino-2-Methyl-1-Propanol (AMP), monoamines such as 
monoethanolamine (MEA), and amino acid salts with varying alkyl 
functional groups such as sodium 
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glycinate and sodium sarcosinate.9–14 These studies established that 
temperatures in range of 50-75 °C facilitate reactive CO2 capture and 
mineralization, with lower temperatures favouring CO2 capture but 
challenged by slow mineralization kinetics, whereas higher 
temperatures enable faster carbon mineralization but limit CO2 
capture. 

While the efficacy of reactive CO2 capture and mineralization of 
magnesium oxide was established using amine bearing solvents, the 
use of more environmentally benign solvents such as sodium 
glycinate has not been explored.15 Sodium glycinate is the simplest 
unit of amino acid salts. Establishing the efficacy of reactive CO2 
capture and mineralization using this amino acid salt translates into 
the use of other amino acids with multiple amine groups, straight and 
branched alkyl groups, and varying positions of amine groups (e.g., 
alpha and beta positions) for this approach. Regardless of the 
placement of the amine functional groups, the key reactions 
associated with reactive CO2 capture and mineralization include: (i) 
CO2 hydration, (ii) dissolution of Mg(OH)2, and (iii) the formation of 
Mg-carbonate, which is shown in Fig. 1.16  

Despite considerable advances made in reactive CO2 capture and 
mineralization,15 several outstanding research questions remain 
including: (i) Is reactive CO2 capture and mineralization of Mg(OH)2 
favoured at temperatures above or below 50 °C and why? (ii) How 
does the reactivity of Mg(OH)2 compare with that of Ca-bearing 
oxides and silicates for reactive CO2 capture and mineralization at 
comparable experimental conditions? (iii) Given that Mg2+ ions have 
a stronger hydration shell compared to Ca2+ ions,17 what is the 
influence of reactive CO2 capture and mineralization on the 
structural evolution of magnesium carbonate phases? For example, 
are metastable hydrated magnesium carbonate phases formed as 
opposed to stable magnesite forms? (iv) What is the influence of CO2 
compositions in the range of 4-20 vol.% on reactive CO2 capture and 
mineralization of Mg(OH)2? (v) What is the influence of the extent of 
carbon mineralization on the pore and particle morphological 
evolution of the Mg-bearing materials? 

To address these questions, reactive CO2 capture and 
mineralization studies are conducted with 1 M and 2.5 M Na-
glycinate contrasted with water at temperatures in the range of 25 - 
90 °C with CO2 concentrations ranging from 4 - 100 vol.%. The 
morphological features of the materials are characterized before 
and after carbon mineralization to determine the influence of 

carbon mineralization on the particle and pore morphologies of the 
products. 

2. Results and Discussion

2.1. Reactive CO2 capture and mineralization of magnesium 
hydroxide

Reactive CO2 capture and mineralization involves harnessing CO2 
capture solvents to capture and concentrate CO2 in the aqueous 
phase and reacting these CO2-loaded solvents with an alkaline source 
to produce Mg-carbonate and regenerate the solvent. In this 
multiphase chemical reaction pathway, the solubility of CO2, 
reactivity of the alkaline source, and subsequent carbon 
mineralization behaviour are influenced by temperature, solvent 
concentration, and pH of the system. CO2 capture is aided at 
temperatures below 40 °C while mineralization kinetics are aided at 
higher temperatures. Furthermore, the solubility of magnesium 
carbonates decreases with temperature, thus favouring 
precipitation. To resolve the influence of temperature, reactive CO2 
capture and mineralization behaviour with Mg(OH)2 is investigated 
at 25, 50, 75, and 90 °C. The reactivity of Mg(OH)2 is established with 
water, 1.0 M and 2.5 M sodium glycinate. Furthermore, the reactivity 
of Mg(OH)2 is compared with that of calcium oxide and calcium 
silicate at comparable experimental conditions to contrast their 
reactivity. These results are discussed in this section. 

To investigate the influence of temperature, experiments are 
conducted in a pure CO2 environment with 1.0 M and 2.5 M Na-

glycinate and deionized water for comparison at 25, 50, 75, and 90 
°C, respectively. As shown in Fig. 2, the extent of carbon 
mineralization increases from 17.1% at 25 °C to 75.5% at 90 °C when 
Mg(OH)2 is reacted in the presence of 2.5 M Na-glycinate. This 
enhancement in carbon mineralization which is more than three-fold 
indicates that the fast kinetics of carbon mineralization and lower 

Fig. 1 Schematic representation of reactive CO2 capture and carbon 
mineralization by harnessing Mg(OH)2 as the alkaline source and Na-
glycinate as the CO2 capture solvent.

