Open Access Article. Published on 24 2025. Downloaded on 04.12.2025 08:23:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Environmental

Science
Nano

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Environ. Sci.: Nano, 2025,
12, 2630

Received 7th October 2024,
Accepted 20th March 2025

DOI: 10.1039/d4en00940a

rsc.li/es-nano

Environmental significance

Enhanced mineral carbonation on surface
functionalized MgO as a proxy for mine tailingsy

Rajeev Kumar Rai, @ 1 Rui Serra-Maia,1? Yingjie Shi,” Peter Psarras,®
Aleksandra Vojvodic *° and Eric A. Stach @*?

The escalating demands of industrialization and development underscore the necessity for an efficient and
scalable carbon capture and storage (CCS) methodology. Mineral carbonation of MgO presents itself as a
promising solution due to its considerable theoretical capacity for CO, adsorption. However, the sluggish
kinetics of the carbonation process pose a significant challenge. Consequently, a comprehensive
understanding of the structural and chemical alterations occurring during carbonation is imperative for
material design. In this study, we conduct a thorough structural and chemical investigation of the MgO
(sourced from different mine tailings) carbonation process using electron microscopic techniques. Our
findings demonstrate that treating MgO with polar solvents enhances its degree of carbonation
significantly, offering a promising avenue for improvement. Moreover, we observe a particle size
dependency in MgO carbonation and note that the inclusion of additional materials, such as Si-based
compounds, further accelerates the carbonation. Density functional theory (DFT) calculations provide
insight into surface functionalization as a result of solvent treatment and its mechanistic effect on the origin
of the enhanced carbonation of polar solvent-treated MgO, revealing a stronger interaction between CO,
and the treated MgO (100) surface as compared to the non-polar solvent treated surfaces. These
discoveries showcase an alternative approach for enhancing MgO carbonation, thereby offering a potential
method for sequestering atmospheric CO, more effectively using mine waste rich in MgO.

The study presented in the manuscript describe the structural and chemical changes occurring during direct carbonation of MgO under normal
atmosphere which helps in understanding the reaction mechanism and can further pave path for the future development of enhanced Carbon capture and
storage (CCS) technologies and contributing to the goal of limiting global warming. The study leverages waste materials (mine tailings) rich in MgO for

carbonation, which otherwise would remain unused. This reduces the need for mining new materials, lowering the environmental footprint associated
with mining activities. By improving the kinetics of carbonation and utilizing low-cost materials, this approach could be scaled to capture significant
amounts of CO,, thus contributing to broader carbon capture and storage (CCS) efforts. The product of the carbonation process results in the formation of

a stable and non-toxic magnesium carbonate which has potential for industrial application. Further lowers down the need for landfilling of disposal of the

mine tailings.

1 Introduction

parts per million (ppm) to reach 421 ppm.' This alarming
rate of CO, release has drawn global attention to the need for

With the rapid development and ever-increasing energy
demand in the past decade, the anthropogenic release of CO,
into the atmosphere has increased its concentration by 20
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effective and scalable carbon capture and storage (CCS)
methods.”™ Current strategies involve capturing CO, emitted
from industrial flues (point source capture) before it is
released into the atmosphere.”® The most commonly used
adsorbents for CO, capture from natural and flue gases are
liquid amines, such as monoethanolamide, aqueous
ammonia, or alkali hydroxide.'®* However, liquid sorbents
are limited and require high operational energy and cost.™
In addition to controlling CO, emissions, there is also a need
to develop methods for directly capturing CO, from the
atmosphere and storing it.

This journal is © The Royal Society of Chemistry 2025
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In this regard, carbon mineralization has shown
significant promise as a chemically and economically
effective method of carbon sequestration."®™® Carbon
mineralization is a natural geological process in which
minerals and industrial waste containing alkaline metals
(Mg, Ca) interact with CO, to form stable carbonates: MO +
CO, — MCO;, where M represents the divalent ions Mg2+
and Ca*.'*° Mineral carbonation offers potential
advantages over other CCS methods, as the end products of
mineralization are solids, environmentally friendly and have
industrial applications. Typically, minerals rich in Ca and Mg
in the form of oxides or silicates are used for carbon
mineralization.>"*>

Among reactive minerals for the carbonation process,
MgO has gained significant attention due to its relatively
high theoretical CO, capture capacity, abundance, low cost,
non-toxicity, and wide operating range.”>>* Another
advantage of carbonation using MgO is its relatively low
regeneration temperature compared to other mineral oxides
such as CaO, which implicates lower energy requirement
during regeneration. The negative AG for the carbonation
of MgO indicates the thermodynamic feasibility of
carbonation under ambient conditions. However, the
carbonation of MgO is kinetically limited.>*® In addition,
the low atmospheric CO, concentration and the formation
of a passivating MgCO; layer on the MgO surface result in
a slow reaction rate for natural carbonation. The MgCO;
layer has been proposed to acts as a barrier, hindering CO,
diffusion to the MgO surface for further reaction to

occur,””?*® once surface being carbonated, the lack of an
effective  primary active site further decrease the
carbonation kinetics of MgO. The main challenge

