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A B S T R A C T   

Magnesium-based mineral carbonation experiments in model porous columns are presented. The temporal 
evolution and interplay of 3D microstructure and mineralogy was quantified using a novel combination of X-ray 
computerized tomography (CT), and mineralogical analyses, conducted at five timepoints over 108 days. We 
constrain bulk reaction progress (X-ray diffraction, XRD), surface 2D reaction rates (non-destructive diffuse 
reflectance Fourier transform infrared spectroscopy, DRIFTS) as well as 3D reaction progress (X-ray CT). A new 
method of normalizing X-ray CT attenuation intensity values was used to provide a proxy measurement for the 
evolving density of the cement phase to quantify reaction progress on a 3D, microscopic level. The results 
demonstrate how 3D structural characteristics impact reaction progress; e.g., regions within samples with 
reduced access to connected void volume exhibit slower reaction, while enhanced access to connected void 
promotes carbonate formation. Our study shows that 3D characterization is essential for understanding the 
fundamental processes in mineral carbonation, whereas non-destructive 2D characterization defines reaction 
rates at the surface− CO2 interface.   

1. Introduction 

Mineral carbonation (a.k.a. “carbon mineralization”) describes a 
suite of geochemical reactions wherein various metal oxides (typically 
calcium or magnesium-based) react with gaseous carbon dioxide (CO2) 
to produce carbonate minerals. Mineral carbonation processes are 
receiving increasing interest as a potential option to reduce CO2 buildup 
in the atmosphere, from both “disposal” and “utilization” perspectives 
[1–3]. Carbonation reactions occur passively, for instance during min
eral and mine tailings weathering [4–6]; and they can also be leveraged 
in engineered systems to produce enhanced CO2 uptake, such as reaction 
with coal combustion fly-ash [7], or to create building materials with 
favorable structural characteristics [8–11]. Magnesium carbonate shows 
great potential as a building material and waste magnesium from brine 
desalination can be reacted with CO2 to create these new materials [12], 
and magnesium-based cement has been proposed as an alternative to 
Portland Cement to prevent CO2 leakage from well casing for geologic 
CO2 sequestration schemes [13]. For scenarios where carbon emissions 

are capped or taxed, mineral carbonation provides an avenue to turn 
waste products into financial assets [5,6]. 

In order for mineral carbonation to serve as a permanent and effec
tive sink for CO2 (and further, to be used as a process to create useful 
materials for construction or industrial applications), the carbonation 
reactions and products need to be accurately characterized in terms of: 
(1) reaction kinetics in 2D and 3D, (2) the type of reaction products and 
their stability, and (3) how 3D structure influences both kinetics and 
products. This study is aimed at establishing a protocol to evaluate all 
three factors for mineral carbonation experiments, using a novel com
bination of 3D X-ray computed tomographic (X-ray CT) microscopy, 
diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS), 
and X-ray diffraction (XRD). We demonstrate this protocol for ambient 
temperature-pressure mineral carbonation of magnesium oxide (MgO) 
in idealized porous column samples, and we present a brief overview of 
previous results relevant to these conditions. 

Hydration of MgO occurs via reaction 1 to form brucite: 

MgO + H2O→ Mg(OH)2 (1) 
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Subsequently, brucite can undergo carbonation to form a range of 
hydrated ± hydroxylated magnesium carbonates (HMCs; Table 1), e.g. 
hydromagnesite, dypingite, artinite, lansfordite; all carbonates of the 
form x(MgCO3) ∙ y(Mg(OH)2 )∙ z(H2O) [14,15]. The most commonly 
formed mineral reported in the literature for ambient 
pressure-temperature conditions is nesquehonite (Mg(HCO3)(OH) ∙ 2 
(H2O)) which is strictly not an HMC, but will be included as one here 
[15,16]: 

Mg(OH)2 + CO2 + 2H2O→Mg(HCO3)(OH)∙2H2O (2) 

In addition, MgO carbonation may occur directly: 

MgO + CO2 + xH2O→Mg(CO3)∙xH2O (3) 

or 

2MgO + CO2 + xH2O→MgCO3∙Mg(OH)2∙(x − 1)H2O (4) 

In engineered mineral carbonation processes (such as magnesium- 
based cement production), it is crucial that reactions proceed beyond 
reaction (1) and that brucite undergoes additional hydration and 
carbonation to form nesquehonite or other HMCs. This is necessary for 
the goal of CO2 uptake, but also advantageous for the formation of useful 
end products with desirable material properties. For example, pastes of 
hydrated MgO (brucite) exhibit greatly reduced compressive strength 
compared to HMC pastes [17], with the latter demonstrating compres
sive strength values relevant to construction applications (e.g., almost 
90 MPa uniaxial compressive strength for MgO-cement pastes with high 
levels of HMC product [16]). Experimental studies of MgO-based con
crete cores/blocks show higher compressive strength for samples cured 
in elevated CO2 atmospheres relative to those cured under ambient CO2 
conditions, due to formation of HMCs [11,18,19]. 

A significant hurdle in creating Mg-based cements, pastes or con
cretes is ensuring hydration-carbonation reactions proceed to full 
extent. Many studies report high levels of reactant MgO and brucite in 
the final product even after several days or weeks of curing [11,16]. 
Some studies have attempted to address this by incorporation of ‘hy
dration agents’ (e.g., acids and salts) in the cement mixes to enhance 
reactivity [11,18,19] or to stabilize reaction products [20]. The addition 
of these agents does improve carbonation extent; however, in the study 
of Dung and Unluer [11], even the sample with the most effective hy
dration agent still contained 18 wt% of unreacted MgO and 29 % brucite 
after 14 days of curing in elevated CO2 conditions. Carbonation extent 
has been linked to structural characteristics as well: Pu et al. [21] 
showed that carbonation in cement cores is inversely related to distance 
from the sample surface (which provides direct access to CO2), with 
internal regions showing significantly less carbonation even over 14 
days of curing; and Harrison et al. [22] highlighted the importance of 
mineral-water-gas interfacial areas to mineral reaction extent in porous 
column experiments of brucite carbonation. 