Fig. 2 The extents of carbon mineralization of Mg(OH)2 with various Na-
glycinate concentrations at different temperatures. All experiments are 
conducted at 1 atm of CO2. The solid products were analyzed by 
Thermogravimetric Analysis (TGA). Extents of carbon mineralization 
reported for CaO and CaSiO3 from Liu and coworkers are included for 
comparison.18
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solubility of Mg-carbonate at higher temperature of 90 °C dominate 
higher solubility of CO2 at lower temperatures.19–21 In the absence of 
the solvent, extents of carbon mineralization decreased from 26.9% 
at 25 °C to 22.2% at 75 °C and to 11.7% at 90 °C, respectively, due to 
the reduced solubility of CO2 with rising temperature which limits the 
availability of carbonate species needed for carbon mineralization.22 
In contrast, calcium oxide is highly reactive, and carbon 
mineralization extents of 80% or higher are achieved at 25 °C or 
above. Interestingly, the reactivity of CaSiO3 increases to 31% at 75 
°C and decreases at 90 °C. These results show that Ca-bearing solids 
are more reactive at temperatures below 90 °C. The significantly 
lower extents of carbon mineralization noted using Ca-silicate are 
attributed to the slow dissolution rate of silicate materials and the 
formation of silica passivation layer that may limit the diffusivity of 
the ions for carbon mineralization.23–25 

Investigations of the influence of 1 M and 2.5 M Na-glycinate on 
reactive CO2 capture and mineralization showed that higher extents 
of carbon mineralization are achieved with 2.5 M Na-glycinate 
compared to 1 M counterparts due to the greater availability of 
amine functional groups for reactive CO2 capture and mineralization. 
Specifically, extents of carbon mineralization achieved with Mg(OH)2 
are 61.7% and 75.5% with 1 M and 2.5 M Na-glycinate, respectively, 
at 90 °C. It is important to note that the theoretical maximum extent 
of carbon mineralization for hydromagnesite is 80%, because the 
stoichiometric ratio of Mg(OH)2 to CO2 is determined to be 5:4 based 
on Reaction 2. Assuming all Mg(OH)2 reacts with CO2, the EoC is 
calculated to be 80% based on Equation 2. As a result, the normalized 
extent of carbon mineralization is up to 94.3% for the 2.5 M Na-
glycinate case at 90 °C (Fig. S1). It is also worth noting that the 
extents of carbon mineralization of Mg(OH)2 at 25 °C in the presence 
of water, 1 M and 2.5 M Na-glycinate are 26.9%, 16.7%, and 17.1%, 
respectively. At 25 °C, the glycinate ligands can bind with the Mg2+ 
ions in the slurry to form Mg-glycinate complexes, which may be too 
stable to react with (bi)carbonate species to produce Mg-
carbonates.26

While the efficacy of harnessing highly concentrated CO2 streams 
for the reactive CO2 capture and mineralization of Mg(OH)2 to 

produce the respective Mg-carbonate has been established, the 
influence of the dilute CO2 streams or flue gas which are 
representative of industrial operations remains less studied. Flue gas 
is the tail gas bearing nitrogen, carbon dioxide, and steam with trace 
amount of sulfur oxide or nitrogen oxide emerging from fuel 
combustion, industrial calcination or reduction processes.27,28 To 
simulate the conditions of industrial flue gases, a binary gas mixture 
of nitrogen and carbon dioxide is prepared and used to investigate 
reactive CO2 capture and mineralization with magnesium hydroxide. 

As shown in the experimental section reactive CO2 capture and 
mineralization studies are conducted with binary mixture of N2 and 
CO2 inside a gas circulation system with CO2-preloaded solutions at 
25 °C. A constant binary gas flow is injected into the Mg(OH)2 slurry 
as the CO2 source. Following the same calculation approach, the 
carbon mineralization extents from flue gas having varying CO2 levels 
with different pre-loading protocols are shown in Fig. 3. Generally, 
as the CO2 concentration in the binary gas flow increases from 4% to 
20%, the extent of carbon mineralization increases from 3.4% to 31% 
in cases without CO2 pre-loading. The monotonically increasing 
correlation is aligned with Henry’s law, by which CO2 solubility and 
dissolution rate are determined by the CO2 partial pressure, 
equivalent to the CO2 concentration in the flue gas.29 This 
observation indicates that increasing CO2 concentrations can linearly 
improve the extent of carbon mineralization by enhancing the 
amount of dissolved CO2. In contrast, CO2 pre-loading remarkably 
increases the extent of carbon mineralization compared to the cases 
without CO2 pre-loading, with increases of 15.2%, 19.9%, 26.8%, and 
33.8% for 4, 10, 15, and 20 vol.% CO2 at 25 °C, with associated extents 
of 18.6%, 35.4%, 50.1%, and 64.8%, respectively. 