associated with carbon mineralization using these minerals
is accelerating the kinetics, namely, achieving accelerated
carbonation.”**® The conversion of MgO to MgCO; occurs
through a series of chemical reactions, and it has been
hypothesized that the thermodynamics and kinetics can be
influenced by factors such as hydration (relative humidity
(RH)), carbonation duration, and the presence of other
chemical components.***! Further several efforts have been
made to modify and improve the kinetics of MgO
carbonation including varying the particle size, increasing
the water content,'® or surface functionalization by
incorporating metal salts such as K,CO;, KNO3, and NaNO;
or amine.*”* Recent work by Bracco et al has
demonstrated that increasing relative humidity (RH)
promotes the formation of a disordered hydrated reaction
front on MgO during carbonation reactions.*® The
morphology of hydration products over MgO have been
shown to depend on the rate of dissolution and diffusion.
The slow rate of diffusion and dissolution leads to the
epitaxial growth of Mg(OH), and faster rates lead to the
bulk growth.*’*° Surface functionalization has also been
shown to enhance CO, uptake. For instance, Alkadhem
et al. reported that amine functionalization of MgO surfaces
enables stronger interactions between amine groups and
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CO,, resulting in improved carbonation adsorption.*®
Similar functionalization strategies have been explored for
other materials, such as carbon molecular sieves, with
positive outcomes for CO, adsorption.** Furthermore,
combined theoretical and experimental investigations have
revealed that organic polar groups can adsorb onto MgO
surfaces and undergo partial dissociation,""™* contributing
to surface functionalization. This phenomenon offers
potential for further optimization of carbonation processes.
Despite these advancements, a comprehensive nano- and
atomic-scale understanding of the structural and chemical
transformations occurring during mineral carbonation
remains elusive and warrants further investigation.

Industrial mine wastes rich in alkali ions are another
inexpensive yet less exploited alternative material for mineral
carbonation.’**® Despite the existence of a cheap and cost-
effective feedstock supply, extensive-scaled application of
mine waste for carbonation suffers from low reactivity.*®*’
Therefore, even a slight increase in reactivity of the mine
waste could open a new paradigm for industrial-scale mineral
carbonation. Thus, it is crucial to understand the mineral
carbonation mechanism structurally and chemically under
ambient conditions. Fundamental insight into the
mechanism may help to accelerate mineral carbonation
efforts.

The purpose of this work is to provide a mechanistic
understanding of the structural changes that occur during
the carbonation of surface functionalized MgO minerals for
proxy mine waste using a combination of experimental and
computational tools and have been compared with non-
functionalized MgO. The use of organic polar molecules as a
solvent provides an added advantage to just functionalize the
surface without much alteration to the initial structure of
MgO due to extensive hydration and provides evidence of
surface functionalization effects for the carbonation process.
The minerals were obtained directly from the mines and
contained various impurities, primarily Si-based, which we
found have variable impact on carbonation. While this
complicates the analyses presented herein, we focus on
generally observed trends.

2 Materials and method
2.1 Material synthesis

Two MgO samples, hereafter referred to as sample A and
sample B, were prepared by calcinating MgCO; rich minerals
as a proxy for mine tailings obtained from the Calix mine in
Australia and the Premier mines of Nevada, USA, respectively.
The minerals obtained were calcined at 600 °C for 2 h to
regenerate the MgO. TEM studies of carbonation kinetics and
mechanism in MgO derived from mine tails were studied by
preparing the TEM grid under two different conditions. One
set of the TEM grid was prepared by sprinkling the dry
powder on a carbon-coated copper grid, hereafter referred to
as the “dry sample”, and the other was prepared by
dispersing the MgO samples in methanol or isopropyl

Environ. Sci.; Nano, 2025, 12, 2630-2646 | 2631
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alcohol (IPA) using sonication, followed by drop-casting a
drop of solution on TEM grids and drying, hereafter referred
to as the “treated sample”. TEM grids were kept in an open-
air container to undergo the natural carbonation process
under ambient humidity and air, and were examined at
different intervals under the electron microscope.

2.2 Characterization

The phase and crystallinity of the initial samples were
characterized using X-ray diffraction (XRD) Rigaku MiniFlex
6G theta-2theta vertical goniometer benchtop powder
diffraction system. The morphology, microstructure, and
structural evolution during the carbonation process were
investigated using transmission electron microscopy (TEM).
TEM imaging was performed using a JEOL F200, operating at
200 kV. Scanning transmission electron microscopy (STEM),
energy dispersive spectroscopy (EDS), and electron energy
loss spectroscopy (EELS) were performed using JEOL
NEOARM, operating at 200 kV with a convergence angle of 27
mrad. STEM images were acquired with a 4 cm camera
length and a probe current of 160 pA. EDS and EELS were
acquired in dual spectrum imaging mode (SI) with a probe
current of 160 pA to acquire sufficient signal without
damaging the samples. A camera length of 2 cm and 0.1 eV
per channel or 0.25 eV per channel dispersion was used to
obtain EELS spectra with an enhanced signal-to-noise ratio.
EELS spectra were acquired with a dual GIF camera and a K2-
IS camera operating in the summit mode, provided by
GATAN Inc., using a 5 mm aperture fitted at the Gatan
imaging filter (GIF) entrance.

2.3 Computational methods

All modeled systems were setup and managed using the
atomic simulation environment (ASE).*® First-principles
non-spin  polarized density functional theory (DFT)
calculations were performed with the Quantum espresso
software package,*® using the Bayesian error estimation
exchange correlation functional with van der Waals
correlation (BEEF-vdW).>* A plane-wave basis set was used
to expand the Kohn-Sham wave functions, with 500 and
5000 eV kinetic energy and density cutoff, respectively.
Ultrasoft pseudopotentials®® were used to approximate
core-electrons. The bulk lattice constant of the cubic MgO
crystal®® was found to be 4.282 A, which is close to the
experimentally reported values of 4.21-4.24 A% A 4 x 4
x 1 (4 x 4 x 4) Monkhorst-Pack k-point grid®* was used
for all surface (bulk) calculations. The (100) and (110)
surfaces of MgO were modeled using a 2 x 2 repeated cell
in the x- and y-directions, a 4-layer slab, and a 10 A
vacuum spacing between periodic images in the
z-direction. The atomic positions of the two lower slab
layers were constrained to their bulk lattice coordinates,
allowing only the atoms in the top two slab layers to
relax. The individual methanol, isopropanol (IPA), hexane,
water, CO,, and H, molecules were modeled in a supercell
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with 10 A vacuum in all directions since these energies
are needed as reference energies to obtain the
thermodynamics (see details below).