Complicating the evaluation of the extent of hydration-carbonation 
reactions in mineral carbonation studies is the formation of amor
phous materials, phases with compositions that cannot be identified by 
mineral characterization methods. In their study of hydration of MgO- 
hydromagnesite pastes, Kuenzel et al. [17] reported the presence of an 
amorphous phase “of composition between that of brucite, hydro
magnesite and water” indicated by Raman spectroscopy. In another 
paste-based magnesium carbonation study, Wang et al. [16] showed 
that the amount of amorphous phase increased with both gaseous CO2 
concentration and with time (reaching a maximum of approx. 30 wt%), 
indicating that a significant portion of HMC product is in amorphous 
form. In brucite carbonation column experiments, one of two main 
precipitants observed by Harrison et al. [22] was an X-ray amorphous 
phase with “stoichiometry and solubility similar to artinite” (i.e. 
MgCO3Mg(OH)2 ∙ 3H2O). Experiments on adsorption of CO2 and H2O 
on hydrotalcites showed bidentate carbonate species and bicarbonate 
species may be important intermediate species in formation of HMCs 
[23]. 

The stability of both amorphous and crystalline products must be 
considered for long-term storage and construction applications. Nes
quehonite, the primary HMC product found in many MgO cement 
studies, is reported to be thermodynamically metastable or even un
stable relative to hydromagnesite under environmentally-relevant con
ditions [24,25]; and may transform to dypingite in 57 days at 25 ◦C, and 
in 20 days at 35 ◦C [26]. Similarly dypingite (Mg5(CO3)4(OH)2.5H2O) 
transforms to hydromagnesite [27]. Both of these transformations result 
in volume changes that affect the stability and usability of MgO-based 
concrete materials [15,27–29]. Phase transformations are observed be
tween nesquehonite, hydromagnesite, dypingite, and amorphous phases 
under wetting/drying and freezing/thawing cycles [30]. Thus, the sta
bility of amorphous HMCs (as well as the correct composition of these 
materials) is a significant concern for Mg-cement strength and longevity 
and for enhancing CO2 uptake in Mg-rich materials. 

In the current study, we aim to address some aspects of these ques
tions by investigating mineral carbonation within a variety of idealized 
porous columns. The samples are comprised of 12 mm diameter, 36 mm 
long columns packed with a porous mixture of silica sand grains (three 
different grain size compositions were studied), crushed calcined MgO, 
and water. Expected (non-amorphous) reactants and products are listed 
in Table 1. Samples were placed in a closed chamber with elevated CO2 
concentration under ambient pressure and temperature for a total period 
of 108 days. Non-destructive 2D DRIFTS and 3D X-ray CT scans were 
acquired at five times points throughout the carbonation reactions (i.e., 
just after mixing on day 0, day 3, day 10, day 28 and day 108), and 
finally destructive XRD was used to characterize the endpoint miner
alogy of the samples. The combination of non-destructive 2D charac
terization and 3D structural analyses provides new insights into 3D 
structural limits on mineral carbonation reactions, with an emphasis on 
the impacts of microscopic structural features. The relatively long 
timeframe of the experiments allows for investigation of component 
stability (under experimental conditions of high− CO2 concentration). 
This study demonstrates the utility of combined X-ray CT, DRIFTS, and 
XRD as a potential avenue for further characterization and optimization 
of mineral carbonation reactions. 

2. Materials and methods 

2.1. Sample preparation and carbonation conditions 

Three types of porous columns were created, using different sizes of 
sand aggregate: (A) monodisperse mesh 35 silica sand (grain diameter 
approx. 500 μm), (B) monodisperse mesh 70 silica sand (grain diameter 
approx. 210 μm), and (C) a 50:50 polydisperse mixture of mesh 35 and 
mesh 70 silica sand. The sand packings were mixed in a ratio (by mass) 
of sand : MgO : water = 2 : 1 : 0.8. The MgO was granular (minimum 
specification of 96.0 % MgO on a post-ignition basis, with limited 

Table 1 
Expected reactant and product components in magnesium-based mineral 
carbonation experiments.  

Component name(s) Chemical formula Density, ρ (g/cm3) 

Nonreactive components 
Quartz, Silica SiO2 2.65 

Reactive Components 
Periclase, Magnesia MgO 3.58 [15] 
Magnesite, Magnesium Calcite MgCO3 3.01 [15] 
Brucite Mg(OH)2 2.38 [15] 
Nesquehonite Mg(HCO3)(OH)•2(H2O) 1.85 [15] 
Lansfordite MgCO3•5H2O 1.7 
Hydromagnesite 4MgCO3•Mg 

(OH)2•4H2O 
2.16− 2.2 

Dypingite 4MgCO3•Mg 
(OH)2•5H2O 

2.15 

Artinite MgCO3•Mg(OH)2•3H2O 2− 2.03 
Water H2O Approx. 1  
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amounts of oxides of calcium, iron, aluminum, and silica present; 
Causmag® Granomag® AL7; Causemag International; Young, NSW 
Australia 2594) and crushed manually via mortar and pestle prior to 
mixing, such that the original 3 mm diameter granules achieved a dis
tribution where the largest grains were approximately the size of the 
mesh 35 sand (500 μm), with most grains smaller than the mesh 70 sand 
(210 μm); this can be observed in Figs. S1, S3, S4, S5 in the Supplemental 
Materials. The MgO was calcined by the manufacturer to maximize 
reactivity, achieving a neutralizing values of 220 % (i.e. the amount acid 
the MgO can neutralize relative to the equivalent amount of pure cal
cium carbonate is 220 %). The dry components (silica sand and MgO) 
were mixed together prior to the addition of water. The resulting pastes 
were packed into cylindrical molds (diameter 12 mm, length 36 mm), 
using a tamping rod and vibration to reduce void space. 

When not undergoing DRIFTS or X-ray CT scanning, samples were 
placed in an airtight container and gaseous CO2 was injected into the 
container periodically (every several days for the duration of the 108 
day experiment) at slightly above ambient pressure. We monitored CO2 
levels to ensure that they remained above 3,000 ppm (equivalent to a 
partial pressure of 0.003 atm, an order of magnitude larger than ambient 
air) for the duration of the experiment using a Perfect Prime C02000 
Data Logger. A beaker of water was also placed in the container, which 
maintained monitored relative humidity (RH) at levels approaching 100 
% and always greater than 85 % RH. Temperature was ambient (approx. 
20 ◦C) over the duration of the experiments. To serve as a “control”, a 
fourth core with aggregate composition B was also prepared and placed 
in a constant humidity chamber, but with only ambient CO2 levels 
(“NCB”, i.e. non-carbonated B). 