The significant increase in the extents of carbon mineralization 
with pre-loaded solvents are attributed to the ready availability of 
dissolved carbon for reacting with Mg(OH)2 to produce Mg-
carbonate bearing species. This approach overcomes the challenge 
of the mass transfer of CO2 from the gas to the liquid phase. Pre-
loading the solvent with CO2 also ensures that glycinate is effectively 
bound to CO2 as opposed to Mg2+ ions to produce Mg-glycinate 
complexes. When Na-glycinate is mixed with Mg(OH)2 before CO2 is 
introduced, the formation of Mg-glycinate complex over CO2-loaded 
Na-glycinate may limit CO2 loading and subsequent reactivity with 
Mg2+ ions to produce hydromagnesite. 

It is interesting to note that the extents of carbon mineralization 
are 61.7% and 75.5% with 100 vol% CO2 without pre-loading 1.0 M 
and 2.5 M Na-glycinate solvent at 90 °C for a reaction time of 3 hours, 
respectively. In contrast, the extent of carbon mineralization is 64.4% 
with the pre-loaded 2.5 M Na-glycinate CO2 capture solvent when 
reacted at 25 °C for 3 hours. These results demonstrate that pre-
loading the CO2 capture solvent is effective in enabling carbon 
mineralization at room temperature. Thus, these results show the 
feasibility of reactive CO2 capture and mineralization with Mg(OH)2 
at 25 °C by harnessing pre-loaded CO2 capture solvents.

2.2. Chemical and structural evolution during reactive CO2 capture 
and mineralization

Evidence of carbonate formation in Mg-carbonate bearing 
products is established using Attenuated Total Reflection Fourier 
Transform-Infrared (ATR FT-IR) spectroscopy and Wide-Angle X-Ray 

Fig. 3 The extents of carbon mineralization of Mg(OH)2 using binary flue 
gas with various CO2/N2 ratios. The carbonate content in the solid products 
is analyzed by Thermogravimetric Analysis (TGA).
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Scattering (WAXS). First, the formation of CO3
2- symmetric stretching 

vibration at 1119 cm-1 in the products as determined using ATR FT-IR 
measurements confirms solid carbonate formation (Fig. 4).30 The 
corresponding bending vibration of CO3

2- is also detected at 885 cm-

1, 854 cm-1, and 798 cm-1, respectively.31 Besides, the CO3
2- 

asymmetric stretching vibration splits into two peaks at 1485 cm-1 
and 1421 cm-1, respectively, which emerges in all the carbonate-
bearing products, indicating the existence of bicarbonate in the 

Species Band Position (cm-1) Assignment

Table 1. The infrared bands of various carbonate - bearing species and the 
corresponding assignments.

CO3
2- 1119 Symmetric stretching

885
854CO3

2-

798
Bending

1485HCO3
-

1421
Asymmetric stretching

carbonate-bearing solids.32 The identified infrared bands of different 
carbonate-bearing species and the corresponding assignments are 
listed in Table 1. The formation of hydromagnesite in the products is 
further confirmed through the Wide-Angle X-Ray Scattering (WAXS) 
measurements.

As shown in Fig. 5 (a), the emerging peaks noted with black 
circles are observed after Mg(OH)2 mineralization in DI water. These 
well-defined characteristic peaks correspond to hydromagnesite 
(PDF 98-001-1519, noted with open circle). Products obtained after 
reacting in water do not have prominent hydromagnesite peaks 
compared to brucite (PDF 98-000-0130, noted with closed circle), 
indicating low extents of carbon mineralization. Additionally, the 
peak intensity of hydromagnesite showed negligible changes with 
temperature, demonstrating that carbon mineralization in DI water 
is not significantly influenced by temperature, which is consistent 
with the extents of carbon mineralization in Table 2.33,34 