Herein, we will computationally model the reactivity and
carbonation of the (100) and (110) MgO surface facets which
are the two predominant surface facets observed
experimentally using XRD (see Fig. S4 in ESIf). Hence, we
assume that the other less pronounced surface facets, e.g. the
(111) and (311) surfaces, will have minimal impact on the
overall carbonation performance. The treatment of the
material with the polar and non-polar solvents was
hypothesized to modify the termination of the (100) and
(110) surface facets through adsorption of the intact or
partially dissociated solvent molecule, which could result in
different smaller species adsorbed on the surface. The
different species are modeled to adsorb on the bulk-cleaved
surfaces and the corresponding Gibbs free energy of
adsorption is defined in eqn (2). This assumes that the
surfaces are in fast equilibrium with both carbon and oxygen
elements, hence the change in solvent chemical potential
only affects the chemical potential of hydrogen. The
considered dissociated species include individual sub-
components of the solvent molecules and combinations of
multiple sub-components. Specifically, this analysis included
the following single species H, O, OH, CH,, CH,O, and H,0O
as well as mixed combinations including H + OH, H + CH,O,
OH + CH, at coverage 0.125 ML and 1 ML (see legend of
Fig. 8). Here, x is either 2 or 3, depending on the nature of
the solvent reservoir. The monolayer coverage is defined by
an (or a pair of) adsorbate per MgO unit. We further assume
that the entropic contributions of the crystal structures and
the volume changes are negligible. The Gibbs free energy of
adsorption is given by

AGags = AFags + PAV — Nsovisolv = (Esys ~ Eglap — Gsolv)
~ NsolvMsolv (1)

= ESYS ~Egap — Z nif; — Ny (gsolv + Moty ~ Zﬁiﬂi> 3 (2)

i+H i+H

where Eg,p and Egy are the DFT calculated energies of the
clean and functionalized MgO surfaces, respectively. n; and 7;
are the number of individual chemical elements in the
adsorbate and in the solvent molecule, respectively. The
reference energy of each element y; is determined from the
total electronic energy of a stable gas phase molecule or a
reference gas phase reaction.’® The chemical potentials of
the solvent molecules are calculated from their ideal gas
Gibbs free energies:

aGsolv)

T,P) = (2 3
lusolv( ) (ansolv rp ( )
GsolV(T: P) = HSOIV(T) - TSSUIV(Ty P)7 [4)

This journal is © The Royal Society of Chemistry 2025
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where Hgoo(7) and Sgory (7 P) are the ideal gas enthalpy and
entropy, respectively. Calculation details for these
thermodynamic terms are given in ESL}

After the treatment of the material with the solvents,
which could result in a functionalized material, the
remaining solvent is retrieved from the system and the solid-
liquid equilibrium transforms into a solid-air equilibrium.
For the new solid-air equilibrium, the dissociatively adsorbed
species no longer obey boundary condition with the
treatment solvent reservoir, leading to a possibility for these
adsorbed species to desorb from the surface. To assess the
stability of the adsorbed dissociates species at the new
equilibrium, we perform a desorption energy analysis. The
desorption energy of a single/pair of the adsorbate species
for a given coverage is defined by:

AEdes = En—l - En + Z Ei7 (5)

where E, is the energy of the slab covered with n (or n pairs
of) species, and E,, is the energy of the slab with one less
(or one less pair of) species. In this study, we focus solely on
presenting an analysis of a single/individual (or a single pair
of) adsorbate coverage and a full monolayer (1ML) coverage.
Investigating intermediate coverage levels introduces the
challenge of sampling short-range interactions among the
adsorbate pairs, significantly increasing the computational
costs.

Finally, to investigate the carbonation thermodynamics of
the solvent-modified (100) and (110) MgO surfaces, we

View Article Online
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performed a comprehensive computational screening of CO,
adsorption on multiple possible adsorption sites and initial
configurations of the molecule.”” These results are compared
with the bare untreated surfaces, that is, clean bulk-cleaved
surfaces. One specific adsorption map for the bare MgO (100)
surface is presented in Fig. 1. The adsorption maps for other
differently faceted and terminated surfaces can be found in
Fig. S12-S18 in the ESIf} The CO, adsorption energy is
defined by:

AEads = EC02+slab - Eslab - EC027 [6]

where Eco isiab iS the total energy of the system, Egy, is the
energy of the relaxed slab without CO,, and Eo, is the energy
of a CO, gas molecule.