For DRIFTS and X-ray CT scanning, samples were removed from the 
carbonation chamber, stacked in a cylindrical mount, and scanned in 
series; DRIFTS analysis was conducted either directly before or directly 
after X-ray CT acquisition. Thus, for each scan timepoint, the samples 
were in an ambient CO2, ambient humidity environment for approx. 24 
h. The timeframes indicated throughout this report indicate carbonated 
periods only (i.e. “day 3” indicates the samples have undergone three 
days of carbonation chamber environment and does not include the time 
of the day 0 X-ray CT or DRIFTS data acquisition). 

2.2. 3D X-ray computed tomographic microscopy 

2.2.1. Tomogram acquisition 
CT scans were acquired at the CTLab at the Australian National 

University via a space-filling helical scanning trajectory [31], under the 
parameters detailed in Table 2. 

3D X-ray CT has been used to characterize structural and material 
distribution for a wide range of geoscience and materials science ap
plications [32–34]. For this study, transmission-based X-ray tomography 
is utilized, which characterizes the relative attenuation of different 
materials according to the Lambert-Beer law: 

I = I0e− μx (5)  

Where I0 is the original intensity and I is the resulting attenuated in
tensity of X-ray photons after passing through an object of thickness x 
and linear attenuation coefficient μ (a function of electron density and 
material bulk density, ρbulk). In multi-component systems, the 

attenuation coefficients of each component sum linearly in proportion to 
their fractional X-ray path distance. A 3D reconstruction of a sample can 
thus be achieved by acquiring a large number of X-ray projections (ra
diographs) through the sample over a sufficiently large range of angles 
in order that the attenuation at every point within the sample can be 
back-calculated. Reconstruction requires perfect alignment of all pro
jections, and algorithms must accommodate discrepancies due to 
hardware inaccuracies and thermal drift. We implemented reconstruc
tion algorithms at the ANU CTLab to account for these issues using a 
multi-resolution consistency check between reprojections (acquired at 
the end of the scan) and the original projections [35,36]. 

In practice, the Lambert-Beer law (Eq. 5) cannot be directly applied 
for lab-based X-ray CT systems; modifications must be made to account 
for the fact that laboratory scale X-ray sources emit a polychromatic 
spectrum of wavelengths rather than a single monochromatic X-ray 
energy. Although the linear attenuation coefficient μ is primarily a 
function of ρbulk and atomic electron density, it also varies with incident 
energy; and the incident X-ray spectrum cannot be assumed to be con
stant between scans, or even over the course of a single scan. These ef
fects are accounted for via clearfield measurements that correct for 
beam spectrum distribution and aging during scan acquisition, so these 
effects are corrected within any given tomogram. However, the atten
uation values calculated in a reconstructed tomogram cannot neces
sarily be compared directly to those in any other, particularly for 
samples with different material compositions, and additional processing 
is required to provide quantitative comparisons. Our approach for image 
processing is detailed in Section 2.2.3. 

2.2.2. 3D volume processing and quantification of phase densities 
Image processing was accomplished in a series of steps using Mango, 

a software developed by Applied Mathematics at ANU. First, data vol
umes taken at later time points (days 3, 10, 28, 108) were registered to 
the day 0 sample volume, masked to exclude core holder and external 
void space, and cropped so that all data volumes represented the same 
physical volume. 

All the attenuation gray values in the final registered, masked, and 
cropped tomogram were quantified (Fig. 1). The histograms in Fig. 1a 
exhibit three peaks corresponding to three density groupings: very low 
attenuation values are associated with void space; intermediate values 
are associated with water, hydrated Mg compounds, and HMCs, 
collectively referred to in this study as “cement”; and high attenuation 
values indicate high density components (Table 1). 

From this histogram, several important features were measured 
(Fig. 1b) representing the values associated with each phase (void, 
cement, and high density components) which were used subsequently to 
segment the tomogram into three phases (Fig. 2) and finally to rescale 
the cement attenuation values. Details of the segmentation are included 
in the Supplemental Materials. 

To utilize the information contained in the attenuation values of the 
cement phase, a re-scaling protocol was implemented. As described in 
Section 2.2.2 above, attenuation values cannot be directly compared 
between different tomograms due to X-ray beam variability over time, 
and because as samples undergo reactions, they change in density and 
water content and thus attenuate the beam to different extent. To enable 
comparison of the different tomograms acquired over 108 days, we 
rescaled all cement-labeled attenuation values to consistent, unchang
ing, features in each sample (Fig. 2b). For every voxel which was labeled 
“cement” during the segmentation step, the attenuation value of the 
same voxel in the original tomogram was re-scaled on a range from 2 to 
102, where the value 1 is equivalent to the attenuation value of the void 
peak (max1) and the value 103 is equivalent to the high-density 
component peak (max3,). The high-density components in each sample 
are largely comprised of stable unreacted MgO and silica sand grains; 
the measured volume fraction for high-density components in carbon
ated samples varies by a maximum of 1% after day 0 (see phase volume 
quantification in Supplemental Materials). The rescaling step allows for 

Table 2 
Sample and X-ray CT acquisition parameters.   

Sample A Sample B Sample C Sample NCB 

Voxel size of day 0 scan (μm) 6.76 6.75 7.18 6.76 
Scan time points (days) 0, 3, 10, 28, 108 
Field of view [X⋅Y⋅Z] (mm) approx. 17⋅17⋅36 
Scan time (hours) approx. 6− 7 
X-ray Current (μ A) 50 
X-ray Voltage (kV) 100  
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quantitative comparison of changes in attenuation in the cement phase 
by accounting for the shifts in attenuation of the sample overall. A 
similar approach has been previously used to quantify otherwise inde
terminate microporosity in carbonate materials [37]. 