In sharp contrast, the presence of Na-glycinate solution, 
particularly at elevated temperature, resulted in products with more 
prominent characteristic peaks of hydromagnesite with higher 
intensity. As shown in Fig. 5 (b) & 5 (c), magnesium hydroxide is the 
dominant phase at 25 °C, while hydromagnesite formation increases 
with temperature. At 90 °C, the dominance of hydromagnesite phase 
over Mg(OH)2 is noted.34 Prominent peaks corresponding to 
hydromagnesite emerge at 75 °C with 2.5 M Na-glycinate and at 90 
°C with 1.0 M Na-glycinate. Furthermore, WAXS results in Fig. 5 
confirm the formation of hydromagnesite, as the only Mg-carbonate 
bearing phase formed. Hydromagnesite formation is known to be 
dominant at 25 - 90 °C and in alkaline environments.35,36

Fig. 4 Evidence of (bi) carbonate species as determined using Attenuated 
Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra for 
carbonate - bearing solid products obtained on reacting in (a) DI water, (b) 
1 M Na-glycinate, and (c) 2.5 M Na-glycinate solutions. The characteristic 
peaks in the dotted square areas indicate the formation of HCO3

- and CO3
2- 

species.

Table 2. Summary of experimental conditions, corresponding extents of 
carbon mineralization (EoC), mean particle sizes, and pore volumes of the 
unreacted and reacted Mg(OH)2 materials.

Temperature
(°C)

EoC
(%)

Mean 
Particle 

Size 
(m)

Pore 
Volume 
(cc g-1)

Mg(OH)2 / / 7.85 0.047

25 26.90±1.28 15.41 0.133
50 20.14±1.88 16.97 0.218
75 22.18±0.93 19.85 0.118

H2O

90 11.68±0.85 15.63 0.101
25 16.71±3.88 7.77 0.066
50 29.97±2.17 9.64 0.071
75 36.71±1.93 16.75 0.036

1 M Na-
glycinate

90 61.69±0.35 18.43 0.026
25 17.08±3.38 8.17 0.016
50 40.67±4.25 9.63 0.02
75 56.45±0.72 20.56 0.011

2.5 M 
Na-

glycinate 90 75.46±0.77 19.30 0.008
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2.3. Morphological changes during reactive CO2 capture and 
mineralization 

Insights into the influence of carbon mineralization on the 
morphological evolution of Mg-carbonate are unlocked through 
particle and pore size analyses and microscopy, as discussed in the 
following sections. 

2.3.1. Evolution in particle morphology on reactive CO2 capture and 
mineralization 

The morphological changes in the product during the 
mineralization are revealed by scanning electron microscopy (SEM) 
images. The unreacted particles are present as hexagonal flakes with 
diameters of several microns, which is typical for brucite given its 
hexagonal crystal structure (Fig. 6 (a)).37 On carbon mineralization, 
the hexagonal flakes transformed into nest-like hydromagnesite 
particles (Fig. 6(b)), which is a typical particle shape of 
hydromagnesite at pH range of 8 - 9 with an average particle size in 
the range of 10 - 15 µm.36,38 As the temperature is increased to 90 °C, 
the hydromagnesite particles became larger and more compact (Fig. 
6(c)). Additionally, some of the nest-like particles transformed into 
flat lamellar particles due to a pH variation from 9.04 at 75 °C to 9.19 
at 90 °C, which is consistent with previous studies.36,39 As shown in 
Fig. 6(d) & 6(e), carbon mineralization with 2.5 M Na-glycinate 
solution generated more lamellar-shaped particles and possessed a 
more compact structure compared to counterparts with 1 M Na-
glycinate solution, which can be attributed to higher pH values 
resulting from higher Na-glycinate concentrations (9.57 at 75 °C and 
9.60 at 90 °C).36

2.3.2. Evolution of particle size distributions on reactive CO2 capture 
and mineralization

The mechanisms of brucite dissolution and hydromagnesite 
precipitation are evident from the particle size distributions of the 
unreacted and reacted particles, as shown in Fig. 7. Unreacted 
brucite particles with sizes smaller than 10 µm dissolve preferentially 
particularly at 75 °C and 90 °C in the presence of water, 1 M and 2.5 

M Na-glycinate and precipitate hydromagnesite. Increasing 
temperatures from 25 °C to 90 °C corresponds to higher extents of 
carbon mineralization (Fig. 2) and larger particle sizes (Fig. 7). Carbon 
mineralization in the presence of Na-glycinate versus water results in 
the growth of larger particles, particularly at elevated temperatures 
of 75 °C and 90 °C (Fig. 7). The mean particle diameters increased 
nearly 2.4 times from 7.85 m to 19.3 m on carbon mineralization. 
The dissolution of unreacted Mg(OH)2 particles smaller than 10 m 
and the subsequent growth of carbonate-bearing particles (~20 m) 
with more distinct particle size distributions is evident in the 
presence of 1 M and 2.5 M Na-glycinate solutions at 90 °C, indicating 
the emergence of more distinct morphologies on carbon 
mineralization. 