3 Results

3.1 Carbonation of MgO nanoparticless in dry as-produced
conditions

Morphological analyses of the dry samples in their original
condition (day-0) were imaged (Fig. 2 and S1f), revealing
clusters of crystalline MgO nanoparticles. The high-resolution
image of MgO shows the predominant (100) surface of MgO.
Periodic microscopic observations were conducted to track
the carbonation process of the dry samples. After 120 days, no
structural changes associated with carbonation were observed
in the dry sample A and aggregates similar to those observed
on day-0 were still present (Fig. 2(c and d)). Electron energy

@ On Mg

(b) Along Mg
O Across Mg
® ono

() Along O

@ Across O

® onMg-0
(h) Along Mg-O
0 On center
O Across Mg-Mg
@ Across Mg-O
© Bridge

Fig. 1 Adsorption site and orientation map for considered starting configurations for CO, adsorption on the clean bulk-cleaved MgO (100) surface
(top-down view). Mg and oxygen atoms are represented in green and red, respectively.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 High-angle annular dark-field scanning transmission electron micrographs of dry-sprinkled MgO sample A (a-c) day-0, (d and e) day 120,

and (f) corresponding EELS spectra (inset: magnified O K edge).

loss spectroscopy of the dry sample A confirmed the initial
findings from the STEM images. Initially, the freshly
dispersed samples exhibited strong O K edge peaks at 538.8
eV, 547 eV, and 557.5 eV, which are characteristic of MgO,
with a minor impurity peak of Ca, and have very small
quantity of adventitious carbon, indicating the samples were
clean. After 120 days, sample A displayed no structural
changes and the strong crystalline peaks of the O K edge for
MgO remained unchanged. Adventitious carbon was found on
the sample surface on day-120, as evidenced by the presence
of a broad amorphous C K edge, contrary to what was
observed for the as-prepared condition. A similar carbonation
behavior was also observed for dry sample B (Fig. S1t).
However, in contrast to the sample A, the dry sample B
exhibited evidence of water adsorption after 6 months, as
identified through EELS acquisition, showing an additional
pre-peak around ~531.6 eV near the O K edge. The pre-peak
before the main O K edge can be corroborated to the presence
of oxygen molecules from the decomposition of H,O or (-OH)
groups adsorbed on the MgO surface.”®”° These observations
indicate that untreated MgO minerals exhibit
carbonation kinetics.

slow

3.2 Carbonation of MgO nanoparticles dispersed and
sonicated in polar solvents: methanol and IPA

It has been suggested that carbonation kinetics can be
enhanced by adding surface functionalization, moisture/

2634 | Environ. Sci.: Nano, 2025, 12, 2630-2646

humidity, seed nuclei or the presence of secondary
minerals.®® To understand the impact of surface
functionalization on carbonation, we prepared MgO
nanoparticles functionalized with different functional groups
by treating them with different solvents. The crystalline MgO
sample A and sample B were dispersed in a polar solvent
(methanol or IPA), drop-casted onto a TEM grid, dried and
stored in an open container similar to the dry-sprinkled
MgO. The carbonation of MgO dispersed in polar solvent and
sonicated proceeds sporadically for well-dispersed MgO in
contact with ambient air as it converts into amorphous
MgCO; (Fig. 3). The amorphous carbonate that is formed has
a very smooth and round surface, consistent with previously
observed amorphous spherules formed from CaO
carbonation.®’ The area occupied by the newly formed
MgCO; is approximately the same as the area initially
occupied by MgO before undergoing carbonation, which
indicates slight or no area expansion during carbonation
(Fig. S2t). In addition, the general shape of the original MgO
aggregates is maintained throughout the aggregate's
carbonation and after an aggregate has fully carbonated with
the collapse of the individual MgO nanoparticles to one large
grouping of carbonates. The amorphous carbonate features
initiate and grow from the surface of the crystalline MgO
aggregates. As the carbonate grows, the MgO gets depleted,
eventually leading to the complete conversion of the original
MgO aggregates. The EELS signature of the O K edge of the
aggregates can also be used to characterize the formation of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Representative images of MgO carbonation. (a) MgO was prepared by calcinating mined MgCOs3 and freshly dispersed on a TEM grid (day-
0), inset: O K EELS spectra. (b) MgO aggregate dispersed on a TEM grid undergoing carbonation, inset: selected area electron diffraction (SAED)
pattern from the carbonated and uncarbonated region. (c) Fully carbonated MgO aggregate (MgCO3) dispersed on a TEM grid, inset: O K EELS

spectra of fully carbonated aggregates.

carbonate phase. The EELS signature for the O K feature of
carbonate is different from the one for MgO, as shown in the
insets of Fig. 3.

The formed carbonate phase are electron beam sensitive.
If amorphous carbonate phase is exposed to the electron
beam in vacuum conditions, it rapidly bubbles off the CO,
and de-carbonates, regaining a nanocrystalline MgO structure
(Fig. S37). Although the beam induced MgO has similar
crystal structure to the pre-carbonated MgO, its morphology
differs, and the newly formed MgO has small crystallite sizes
(<10 nm). This process is fast and complete conversion is
observed in <10 s unless the electron beam dose and dose
rate are very low.

A qualitative difference in carbonation was observed for
the polar solvent treated sample A and sample B. The
carbonation process is faster for the treated sample A (Fig. 4).
The vast majority of the treated sample A was fully converted
to the amorphous carbonate even after only one month,
while in the case of treated sample B, most aggregates were
not fully converted during the same carbonation duration. To
dive deeper into difference in the degree of carbonation of
treated sample A and sample B, XRD analysis was performed
(Fig. S4t1). XRD analysis showed that both samples are
structurally periclase and exhibit similar levels of preferential
orientation, favouring the (100) facets, consistent with high-
resolution TEM imaging (Fig. S5t). This is one of the primary
facets that was used in our computational models. The
broader XRD peaks for sample A as compared to sample B
depict the particle size difference between sample A and
sample B. Using the Scherrer equation 7 = Ki/(cos 6f) on the
intense 200 reflection of the XRD pattern, an average particle
size was calculated, where 7 is the crystallite size, K is the
shape factor g is the full width at half maxima of the peak
and 6 is the Bragg angle. An average particle size of 12 nm
was found for sample A, compared to 34 nm for sample B.
The estimated particle size is consistent with the
observations from TEM analysis of freshly dispersed sample
A and sample B (Fig. S6T). In summary, sample A, with

This journal is © The Royal Society of Chemistry 2025

smaller particles of the two samples, shows more carbonation
when treated with the polar solvent. While both MgO
samples carbonated sporadically and quickly after dispersed
in methanol or IPA (Fig. 3 and 4) and drop-casted onto a
TEM grid, neither showed carbonation when left as untreated
powder form in contact with air for an extended period
(Fig. 2 and S1%).