2.3. Mineralogical Analysis: DRIFTS spectroscopy and XRD 

Diffuse-reflectance (DRIFTS) measurements were acquired over the 
top surface of each sample using an Aligent handheld 4100 ExoScan at 
time points corresponding to the CT scans. Spectra were measured in the 
IR range of 4000 cm− 1 to 650 cm− 1 at a resolution of 4 cm− 1, with 100 
scans for each spectrum. Background spectra were collected on a rough 
Al surface prepared for this purpose. Fig. 3 shows spectral measurements 
from sample C for days 0, 3, and 108; demonstrating the typical pro
gression of the DRIFTS spectra. The growth of the bands corresponding 
to carbonate stretching vibrations in HMCs are apparent; the sharp band 

related to the OH stretching vibration corresponding to brucite is less 
obvious and requires baseline-normalized quantification to discern 
trends. 

The DRIFTS measurements are non-destructive and spectral char
acteristics were measured at the top surface of the core only, detecting 
(bi)carbonate species in the HMC, and OH in the brucite on the surface 
directly exposed to CO2. The region 1528− 1555 cm− 1 relates to asym
metric stretching vibrations of unidentate carbonate and 1435− 1480 
cm− 1 corresponds to symmetric bicarbonate stretching modes in HMCs, 
including nesquehonite [23,38,39]. The band at 866 cm− 1 is found in 
lansfordite and is related to carbonate stretching vibrations [40]. The 
3689− 3695 cm− 1 band region corresponds to OH stretching vibrations 
in brucite [40]). The band intensities of the resulting spectra were 
quantified using spectra that was smoothed with an 11-point window 
and baselines defined using a window that encompased the region 
immediately adjacent to the bands. 

Fig. 1. Histograms of X-ray attenuation in X-ray CT volumes. (a) Shift in histograms over time for sample A (monodisperse 35 mesh silica sand), with regions 
corresponding to the different materials in the sample noted. (b) Histogram for day 0 with values measured for segmentation thresholds identified (see Supplemental 
Materials for additional information on segmentation parameters). 
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At the end of the curing process, subvolumes (approximately 50 % of 
original sample volume) of carbonated samples were ground, mixed 
with a corundum spike (Baikalox alumina polishing powder 1 μm), and 
the resulting powder was mounted on a silicon low-background sample 
holder and analyzed by X-ray diffraction using a Malvern Panalytical 
Empyrean X-ray diffractometer. Analyses were undertaken in Bragg- 
Brentano geometry from 5 to 85◦ 2Ɵ at a spacing of 0.01313◦ using a 
3 kW X-ray generator and Cu Kα radiation, and a PIXcel 3D detector. 
Mineral identification was through the SIEMENS software package 
Diffracplus Eva 10 [41] and ICDD PDF-2 database, and phase quantifi
cation using Rietveld refinement [42] with the program HighScore Plus 
V4.8. The amorphous (poorly crystalline or extremely fine-grained) 
component was identified by an elevated background ‘hump’, and 
quantified relative to the spike in the internal standard [43]. 

3. Results 

Results of the experiments are presented in three sections: first, we 
examine the mineralogy of the reaction products using DRIFTS and 
endpoint XRD results to help constrain the CT values. Second, we vali
date the cement CT value rescaling procedure by comparison of 
temporally-resolved CT and concurrent DRIFTS data for carbonated and 
non-carbonated samples. We then present the structural and grayscale 
analysis derived from CT for carbonated samples. 

Throughout the results and the following discussion, we refer to air- 
filled regions of the samples as “void” rather than porosity. Porosity is 
commonly understood to refer to non-solid regions of a porous material, 
which may be filled with gas or fluid. In these samples, the cement paste 
(comprised of MgO and water) was initially a fluid, and over time it 
solidified. Changes in void volume may thus be due to structural 
development of the samples, or due to consumption of water. 

3.1. Phase characterization 

At the end of curing (>108 days), the mineralogical composition of 
the bulk sample was determined by XRD for all carbonated samples 
(Table 3). The non-carbonated sample NCB was pulverized during 
compressive strength testing (results not reported here) and a repre
sentative (uncontaminated) sample was not able to be preserved for XRD 
analysis, so results reported here apply only to carbonated samples 
(carbonated samples also underwent compressive strength testing, but 
significant portions approximating 50 % of total sample volume were 
preserved intact and thus carbonated samples were able to be retained 
for further characterization). As expected, quartz (i.e., silica sand) is the 
predominant mineral present in all samples. All samples contain 
approximately the same level of periclase (i.e., unreacted MgO). Brucite 
makes up 8− 10 wt% for all samples; while XRD-identified nesquehonite 
is higher in samples B and C, but lower in sample A. All samples contain 
a significant fraction of amorphous material (including HMCs), which 
further introduces challenges in determining quantitative mineralogy 
and reaction pathways using the endpoint bulk XRD data. 

DRIFTS spectral intensities relate to the (bi)carbonate bonds in 
HMCs and OH bonds in brucite on the 2D surface of all the cores (both 
carbonated and uncarbonated) throughout the entire timeseries. The 
(bi)carbonate bands (1528− 1555 cm− 1 and 1435− 1480 cm− 1) are not 
in the same position as bands reported in the literature for the specific 
minerals listed in Table 1, likely because multiple phases are present, 
including amorphous material. Nonetheless, the band positions 
observed allow us to rule out the presence of some proposed reaction 
products (Table 1). For instance, magnesite and hydromagnesite do not 
have the bands in the 1515− 1560 cm− 1 region that we observed and 
they both have a strong band at 888 cm− 1 [44] that was not observed in 
our spectra. Artinite, lansfordite and dypingite do not have bands in the 
1528− 1555 cm− 1 region [38,44,45] and of those materials, only lans
fordite has a strong band at ~866 cm− 1 also observed in our samples. In 
sum, the bands observed in the DRIFTS spectra are most consistent with 
(bi)carbonate-hydroxyl-water-bearing materials such as nesquehonite +
amorphous HMCs ± lansfordite. This data suggests that reactions 1–4 
may all have occurred in our experiments. 

Fig. 2. Image processing workflow for a zoomed-in 2D cross-section of sample 
A. (a) Raw tomographic data. (b) Data segmented into three phases: void 
(black), and high-density grains (white), and cement (range of gray values). The 
cement attenuation values are re-mapped on a universal normalized scale 
(indicated by the brightness of the gray values in (b)) where the void phase and 
high-density component attenuation values are used as reference endpoints. 