2.3.3. Evolution of pore size distributions on reactive CO2 capture and 
mineralization 

During carbon mineralization, dissolution is known to increase the 
pore volume while extensive carbonate growth reduces the pore 
volume. To delineate the competing effects of dissolution and 
carbonate growth, the pore volume distributions are determined 
using BET N2 adsorption-desorption isotherms conducted at 77 K. 
The cumulative pore volume distributions demonstrate that the 
cumulative pore volume of the products increase when Mg(OH)2 is 
reacted in water (Fig. 8 (a)). Compared to the unreacted magnesium 
hydroxide, the significantly higher cumulative pore volume in the 
products obtained on reaction in water (as seen in Table 2) 
corresponds to low extents of carbon mineralization ranging from 
11.7 % to 26.9 % within the temperature range of 25 - 90 °C and the 
dominance of dissolution over carbon mineralization. Interestingly, 
products obtained on reacting Mg(OH)2 in 1.0 M Na-glycinate 
showed a higher cumulative pore volume at 25 °C and 50 °C with 
corresponding extents of reaction of 16.7% and 30%, respectively. In 
contrast, the cumulative pore volume decreased compared to the 
base case at 75 °C and 90 °C with the corresponding respective 
extents of carbon mineralization of 36.7% and 61.7%. The crossover 
in the cumulative pore volumes occurs between 50 °C and 

Fig. 5 Evidence of hydromagnesite formation as determined using Wide Angle X-ray Scattering (WAXS) patterns for the carbonate-bearing solid products 
obtained using (a) DI water, (b) 1 M Na-glycinate, and (c) 2.5 M Na-glycinate at different temperatures. Two types of crystal structures are observed: 
Mg(OH)₂, originating from unreacted brucite, and Mg₅[(CO₃)₄(OH)₂]·4H₂O, originating from the carbonate products.
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75 °C with increasing extents of carbon mineralization. In addition to 
extensive carbonate growth decreasing the cumulative pore volume, 
nest-like hydromagnesite particles transform into denser lamellar 
morphologies with increasing alkalinity and at higher temperatures 
also decreases the cumulative pore volume compared to the 
unreacted material. 36,40

It is interesting to note that with increasing temperature in the 
presence of higher concentration of 2.5 M Na-glycinate results in a 
lower cumulative pore volume at all temperatures of interest (Fig. 8 
(c)). The extensive formation of lamellar hydromagnesite (Fig. 6(d) & 
6(e)) at higher temperatures in the presence of 2.5 M Na-glycinate 
corresponds to a 77% and 83% reduction in the pore volume at 75 °C 
and 90 °C, respectively (Table 2). Additionally, it is also worth noting 
that the highest pore volume and specific surface area are observed 
at 50 °C for all cases, indicating that hydromagnesite formation is not 
as extensive at these conditions to close the pore spaces (Fig. S3). 
The increase in the pore volume at 50 °C facilitates greater diffusion 
of ions or mass transfer enabling carbon mineralization. 

These studies show that hydromagnesite with varying 
morphologies can be produced by tuning the temperatures 
associated with reactive CO2 capture and mineralization with 
regenerable solvents such as Na-glycinate. Nest-like hydromagnesite 
at lower temperature is effective for flame retardant materials, while  
hydromagnesite with elongated lamellar particles can provide extra 
mechanical reinforcement as additives.41,42

Therefore, achieving tunable controls on the morphologies of the 
magnesium-carbonate bearing products unlocks new opportunities 
for introducing these products produced by harnessing CO2 
emissions into markets for sustainable materials. 