The carbonation of MgO aggregates does not happen at
the same rate for all MgO aggregates. Likewise, it does not
occur homogeneously over each aggregate. While certain
aggregates show complete conversion after two months some
remain completely uncarbonated (Fig. 5(a and b)). The
aggregates that remain as MgO and do not carbonate are
small. For example, the average aggregate size of
uncarbonated MgO for freshly dispersed is <1 um (n = 30).
After two months, virtually all large aggregates have
carbonated to MgCO; (Fig. 4 and 5(a-f)). The average
aggregate size of the remaining uncarbonated material is
only 100 nm (n = 30), showing that only very small aggregates
are left uncarbonated (Fig. 4 and 5(a)). In contrast, the large
aggregates exhibit extensive carbonation in all cases.
Furthermore, the uncarbonated aggregates typically exhibit
significant evidence of adventitious carbon at their surface,
which is in contrast to the large MgO aggregates that have
undergone carbonation and seldomly have surface
adventitious carbon (Fig. 5(c-f)). These findings indicate that
larger MgO aggregate sizes are more prone to convert to
MgCO; at the tested conditions.

The carbonation of MgO can also be influenced by the
presence of certain impurities which could act as hydrating
agents by adsorbing the moisture and maintaining the
hydration of the MgO. The mine-tailed samples have SiO,-
based impurities, which when dispersed in solvent,
surround the MgO in various regions and can facilitate the
carbonation of MgO in those aggregates. Fig. S7 shows the
STEM-EDS maps of the solution dispersed sample A showing
the presence of SiO,-based impurities layering over the MgO
aggregates which were aggregated in dry powder. The

Environ. Sci.. Nano, 2025, 12, 2630-2646 | 2635
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Fig. 4 Time-evolution of two MgO samples with different average particle size. (a and d) Freshly dispersed sample A; (b and e) sample A after 1
month of dispersion on the TEM grid; (c and f) sample A after 6 months of dispersion on TEM grid; (g and j) freshly dispersed sample B; (h and k)
sample B after 1 month of dispersion on TEM grid; (i and |) sample B after 6 months of dispersion on the TEM grid.

aggregates that carbonated more quickly have a significant
fraction of SiO,-based impurities in the nearby area and
have attracted moisture (Fig. 5(g-i)). The presence of
moisture in the carbonating MgO aggregates can be
identified from the EELS spectra of carbonated and
uncarbonated regions (Fig. 5(g-i)). The carbonated area
shows a pre-edge peak in O K edge, corresponding to
the gaseous release of O, due to presence of either H,O or
(-OH).*®"° At the same time, the uncarbonated MgO regions
have less Si in those aggregates (Fig. S7f). The observed

2636 | Environ. Sci: Nano, 2025, 12, 2630-2646

SiO,-modified carbonation indicates that the hygroscopic
nature of SiO, can also further affect the carbonation of the
MgO aggregates by maintaining enough hydration around
the aggregates. MgO is shown to form metal-silicate hydrate
upon reaction with SiO,-based mineral in presence of water
further reinforcing our observation.®>®® However, the exact
quantification ratio of MgO to SiO, needed to maximize the
carbonation was not achieved as the amount of SiO, keept
changing due to the surface diffusion of SiO, over the
aggregates. The hygroscopic nature of SiO, can be further

This journal is © The Royal Society of Chemistry 2025
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(a) TEM image of amorphous carbonate and smaller uncarbonated aggregates marked in circles as region 1 and 2, respectively; (b) SAED

pattern from the marked region 1 and 2 of (a); (c and d) STEM image of uncarbonated aggregates and corresponding C K EELS spectra showing
the adventitious C features (e and f) STEM image of carbonated aggregates and corresponding C K EELS spectra from the marked region as 1 and
2; (g-i) STEM image, C K and O K EELS spectra from carbonated and uncarbonated regions for an MgO aggregates.

supported by observing formation of amorphous regions
between the aggregates after an extended period (Fig. S87).
A layering of SiO, was observed between the MgO
aggregates, which was absent in the freshly prepared
samples.

The impact of sonication is indirectly related to the
interaction of solvent with the MgO nanoparticles. A drop of
IPA was added to the dry-sprinkled MgO nanoparticles and
examined over an extended period. The carbonation kinetics
were found to be slower as compared to the sonication-
induced dispersion. Very few regions of MgO show
carbonation, presumably due to insufficient solvent
interaction with MgO and hence small quantities of
functionalization which could influence the reaction. Most

This journal is © The Royal Society of Chemistry 2025

areas showed uncarbonated MgO with adventitious carbon
(Fig. S97).