Fig. 3. DRIFTS spectra and measurement for sample C; days 0, 3, and 108. 
Peaks corresponding to OH stretching vibrations in brucite, (bi)carbonate 
stretching vibrations in HMCs, and O-Si-O stretching in quartz indicated. 
Quantification of bands was accomplished by measuring reflectance intensity 
relative to the baseline. 

Table 3 
XRD results at the endpoint of curing.   

A wt.% B wt.% C wt.% NCB wt. 
% 

Quartz 45.1 39.7 39.2  
Periclase 10.6 9.3 9.8  
Brucite 9.7 9.9 8.4 NA 
Nesquehonite 5.3 9.4 8.0  
Amorphous fraction – including 

HMCs 
27.5 30.1 33.5  

All others <2.0 <2.0 <2.0   
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3.2. Time-resolved X-ray CT attenuation and DRIFTS characterization 

The rescaled cement X-ray intensity values increase over the first 
three days for all carbonated samples in both the whole core and the top 
0.5 mm of the core; in contrast, rescaled cement X-ray intensity values 
decrease for the non-carbonated sample NCB (Fig. 4). From day 28 on
wards, the X-ray intensity remains constant (sample A) or slightly in
creases (samples B and C) in carbonated samples. The non-carbonated 
sample shows larger variation in rescaled intensity, but values remain 
significantly lower than for carbonated samples. 

DRIFTS results indicate a significant increase in the production of 
HMC over the first three days through an increase in the 1528− 1555 
cm− 1 and 866 cm− 1 bands and brucite by an increase in the 3689− 3695 
cm− 1 band. At Day 10, there is a decrease in the HMCs for samples A and 
C, whereas it has stabilized for Sample B and reached a maximum value 
for Sample NCB. However, we note that a subsequent DRIFTS study on 
these materials determined that reflectance values could vary by 
approximately ±5% depending on the location of the DRIFTS mea
surement, due to surface heterogeneity (see Supplemental Materials). 
After Day 10, the DRIFTS results do not show a significant change in the 
concentration of most of the phases within expected measurement 
variability. 

Combining both the XCT and the DRIFTS: the rescaled average 
attenuation values of the cement roughly approximate the DRIFTS time- 
series for carbonate growth over the first 3 days. Brucite formation does 
not significantly impact the rescaled X-ray intensity values (e.g., see 
sample NCB). After day 10, the rescaled attenuation values are relatively 
more stable than the mineral spectra results; this indicates that while 
solid and adsorbed phases may be undergoing reactions which change 
the measurable spectral vibrations (e.g., brucite converting to HMCs, or 
mineral phase to amorphous phase and/or surface adsorbed species), the 
density of the cement phase in carbonated samples is approximately 
constant. In other words, after day 10 both the XCT and DRIFTS data 
indicate that the cement phase is not taking up or releasing substantial 
CO2 or water. 

The comparison of cement rescaled intensity values with DRIFTS 
results demonstrates that the rescaled X-ray intensity is a proxy for 
cement phase carbonation, in addition to density. Correspondingly, the 
amorphous HMCs produced in carbonated samples have significantly 
higher density (and thus, higher rescaled X-ray intensity) than the hy
drated non-carbonated “cement” phase produced in the non-carbonated 

sample NCB. 

3.3. Time-resolved 3D structural and attenuation characterization 

Hereafter, analysis is focused on how structure influence carbon
ation, and only carbonated samples are considered. Fig. 5 shows 2D 
cross sections of raw and processed 3D X-ray CT data for carbonated 
samples at day 0 and day 108. Differences in pore structure due to the 
different silica sand compositions are readily apparent between the large 
grained (500 μm, sample A), small grained (210 μm, sample B), and 
mixed grained (50:50 500:210 μm, sample C) conditions. From a qual
itative standpoint, the time-separated samples appear very similar, 
although increases in void space are apparent on close inspection. The 
homogeneity/heterogeneity of sample structures is also visible: while 
samples A and B are relatively well-mixed, there exists an obvious layer 
in sample C (near the vertical midpoint of the sample) where void space 
is suppressed. 

Core-scale (i.e. averaged over the entire core sample) characteristics 
for each sample were calculated from the segmented data sets (Table 4). 
Despite the relatively large void spaces visible in Fig. 5, sample A con
tains the low total void, with the lowest connected void fraction and the 
lowest specific interfacial area between cement and connected void 
space; indicating that many void spaces in this sample are disconnected 
and would not facilitate gas transport. Sample B has both the largest void 
value (of which 65 % is connected) and the largest interfacial area be
tween the cement phase and the connected void, factors that indicate 
favorable CO2 transport throughout the core and into the cement phase. 
Sample C has an overall lower total void and interfacial area relative to 
sample B, but also exhibits the largest connected void fraction. These 
macroscopic parameters may be linked to reaction products, as dis
cussed in Section 4.0. 

In addition to core-scale measurements, these samples were analyzed 
on a microscale basis. In Fig. 6, values are averaged on the slice-by-slice 
basis throughout the vertical extent of each core. The rescaled intensity 
value of the cement phase (indicating the density and carbonation level 
of the cement) of the samples at each timepoint are plotted adjacent to 
the connected and total void values; with visualizations of slices at 
relatively high and low connected void for each sample for illustration. 
Several important features are observed: 

Fig. 4. Rescaled X-ray attenuation values for the cement phase for the four samples (whole core average) and baseline-corrected DRIFTS reflectance % values for 
HMC and brucite as measured on the top face of the samples. Note that reflectance values corresponding to brucite are shown multiplied by a factor of two 
for visibility. 
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1 As shown in Fig. 4, rescaled intensity value increases over time, but 
at different rates. Sample A exhibits intermediate values at day 3 and 
stabilizes after day 10; while samples B and C show that intensity 
values at day 3 largely approximate the end-state intensity profile, 
with minor fluctuations thereafter.  

2 Regions with very low connected void values (e.g. depth of 18.1 mm 
in sample A, 16.0 mm in sample B, 10.0 mm and 17.0 mm in sample 
C) also have lower rescaled gray values relative to their respective 
endpoint values, indicating that progress towards a more carbonated 
cement endpoint is lagging compared to other regions of the core. 