Fig. 6 Morphologies of (a) unreacted brucite, and carbonated solid with 
1M Na-glycinate solution at (b) 50˚C and (c) at 90˚C, and carbonated solid 
with 2.5M Na-glycinate solution at (d) 50˚C and (e) 90˚C, determined by 
scanning electron micrographs (SEM).
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2.3.4. Mechanisms informed by chemo-morphological 
transformations 

Mechanistic insights into reactive CO2 capture and mineralization 
are established by probing and linking the coupled chemo-
morphological transformations to the reactivity for producing solid 
magnesium carbonates (Table 2). When carbon mineralization of 
Mg(OH)2 occurs in the presence of water without any carbon capture 
solvent, the relatively low extents of carbon mineralization below 
27% and the significant increase in pore volume correspond to the 
dominance of Mg(OH)2 dissolution over carbonate formation (Fig. 2 
and Table 2).36,43 In the presence of water alone, lower CO2 solubility 
with rising temperature results in an inverse trend in decreasing 
extents of carbon mineralization with temperature. Limited CO2 
availability and associated proton availability limit the dissolution of 
Mg(OH)2 and subsequent carbon mineralization. 

In contrast, Na-glycinate enhances the solubility of CO2 and 
provides sufficient concentration of (bi)carbonate species needed for 
carbon mineralization. While CO2 capture is aided at lower 
temperatures of 25 °C and 50 °C, the kinetics of Mg(OH)2 dissolution 
and the formation and precipitation of Mg-carbonate are aided at 
higher temperatures of 75 °C and 90 °C.19,44 Therefore, higher extents 
of carbon mineralization of Mg(OH)2 are noted at 75 °C and 90 °C 
relative to 25 °C and 50 °C. Interestingly, pre-loading the solvent with 
CO2 prior to reactive CO2 capture and mineralization overcomes the 
limitation of CO2 mass transfer from the gas to the liquid phase and 
provides a ready supply of carbonate species which enables rapid 
carbon mineralization as noted in Fig. 3. Higher concentrations of Na-
glycinate of 2.5 M provide additional functional groups and 
enhanced alkalinity to enhance CO2 capture and mineralization 
compared to the 1 M Na-glycinate case (Fig. 2 and Table 2). The 
formation of hydromagnesite as the preferential magnesium 
carbonate phase is consistent with alkalinity, temperature, and ionic 
environments.45

Elevated temperature of 75 °C and 90 °C and enhanced 
alkalinity in the case of 2.5 M Na-glycinate facilitates the 
preferential formation of lamellar-shaped over nest-like 
hydromagnesite (Fig. 6). Carbon mineralization proceeds via the 
dissolution of particles smaller than 20 µm and the precipitation 
of Mg-carbonate particles with larger particle sizes (Fig. 7). The 
evolution of well-defined particle size distributions on extensive 
carbon mineralization is consistent with prior studies indicating 
that extensive carbonate formation in olivine ((Mg, Fe)2SiO4) 
results in distinct particle size distributions.46,47 The extensive 
formation of hydromagnesite phases and extents of carbon 
mineralization exceeding 60% are associated with > 77% 
decrease in the cumulative pore volume (Fig. 8). These analyses 
establish the chemo-morphological mechanisms underlying 
reactive CO2 capture and mineralization using Mg(OH)2. These 
studies complement prior studies that discuss the feasibility of 
reactive CO2 capture and mineralization pathways by 
harnessing Ca – bearing alkaline sources. 8–10,18,48–50

Fig. 7 Particle size distributions of the carbonate - bearing solids obtained 
with (a) DI water, (b) 1 M Na-glycinate solution, and (c) 2.5 M Na-glycinate 
solution. The size distributions are measured by light scattering 
instrument (PSA) with volume - based normalization of the particle size 
distributions.
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3. Conclusions

Reactive CO2 capture and mineralization of Mg(OH)2 to 
produce hydromagnesite ((Mg5[(CO3)4(OH)2]·4H2O) by 
harnessing CO2 capture solvents such as Na-glycinate is 
established at concentrations of 1.0 M and 2.5 M and 
temperatures ranging from 25 to 90 °C. Reacting Mg(OH)2 at 90 
°C with 15 wt% solids in the presence of 2.5 M sodium glycinate 
after 3 hours under well-stirred conditions results in an extent 
of carbon mineralization of 75.5%. In contrast, the extents of 
carbon mineralization in the presence of water without any 
solvent do not exceed 27% at all conditions of temperature. As 
a reference, the maximum possible extent of carbon 
mineralization is 80% when 100% hydromagnesite is produced. 
The coupled effects of enhanced kinetics of magnesium 
hydroxide dissolution and Mg-carbonate precipitation at 