The influence of solvent polarity was investigated by
dispersing MgO nanoparticles in the non-polar solvent
hexane. The hexane-dispersed MgO nanoparticle aggregates
showed no structural changes and retained their high
crystallinity following dispersion, as confirmed by electron
energy loss spectroscopy (EELS) analysis of the O K-edge (Fig.
S10(a, b and e)f). No adventitious carbon contamination was
detected initially. However, upon exposure to air for
approximately one month, the MgO aggregates exhibited
significant adsorption of adventitious carbon, as evidenced
by the C K-edge EELS spectra (Fig. S10(e)f). Prolonged air
exposure of hexane-treated samples led to partial
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carbonation, although some uncarbonated MgO remained
even after two years of atmospheric contact (Fig. S10(f-h)f).
The non-polar nature of hexane, lacking functional groups
conducive to surface interactions, does not provide any
additional benefit for carbonation. On the contrary, it may
hinder the carbonation process by facilitating the adsorption
of adventitious carbon, leading to surface passivation.
Interestingly, unlike samples treated with polar solvents,
hexane-treated MgO surfaces were devoid of silica (SiO,)
deposition. In contrast, polar solvent-treated samples
typically exhibited diffuse SiO, based layers surrounding the
MgO aggregates, as shown in Fig. S11.f This difference
underscores the role of solvent polarity in surface chemistry
and structural interactions.

3.3 Understanding MgO carbonation at the nanoscale level

To gain a deeper understanding of the MgO carbonation
process, we employed electron energy loss spectroscopy
(EELS) to analyze the evolution of MgO aggregates into
MgCO; (Fig. 6). The EELS images revealed a clean surface of
MgO with well-defined crystal edges (Fig. 6(a)). To facilitate
carbonation, we dispersed the MgO on a TEM grid and
introduced air by deliberately exhaling humidified CO, onto
the grid. High concentration of CO, with humidity have been
shown to enhanced the carbonation process®*®® and, in less
than 1 hour, an amorphous carbonated layer was observed at
the surface of freshly dispersed sample A aggregates
(Fig. 6(b)). The freshly dispersed MgO aggregates undergoing
carbonation initially did not contain any carbon on their
surface. However, during the carbonation process, a clear
EELS carbonate signature emerged in the amorphous
carbonated materials on the surface of the MgO aggregates,
indicating the uptake of CO, during the carbonation process
(Fig. 6(c)). The carbon K edge spectra further revealed an
additional peak at approximately ~287 eV, in addition to the
conventional carbonate carbon K edge. This additional peak
can be attributed to C-OH groups, implying the formation of
bicarbonate species along with the carbonation process.

shiy dispersed MgO Premier Early carbonation st

No amorphous —%

MgCO; at the surface .\

v

Amorphous MgCO,3
atthesurface =
10 nm
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In Fig. 7, we observe the aggregates undergoing the
natural carbonation process, and the point EELS spectra of
the carbon K edge display a systematic variation between
carbonate and bicarbonate, indicating the possible formation
of carbonates via a transition zone of bicarbonates. The fully
carbonated region of the aggregates shows characteristic
peak features of carbonates. However, as we move towards
the uncarbonated MgO there is an increase in the intensity
of the additional peak corresponding to bicarbonates,
suggesting a concentration gradient of these different species
within the aggregates. Continuing inward, the carbon peak
entirely vanishes in the MgO region of the aggregates, as
MgO does not inherently contain carbon before the
carbonation process starts. This finding supports the notion
that the carbonation process progresses via a carbonation
front, which starts at the surface of the MgO aggregate and
propagates inward into the bulk of the aggregate. Overall, the
EELS analysis provides critical insights into the carbonation
mechanism of MgO, demonstrating the simultaneous
formation of bicarbonate species and the subsequent
conversion to carbonates. The identification of a carbonation
front, that starts at the surface of the MgO nanoparticle
aggregate and propagates inward, further contributes to our
understanding of the spatial dynamics of the process.

3.4 Solvent-modified MgO surface functionalization

To understand the possibility of surface functionalization
depending on the solvent and its effect on the experimentally
enhanced carbonation process, we performed DFT
calculations. We modeled the stability of functionalized MgO
(100) and (110) surfaces as a result of MgO being treated with
and in contact with a polar (methanol, IPA) and non-polar
(hexane) solvent. Fig. 8(a—c) shows the thermodynamically
favored surface termination and coverage of different solvent
derived species, which taken together define the
functionalization, when MgO (100) is exposed to the solvent
as a function of the chemical potential for each solvent. The
changes in Gibbs free energies for a full monolayer coverage
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Fig. 6 Carbonation of MgO upon being exposed to exhaled air. (a) Freshly dispersed MgO Calix with clean surface. (b) Freshly dispersed sample A
(MgO Calix) upon being exposed to human exhaled air. (c) EELS C-edge for region t 1 (fully carbonated) and region 2 (front of carbonation) in panel

(b).
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surface in equilibrium with vacuum.

(solid lines in Fig. 8) were normalized by the number of
adsorbate pairs so that the average energy of adsorbing each
pair was obtained. The chemical potentials corresponding to
the saturated vapor are shown by the dashed black line. Near
the saturation conditions, the termination components vary
in response to different treatment solvents. For a methanol-
treated MgO (100) surface, a low coverage of -H and -OH
pairings is the most stable dominating functionalization. For
an [IPA-treated MgO (100) surface, the termination
components are diverse, consisting of a mixture of -H, -OH,
and -CH,O species. On the other hand, the hexane-treated
MgO (100) surface prefers to be un-functionalized as none of
the solvent derived species stabilize it.

Fig. 8(d) shows the desorption thermodynamics of the
adsorbed solvent-derived species from the MgO (100) surface
once the remainder of the solvent is removed post treatment.
The MgO (100) surface readily loses the adsorbed species
when they are not in contact with the solvent reservoir (only
exception is in the scenario of sparsely distributed (0.125 ML)

This journal is © The Royal Society of Chemistry 2025

H-OH pairings (AE4es of +0.231 eV)). It is worth noting that
0.125 ML -OH species (without H) alone are unstable (-1.983
eV), highlighting the pivotal role of H species as stabilizers.
From Fig. 8(a and b), we conclude that the methanol-treated
MgO (100) surface maintains its predominant termination
when exposed to the air, while the IPA-treated MgO (100)
surface transforms from a multi-component system to a
surface covered predominantly with H-OH paired species due
to their weaker propensity for desorption, suggesting the
nature of irreversible adsorption of H-OH pairings on the
MgO (100) surfaces.