The relationship between rescaled intensity and distance to con
nected and disconnected void is further interrogated in Fig. 7. The 
Euclidean distance between every cement voxel and the nearest con
nected (left column) and disconnected (right column) void region was 
calculated, and the average rescaled cement intensity was computed as a 
function of distance. The cumulative distribution of cement voxels (as a 
function of distance to void) up to 99.9 % of cement volume is also 
indicated in Fig. 7. 

Voxels within approx. 0.2 mm of connected void regions (i.e. void 
spaces facilitating transport of high CO2 concentration) exhibit a sig
nificant “peak” in rescaled intensity values for all samples; this peak is 

not evident in voxels near disconnected void regions (Fig. 7). This in
dicates carbonation (and relatively higher-density mineral formation) is 
more likely to occur in regions within 0.2 mm of connected void. 
Average rescaled intensity values decrease as distance from connected 
void increases above 1–1.5 mm for samples A and C after day 0 (in 
sample B, 99.9 % of cement voxels are within 1.3 mm of connected 
void). Further, the day 3 data for samples A and C demonstrate a larger 
gradient in rescaled intensity values as a function of distance to con
nected void; this provides additional quantification of the reaction front 
in these samples. 

Notably, the distance distributions for the three samples vary 
significantly. In sample B, 99.9 % of the cement volume is within 1.3 mm 
of connected void; samples A and C have a large fraction of cement 
volume further from connected void, both containing 99.9 % of cement 
volume within 3.0 mm of connected void. The distance distributions 
again point to sample B as having the pore structure most favorable to 
CO2 transport. 

We further investigate sample C using a local digital volume corre
lation (DVC) technique [46] to compare the evolution of X-ray attenu
ation intensity in this sample (Fig. 8). Using a local non-rigid image 
registration scheme correlating 420 × 420 × 420 μm cubes spread on a 
regular grid, tomograms of scans from days 3–108 are correlated to that 
of day 0 (reference image). This allows us to compute the local strain 
field while at the same time measure changes in the rescaled attenuation 
values due to the formation of new pores or minerals by computing a 
grayscale residual field by applying the measured displacement field to 
the deformed configuration. Following Stavropoulou et al. [47], as gray 
levels are moved, they are also scaled by the local volumetric strain so 
that the transformation is thermodynamically sound (“gray level mass” 
is conserved). Fig. 8 presents the gray level residual using a color map to 
highlight differences in intensity for the time-series of data relative to 
day 0: blue indicates decreased intensity, red indicates increased 

Fig. 5. CT data for the three samples at day 0 and day 108. 2D slices of 3D volumetric data are shown, including the raw tomographic data and processed segmented 
data with cement phase re-scaled. 

Table 4 
Structural characteristics of the samples calculated from segmented CT datasets.  

Sample Volumetric Void 
Fraction at Day 0 (-) 

Connected Void at 
Day 0 (vol/vol) 

Interfacial Area Connected 
Void - Cement at Day 
0 (mm2/mm3) 

A 0.15 0.52 0.43 
B 0.19 0.65 1.16 
C 0.14 0.76 0.93  
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Fig. 6. Vertical profiles (on a slice-by-slice basis) of the three samples. Left: average rescaled cement intensity values over time. Center: total void and connected void 
at day 0. Right: Segmented slices illustrating high and low connected void regions, with connected void highlighted in red. 
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intensity. Decreased intensity occurs in intra-granular regions indicating 
the consumption of water and the retreat of aqueous interfaces, resulting 
in the creation additional void space. Increased intensity occurs in 
discrete high-intensity ‘hot spots’ that indicate high-density granular 
mineral formation, as well as more moderately within the intra-granular 
cement phase. The zoomed-in region in Fig. 8 includes the region near 
the vertical center of the sample that exhibits suppressed void volume (i. 
e. as previously highlighted in Fig. 6); it is evident that the intensity 
continues to evolve (both positively and negatively) in this region 
beyond day 3, whereas other regions of the sample are relatively stable 
from days 3–108. We further quantify the expansion/shrinkage of the 
local volumes by plotting the joint histogram of the volumetric strain 
and the porosity as measured in DVC subvolumes (many overlapping 
420 × 420 × 420 μm subvolumes) and the results are shown in the right 
most column of Fig. 8. We observe that already at day 3, most of the local 
volumes experience shrinkage at low porosities (<40 %) while sub
volumes with higher porosities (>40 %) exhibit expansion of volumes, 
as shown by red crosses in the figures. This trend is further enhanced by 

day 108. 
In order to classify the gray level change, this information (gray level 

change corrected for volumetric strain) is combined with the identified 
phases in the first scan. Using the same subvolumes used for the DVC 
analysis, each subvolume is classified as being mostly pore, cement, or 
high-density aggregate components, and the mean gray level change is 
computed for each subvolume. Fig. 9 presents a histogram of gray level 
change for each phase and each increment (day 0 to day 3, day 0 to day 
10, etc.). This reveals that already between the first two scans sub
volumes containing mostly voids have a marked tendency to increase in 
gray value, related to mineral formation and density/carbonation in
creases in the cement phase adjacent to high-porosity regions (i.e. 
similar to the results presented in Fig. 7). The subvolumes containing 
mostly high-density unreacted MgO/silica sand aggregates essentially 
have a mean gray value change close to zero, again affirming the sta
bility of these components throughout the duration of experiments. A 
small decrease of gray values can be seen in subvolumes containing 
mostly cement, corresponding to water consumption and water interface 

Fig. 7. Average rescaled attenuation value of cement as a function of Euclidean distance to connected (left column) and disconnected (right column) void.  
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retraction (which creates additional low gray level void space). 

4. Discussion 

4.1. Linked structural and mineralogical analyses 

Mineralogical (XRD) and spectral (DRIFTS) analyses were used to 
constrain the X-ray CT image processing; this enabled the isolation of 
stable phases (void, high-density components) from the phase under
going carbonation and hydration reactions (“cement”). The stability of 
the high-density components (comprised primarily of silica sand and 
MgO grains) was verified via quantification of phase volumes and was 
supported by subvolume-level analysis showing that subvolumes 
dominated by these high-density components showed essentially no 
change in gray level over time (Fig. 9). Based on these stable, un
changing features in each sample, the X-ray CT attenuation of the 
reactive cement phase was re-scaled to a normalized universal scale that 
enabled comparison of cement phase attenuation and density over time. 
Comparison of the re-scaled attenuation values with DRIFTS measure
ments (Fig. 4) confirmed that the re-scaled attenuation values can also 
be used as a proxy for level of carbonation. 