elevated temperatures of 75 °C and 90 °C dominate favourable 

CO2 uptake by solvents at lower temperature of 25 °C. Well-
defined particle size distributions and a significant decrease in 
the cumulative pore volume are noted with extensive 
hydromagnesite growth. Higher temperature and pH conditions 
favour the formation of lamellar-shaped versus nest-like 
hydromagnesite. Factors such as SOx and NOx in industrial flue 
gas, as well as operation optimization, need further 
investigation for practical applications. These findings unlock 
the potential for harnessing these reactive CO2 capture and 
mineralization for harnessing earth abundant magnesium 
hydroxide-rich tailings and anthropogenic CO2 emissions to 
produce Mg-carbonate bearing end products for a sustainable 
energy and environmental future.

4. Experimental Section

4.1. Chemicals
The reagents used in the study, magnesium hydroxide (Mg(OH)2, 

99%), sodium hydroxide (NaOH, 98%), and glycine (NH2CH2COOH, 
99%) are procured from Sigma Aldrich. Na-glycinate solutions with 
concentrations of 1 M and 2.5 M are prepared by adding calculated 
amounts of sodium hydroxide and glycine to deionized water (18.2 
MΩ⋅cm, Millipore) while stirring at 300 rpm for 1 hour at room 
temperature. The formation of Na - glycinate can be expressed by 
the following chemical equation (Reaction 1):

NH2CH2COOH + NaOH ↔ NH2CH2COO− + Na+ + H2O    (Reaction 1)

4.2. Experimental approach

4.2.1. Reactive CO2 capture and mineralization with high purity CO2 
To investigate the influence of temperature and solvent 

concentration, experiments are conducted in a batch mode in which 
a slurry bearing Mg(OH)2 and solvent such as water or sodium 
glycinate is reacted with CO2 (Fig. 9 (a)). The slurry comprises 3 g of 
Mg(OH)2 and 17 mL of water or the solvent, resulting in a weight ratio 
of 3:17 or 15 wt%. CO2 gas (99.9% purity, Airgas Co., USA) is 
continuously injected into the reactor for five minutes to purge the 
residual air from the headspace. After the reactor is filled with CO2, 
the outlet valve is slowly closed until the internal CO2 pressure of 1 

atm is reached. Next, the reactions are initiated by turning on stirrer 
with a set point of 300 rpm and applying a set of temperatures: 25 
°C, 50 °C, 75 °C, and 90 °C, respectively. The reaction duration is set 
to 3 hours for each temperature. At the end of the reaction, the 
reactor is cooled and the solid carbonate-bearing products are 
collected by vacuum filtration, washed with deionized water, and 
dried at 80 °C for 24 hours. All experiments were replicated three 
times to calculate error bars.

Fig. 8 The cumulative pore volumes of various carbonate - bearing solids 
obtained using (a) DI water, (b) 1 M Na-glycinate solution, and (c) 2.5 M 
Na-glycinate solution. The pore volume distributions are determined using 
the Barrett, Joyner, Halenda (BJH) method with N2 adsorption data.
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4.2.2. Reactive CO2 capture and mineralization using binary mixtures 
of CO2 and N2 

 Mixtures of CO2 and N2 gases with varying compositions of 4, 10, 
15, and 20 vol% are prepared to investigate the influence of CO2 
compositions representative of industrial flue gas streams on 
reactive CO2 capture and mineralization of Mg(OH)2. As shown in Fig. 
9 (b), a pipe system with gas mixer and flow meter is developed to 
vary CO2 concentrations for simulating exhaust flue gas. This gas 
mixture is injected into the beaker via a gas diffuser at a constant 
flow rate of 100 SCCM for 6 hours. 

To investigate the influence of pre-loaded CO2 capture 
solvents on reactive CO2 capture and mineralization behaviour 
with Mg(OH)2, experiments are conducted for 3 hours in the 
presence of various CO2 and N2 mixtures. The hypothesis that 
the initial loading of CO2 overcomes the challenge of limited CO2 
availability initially and enables faster kinetics of carbon 
mineralization, is investigated. The ratio of Mg(OH)2 to the 
solvent is 3:17 resulting in 15 wt% of solids in the system. The 
slurry is well-stirred at 300 rpm. The solid products are 
recovered through vacuum filtration, washed in deionized 
water, and dried at 80 °C for 48 hours before further 
characterization. All experiments were replicated three times to 
calculate error bars.