Similarly, decorating the (110) surfaces with H-OH
pairings originating from a methanol or IPA treatment is also
readily thermodynamically favored (see Fig. S19(c and d)f).
However, the H-CH,O pairings are competitively adsorbing,
and this trend is more significant for the IPA-treated case.
The desorption analysis shows both these adsorbate pairings
are stable on the MgO (110) surfaces (AE4es of +1.951 eV for
H-OH and +0.541 eV for H-CH,O). The irreversible binding
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of the H-CH,O species indicates the MgO (110) surfaces are
likely susceptible to adventitious carbon. It is also worth
noting that the hexane-treated MgO (110) surface
accumulates CH, groups, implying the potential of MgO
(110) surfaces for attracting adventitious carbon that could
hinder carbonation.

3.5 Mechanistic carbonation analysis on functionalized MgO
surfaces

CO, adsorption was studied on bare untreated MgO (100)
surface and functionalized methanol/IPA-treated MgO (100)
surfaces (terminated with 0.125 ML of H-OH pairings). In
addition, these conditions were compared to the scenario
where explicit water molecules are present, as to simulate the
moisture component in the air. The complete list of
considered adsorption configurations and energies are given
in Tables S1-S8.f Fig. 9 summarizes the lowest adsorption
energies specific to each terminated surface. On the bare
MgO (100) surface, we only found CO, interacting weakly
with the surface in a physisorbed state (AE,qs of —0.292 eV).
On the methanol/IPA-treated MgO (100) surface, there were
three possible stable CO, adsorption states: CO, adsorbs with
a linear geometry (-0.609 eV) (Fig. S20(a and b)¥); it could be
adsorbed in a bent geometry forming a C-O bond with a
lattice oxygen and transforming into a carbonate-like species
(-0.852 eV) (Fig. 10(c and d)); or it could form a C-OH bond
with a surface OH group and become a bicarbonate-like
species (-0.714 eV) (Fig. 10(e and f)). To verify if CO,
predominantly interacts with the surface and the adsorbed
species and not with other CO, molecules as present through
the mirrored images due to the periodic boundary
conditions, we performed the same calculation on an
expanded (4 x 4) supercell. We find similar adsorption results
with a value of -0.894 eV compared to -0.852 eV for
carbonate-like species and —0.744 eV compared to -0.714 eV
for bicarbonate-like species formation. This confirms that the
dominating interactions are primarily a consequence of
adsorbate-surface interaction and not adsorbate-adsorbate
interactions. We next investigated if the improved CO,

3.500 mlinear mcarbonate m bicarbonate

I AEads ] (ev)

0.000
(100)bare  (100) 0.125 ML

H+OH

(100) water
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adsorption thermodynamics can be attributed to the
proximity of the adsorbing CO, molecule to the H-OH
functional groups. To do this, we adsorbed the CO, as far
from OH as possible in the 4 x 4 supercell. The resulting
AE,qs is —0.290 eV, which is very close to the adsorption value
on a bare untreated surface (-0.292 eV). The redistribution
(gain and loss) of electrons of each atom caused by the
carbonation processes is shown in Fig. 10 (isosurface level
was set to 0.003 e A~ for all plots). The electron charge
density analysis confirms the capability of CO, chemisorbing
on the methanol/IPA-treated (100) surface but not on the bare
surface. Two viable pathways for carbonation on a methanol/
IPA-treated MgO (100) surface (Fig. 10): (1) H first recombines
with OH to form a water molecule, and then interacts with O
in CO, and stabilizes its structure in a bent configuration,
and (2) OH stays dissociated from H, and directly forms a C-
OH bond. In both pathways, OH groups are indispensable,
but the importance of isolated H is unclear. Therefore, we
performed additional calculations to isolate OH from its H
counterpart and performed an adsorption analysis on the
surface covered with OH only. The calculated AE,q4s values are
-0.469 eV for linear CO,, —0.447 eV for carbonate-like species,
and —0.810 eV for bicarbonate-like species (see Fig. S237).
Notably, forming carbonate-like species becomes less favored
when the surface lacks recombined water. Instead, the
isolated OH group allows a surface Mg to rumple and then
facilitates stabilizing CO,, however, this effect has a smaller
influence on the adsorption than water. On the other hand,
OH likely has more freedom to interact with C without
electron transfer with H, hence AE,qs is more negative. We
have also modeled CO, adsorption on the surface with full
(IML) H-OH coverage for comparative purposes, even though
this starting surface is not thermodynamically favored. The
AE,q4s is —10.394 eV (or -1.299 eV per H-OH pair), but no
evidence for chemisorption is found (see Fig. S20(c and d)f).
Instead, the very negative energy is due to surface relaxation
and not adsorption.