Reaction process (as measured by rescaled CT values and DRIFTS 
measurements) is not uniform across different samples (Fig. 4), nor is it 
uniform throughout individual cores (Figs. 6–8). Reaction process ap
pears to be linked to connected void; i.e. regions with low connected 
void within samples show lagging reaction progress compared to other 
regions within the core on the same day (Fig. 6). The link between re
action progress and proximity to connected void space is further illus
trated by distance to connected void-rescaled attenuation curves (Fig. 7) 

and the histograms of gray value change as a function of dominant 
subvolume phase (Fig. 9). 

The XRD results support the supposition that sample B, i.e. the 
sample with the most favorable structural characteristics for CO2 
transport (high connected void, high cement-connected void interfacial 
area, 99.9 % of cement voxels within a distance of 1.3 mm to connected 
void), produced the highest carbonation levels, with the highest amount 
of classifiable HMC (nesquehonite). Sample C had slightly less favorable 
structural characteristics and produced slightly lower nesquehonite and 
slightly higher amorphous content. The relatively high level of brucite in 
sample A may be linked to the low connected void in that sample (i.e. 
there was limited direct access to CO2 in that sample). These observa
tions support the results of previous studies demonstrating that 
carbonation becomes limited further from the CO2-exposed surface [21]. 

Rescaled intensity values of cement phase are stable or slightly 
increasing after day 10 for all samples (Figs. 4,6,7), although DRIFTS 
results show some variability over time (Fig. 4). These trends indicate 
that the cement phase carbonated content and density is stable, sug
gesting that after the initial reactive phase from day 0–10, the samples 
do not lose CO2 or water over the 108 day time-frame of the experi
ments. We note that these insights into phase stability are only relevant 
to the conditions of the experiments, i.e. ambient temperature and 
pressure, with stable relative humidity and high gaseous CO2 
concentrations. 

These samples exhibit relatively high levels of nesquehonite (and 
HMCs) and relatively low levels of reactant MgO and brucite compared 
to studies in the literature; for example, only considering the non-quartz 
component of the XRD analysis (i.e. values in Table 3 re-calculated with 
quartz neglected), sample B contains 16 wt% unreacted MgO, 17 wt% 

Fig. 8. DVC analysis of sample C showing X-ray intensity differences relative to the sample at day 0. Blue colors represent intensity decreases (due to consumption of 
water and retreat of aqueous interfaces in void spaces); red colors indicate intensity increases (due to mineral formation and cement phase density/carbonation 
increasing). The zoomed-in subset includes the region of suppressed void volume near the vertical center of sample C. The column on the right shows change of 
volumetric strain as a function of porosity between days 0, 3 & 108 measured in DVC subvolumes. A large amount of positive and negative volumetric strain is 
observed especially in low porosity subvolumes. Red crosses connect the centre of mas of the mean volumetric strain showing a slight upward trend (local volume 
expansion) as the porosity increases. 
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brucite, and 16 wt% nesquehonite. These values are favorable compared 
to those of Dung and Unluer [11] who performed similar experiments 
but with the addition of hydration agents, and in the best case observed 
18 wt% of unreacted MgO and 29 % brucite in cement paste. Based on 
the analysis presented in this study, we hypothesize that the relatively 
high level of carbonation observed in these microcores is largely due to 
their high connected void properties. We note, however, that high 
connected porosity is undesirable for many applications where water 
infiltration might lead to material degradation, e.g. construction 
applications. 

4.2. Methodological improvements 

A primary assumption in this analysis is that the CT values can be 
rescaled by assuming two unreactive, constant features exist within the 
samples: void space (filled with air during scanning) and the high- 
density silica sand and unreacted MgO grains. The CT value for the 
void/air phase is trivial to identify in X-ray tomographic histograms 
(Fig. 1); however, the histogram peak for silica sand may become dis
torted if a significant volume of phases formed in the cement achieve a 
density approaching that of the high-density components. While we 
have demonstrated that the high-density components (mostly silica sand 
and unreacted MgO grains) in this study are indeed identifiable and 
separate from the cement throughout all stages of this experiment, an 
alternative option would be to embed a secondary (and possibly, and 
intermediate tertiary) standard within the samples for attenuation 
normalization. Standards would need to be selected to provide density 
comparisons relevant to the expected mineral products, but not so high 
as to create image artifacts in the CT data. Incorporation of additional 
standards would allow for more robust comparison across samples and 
could potentially be used as a reference for the DRIFTS measurements 
also. We also suggest that future studies could include replicates of 
samples to allow destructive XRD analysis at all time points, rather just 

at the final stage, to help constrain the image processing and 
interpretation. 

5. Conclusions 

We have demonstrated a novel methodology that combines X-ray CT, 
DRIFTS, and XRD analyses; with this approach we analyzed magnesium- 
based mineral carbonation experiments conducted in idealized porous 
columns over 108 days. The mineralogical (XRD) and spectral (DRIFTS) 
analyses constrain the phases present in samples and allowed for sepa
ration of stable (void, high-density grains) and reactive (carbonate 
cement) phases in X-ray CT scans, enabling 3D quantitative image 
analysis of reaction progress. We applied a new method of re-scaling X- 
ray CT attenuation values to provide a proxy for the evolving density 
and carbonation level of the cement phase. This combination of analyses 
facilitated quantification of the temporal evolution and interplay of 3D 
structure and mineralogy over length scales ranging from the scale of 
individual voxels (Fig. 8) up to the entire core (Fig. 4). We provide some 
suggestions for potential methodological improvements for future 
mineral carbonation studies in Section 4.2. 

Low connected void slows carbonation reactions in regions within 
samples, while access to connected void promoted classifiable HMC 
formation at the core-scale (Tables 3 and 4), as well as higher density 
and carbonation at the microscale (Figs. 6,7,9). In these microcore ex
periments, carbonation occurred rapidly during the first three days, and 
no significant further reaction occurred after 10 days (e.g. Fig. 4). The 
largest increases in cement density/carbonation level occur in regions 
with short straight-line distances (i.e. < 0.2 mm) to the connected void 
(Fig. 7). 