4.3. Determination of the extent of carbon mineralization 
The extent of carbon mineralization defines CO2 mineralization 

conversion of Mg(OH)2 with respect to the theoretical maximum. In 
other words, this extent refers to the mole fraction of Mg(OH)2 that 
converts into solid carbonate after mineralization. In this study, 
hydromagnesite (Mg5[(CO3)4(OH)2]·4H2O), a hydrated form of 
magnesium carbonate is formed and is the only product of carbon 
mineralization, as determined by X-Ray Diffraction (XRD) and 
Thermo-Gravimetric Analyses (TGA).51 The formation of 
hydromagnesite via carbon mineralization is shown in Reaction 2.21 
Accordingly, the extent of carbon mineralization can be defined as 
the ratio between the captured mole of CO2 and the theoretical CO2 
mole capacity of the sorbent.52 

5Mg(OH)2 + 4CO2 = Mg5[(CO3)4(OH)2]·4H2O     (Reaction 2)

𝐸𝑜𝐶 =  
𝑊𝑡%𝑀 𝑀𝑀

𝑊𝑡%𝑀 𝑀𝑀 1 𝑊𝑡%𝑀 𝑀𝐵
 ×  100%     (Equation 1)

In the expression above, EoC refers to the extent of carbon 
mineralization, Wt%M refers to the weight percent of magnesium 
carbonate in the fully dried samples, while the MM and MB refer to 
the molecular weight of magnesium carbonate and brucite or 
magnesium hydroxide, respectively. Here, thermogravimetric 
analysis (TGA) is used to determine Wt%M. As shown in Equation 2, 
TGA is the actual weight loss of the fully dried samples in the 
temperature range 300 - 600 ˚C, while TGAM and TGAB refer to the 
theoretical weight loss of pure magnesium carbonate and 
magnesium hydroxide, respectively. Magnesium carbonate (MgCO3 
→ MgO + CO2) and magnesium hydroxide (Mg(OH)2 → MgO + H2O) 
decompose at 300 - 600˚C, the TGAM and TGAB values are calculated 
to be 52.20% and 30.89%, respectively. 

𝑊𝑡%𝑀 =  𝑇𝐺𝐴 𝑇𝐺𝐴𝐵

𝑇𝐺𝐴𝑀 𝑇𝐺𝐴𝐵
 ×  100%     (Equation 2)

4.4. Characterization of the carbonate - bearing products
The chemical compositions and the morphological features of 

the carbonate-bearing products are analysed to provide insights into 
the mechanisms of reactive CO2 capture and mineralization. The CO2 
content in the carbonate-bearing products is determined using 
Thermogravimetric Analysis (TGA, TA Instruments, SDT 650), in 
which the temperature is ramped from 25 °C to 1000 °C with a 2 °C 
min-1 ramping rate. Temperatures in the range of 300 - 500 °C are of 
particular interest since CO2 and water releases occur in this range. 
The magnesium carbonate phases present are determined using 
Wide-Angle X-Ray Scattering (WAXS) measurements. These 
measurements are conducted at Sector 9-ID-C at the Advanced 
Photon Source (APS) in Argonne National Laboratory (ANL). For these 
experiments, the X-ray energy is set to 21.0 keV, which corresponds 
to the wavelength of 0.59 Å. The total X-ray flux during the 
measurements is 1013 photons mm-2 s-1.53 Detailed information 
about the instrument is reported in prior publications.54,55 To further 
confirm the chemical bonds and functional groups in the carbonate-
bearing products, Attenuated Total Reflectance Fourier Transform-
Infrared Spectroscopy (ATR-FTIR, Nicolet FT-IR IS50, Thermo 
Scientific) analyses are performed. The morphological features and 
the particle size distributions are analysed using Field Emission 
Scanning Electron Microscope (FESEM, LEO 1550 FESEM, Bruker) and 
the Laser Diffraction Particle Size Analyzer (PSA, Anton Paar), 
respectively. The surface area and pore size distributions (PSD) 
before and after carbon mineralization are determined from N2 
adsorption-desorption isotherms using the Brunauer-Emmett-Teller 
(BET) method and Barrett-Joyner-Halenda (BJH) method, 
respectively. (Quantachrome Autosorb iQ Analyzer, Boynton Beach, 

Fig. 9 Schematic representation of the integrated CO2 capture and 
mineralization with (a) pure CO2 and (b) mixed gases composed of CO2 and 
N2.
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FL). Prior to measuring the adsorption-desorption isotherms, the 
samples were outgassed at 120°C for 18 hours.
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