We observe higher levels of mineral HMC (nesquehonite) and lower 
levels of reactant (MgO) and non-carbonated mineral products (brucite), 
compared to studies of core-scale mineral carbonation in the literature. 
We attribute this high level of carbonation to the very high connected 
void content of our samples, while also acknowledging that high con
nected void is not necessarily an attractive feature for some potential 
industrial applications (e.g. building materials). To investigate reaction 
rates and the role of the 2D and 3D networks, future work could examine 
shorter timeframes (less than 3 days). This study demonstrates a need to 
develop sample mixing/curing protocols that facilitate both mineral 
carbonation and application-specific material characteristics. 
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[7] G. Montes-Hernandez, R. Pérez-López, F. Renard, J.M. Nieto, L. Charlet, Mineral 
sequestration of CO(2) by aqueous carbonation of coal combustion fly-ash, 
J. Hazard. Mater. 161 (2009) 1347–1354, https://doi.org/10.1016/j. 
jhazmat.2008.04.104. 

[8] W. Ashraf, Carbonation of cement-based materials: challenges and opportunities, 
Constr. Build. Mater. 120 (2016) 558–570, https://doi.org/10.1016/J. 
CONBUILDMAT.2016.05.080. 

[9] L. Mo, D.K. Panesar, Effects of accelerated carbonation on the microstructure of 
Portland cement pastes containing reactive MgO, Cem. Concr. Res. 42 (2012) 
769–777, https://doi.org/10.1016/J.CEMCONRES.2012.02.017. 

[10] S. Ruan, C. Unluer, Influence of mix design on the carbonation, mechanical 
properties and microstructure of reactive MgO cement-based concrete, Cem. Concr. 
Compos. 80 (2017) 104–114, https://doi.org/10.1016/J. 
CEMCONCOMP.2017.03.004. 

[11] N.T. Dung, C. Unluer, Sequestration of CO2 in reactive MgO cement-based mixes 
with enhanced hydration mechanisms, Constr. Build. Mater. 143 (2017) 71–82, 
https://doi.org/10.1016/j.conbuildmat.2017.03.038. 

[12] J. Morrison, G. Jauffret, J.L. Galvez-Martos, F.P. Glasser, Magnesium-based 
cements for CO2 capture and utilisation, Cem. Concr. Res. 85 (2016) 183–191, 
https://doi.org/10.1016/J.CEMCONRES.2015.12.016. 

[13] G. Dávila, J. Cama, S. Galí, L. Luquot, J.M. Soler, Efficiency of magnesium 
hydroxide as engineering seal in the geological sequestration of CO2, Int. J. 
Greenh. Gas Control. 48 (2016) 171–185, https://doi.org/10.1016/J. 
IJGGC.2016.01.031. 

[14] D. Langmuir, Stability of Carbonates in the System MgO-CO 2 -H 2 O, J. Geol. 73 
(1965) 730–754, https://doi.org/10.1086/627113. 

[15] S.A. Walling, J.L. Provis, Magnesia-Based Cements: A Journey of 150 Years, and 
Cements for the Future? Chem. Rev. 116 (2016) 4170–4204, https://doi.org/ 
10.1021/acs.chemrev.5b00463. 

[16] L. Wang, L. Chen, J.L. Provis, D.C.W. Tsang, C.S. Poon, Accelerated carbonation of 
reactive MgO and Portland cement blends under flowing CO2 gas, Cem. Concr. 
Compos. 106 (2020) 103489, https://doi.org/10.1016/j. 
cemconcomp.2019.103489. 

[17] C. Kuenzel, F. Zhang, V. Ferrándiz-Mas, C.R. Cheeseman, E.M. Gartner, The 
mechanism of hydration of MgO-hydromagnesite blends, Cem. Concr. Res. 103 
(2018) 123–129, https://doi.org/10.1016/J.CEMCONRES.2017.10.003. 

[18] C. Unluer, A. Al-Tabbaa, Enhancing the carbonation of MgO cement porous blocks 
through improved curing conditions, Cem. Concr. Res. 59 (2014) 55–65, https:// 
doi.org/10.1016/j.cemconres.2014.02.005. 

[19] C. Unluer, A. Al-Tabbaa, Impact of hydrated magnesium carbonate additives on the 
carbonation of reactive MgO cements, Cem. Concr. Res. 54 (2013) 87–97, https:// 
doi.org/10.1016/j.cemconres.2013.08.009. 

[20] P. Kristova, L.J. Hopkinson, K.J. Rutt, H.M.A. Hunter, G. Cressey, Carbonate 
mineral paragenesis and reaction kinetics in the system MgO-CaO-CO2-H2O in 
presence of chloride or nitrate ions at near surface ambient temperatures, Appl. 
Geochem. 50 (2014) 16–24, https://doi.org/10.1016/j.apgeochem.2014.08.005. 

[21] L. Pu, C. Unluer, Investigation of carbonation depth and its influence on the 
performance and microstructure of MgO cement and PC mixes, Constr. Build. 
Mater. 120 (2016) 349–363, https://doi.org/10.1016/j.conbuildmat.2016.05.067. 

[22] A.L. Harrison, G.M. Dipple, I.M. Power, K.U. Mayer, The Impact of Evolving 
Mineral-Water-Gas Interfacial Areas on Mineral-Fluid Reaction Rates in 
Unsaturated Porous Media, 2015, https://doi.org/10.1016/j. 
chemgeo.2015.12.005. 

[23] K. Coenen, F. Gallucci, B. Mezari, E. Hensen, M. van Sint Annaland, An in-situ IR 
study on the adsorption of CO2 and H2O on hydrotalcites, J. CO2 Util. 24 (2018) 
228–239, https://doi.org/10.1016/j.jcou.2018.01.008. 

[24] A.M. Chaka, A.R. Felmy, Ab initio thermodynamic model for magnesium 
carbonates and Hydrates, J. Phys. Chem. A 118 (2014) 7469–7488, https://doi. 
org/10.1021/jp500271n. 

[25] E. Königsberger, L.C. Königsberger, H. Gamsjäger, Low-temperature 
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