When a system is exposed to air, water can participate as
a reactant and is particularly critical for lowering the
carbonation energy barriers.®® To examine the role of water,
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Fig. 9 The lowest CO, adsorption energy on bare and functionalized (100) and (010) surfaces with the CO, in different configurations: linear,

carbonate and bicarbonate.
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(@) (b)

Fig. 10 Visualized charge difference upon CO, interacting with an MgO (100) bare surface (a) top-down view, (b) side view, methanol/IPA-treated
surface with carbonate-like species formation (c) top-down view, (d) side view, methanol/IPA-treated surface with bicarbonate-like species
formation (e) top-down view, (f) side view.

we assume a 1:1 H,0:CO, ratio. The bare MgO (100) surface ~ methanol/IPA-treated (100) surface was much stronger
was found to have weak interaction with a water molecule  (-1.024 eV). This could be due to the hydrogen bonding
(AE.qs of -0.486 eV), while the water interaction with the  between water and surface OH groups. With these adsorbed
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water configurations on the bare MgO (100) surfaces,
adsorption of CO, was modeled. The resulting observed CO,
configurations were both carbonate-like (AE,q5 of —0.598 eV)
and bicarbonate-like species (-0.398 eV), in addition to
linearly adsorbed CO, (-0.257 eV) (see Fig. S21f). For
carbonation on the methanol/IPA-treated MgO (100) surfaces
with explicit water, we find that the adsorbed linear CO, is
more favorable (-0.400 eV), but the thermodynamics also
shift toward favoring the formation of bicarbonate-like
species (-0.560 eV) over carbonate-like species (-0.455 eV)
(see Fig. S227). Prior to the carbonate-like species formation,
H and OH recombination takes place first and subsequently
triggers the carbonation. Although the presence of H-OH
pairings seemingly has no significant effect in lowering AE,qs
as long as molecular water exists, the relatively unfavorable
thermodynamics (-0.486 eV) for adsorbing water directly on a
bare MgO (100) surface implies diminished feasibility in
initiating the carbonation process. More importantly,
bicarbonate-like species AE,qs is much less negative when a
water molecule is pre-adsorbed in contrast to the surfaces
without adsorbed water molecules but with H-OH pairings.
This is because there is an energy cost for breaking the H-
OH bond in water to subsequently form a C-OH bond with
CO,. This highlights the role of an OH surface species that
outperforms a molecular water for carbonation. Note that
bulk water does not favor a spontaneous dissociation over
the bare MgO (100) surfaces (see Fig. S19(a)f). In other
words, treating the MgO (100) surface with water wouldn't
result in the same favorable conditions (H-OH pairs) with
enhanced carbonation as polar organic solvents can achieve.
The adsorption energy calculations were repeated on the
MgO (110) surfaces. On the bare MgO (110) surface, the AE,q;
was found to be much more negative (-2.424 eV) than in any
other cases. The superior reactivity can be attributed to the
presence of surface four-coordinated oxygen (O,) site, which
readily forms a C-O bond with CO, and turns into a
carbonate-like species. The superior thermodynamics likely
results in an excessively surface, making it
susceptible  to  passivation by unreactive carbon
deposition.”®***” The O, sites are likely occupied, hindering
further carbonation on the bare (110) surface. Finally, we
modeled the interaction between organic groups and the O,
sites by studying the adsorption behaviors of H-CH,O
groups. When the (110) surface is covered with 0.125 ML H-
CH,O, the AE,qs becomes less negative with respect to the
distance between the CO, adsorption site and the position of
CH,0. When CO, adsorbs on a lattice O that is 3.195 A away
from CH,O, AE,qs is —1.673 eV. When the distance is 4.854 A,
the AE.qs value becomes -2.134 eV, and at the distance of
5.121 A we find AE.q4s is —2.443 eV. Hence, we conclude that
the presence of CH,O screens the surface toward CO,
adsorption, but the effect drops significantly as the proximity
increases. When the surface is fully covered with H-CH,O,
there is only physisorption (-0.223 eV). This suggests a
monotonic decrease in the CO, adsorption thermodynamics
with respect to the coverage of H-CH,O pairings. Conversely,
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the presence of H-OH pairings could enhance the interaction
between CO, and surface species, similar to (100) surfaces.
The AE,qs of adsorbing linear CO, and forming carbonate-
like species improves from -0.341 eV to —0.960 eV and from
-2.424 eV to -2.945 eV, respectively. Regardless, we expect a
smaller tendency towards carbonation as the AE,qs values
indicate due to the aforementioned passivation -effect.
Because of the passivated (110) surfaces, no carbonation was
experimentally reported. With methanol/IPA treatment, we
have insufficient experimental evidence to show if
carbonation has occurred on (110) surfaces. If so, it is likely
through the formation of bicarbonate-like species (-0.711
eV), which is less affected by the passivation effect.

4 Discussions

The findings of our study show that surface functionalization
of MgO nanoparticles plays a crucial role in facilitating the
carbonation process of proxy mine tailings rich in MgO. We
observed that the as-produced dry MgO powder samples
showed no signs of carbonation when exposed to air, whereas
the carbonation process accelerated significantly once the
MgO nanoparticles were dispersed in a polar solvent,
sonicated, dried, and then exposed to air. Despite the
thermodynamic feasibility of carbonation, the slow
carbonation rate observed in the dry sprinkled MgO samples
can be attributed to the low CO, concentration in the
atmosphere and inadequate water content.***® When MgO
contacts with methanol/IPA it spontaneously forms surface
reactive H-OH groups, which can greatly alter the reaction
with CO, to form MgC0;.°”"* On the other hand, dispersing
the minerals in a non-polar solvent like hexane led to the
accumulation of adventitious carbon, hindering the access of
CO, and H,0 to the surface of MgO. Furthermore, our
Rietveld analysis revealed that both samples exhibited a
similar extent of preferential orientation or texture, favoring
(100) facets in both cases, which is consistent with our TEM
analysis. The particle size difference between sample A and
sample B can corroborate the difference in the kinetics of the
MgO samples. The carbonation process of MgO is surface-
driven, with smaller crystal sizes showing more pronounced
effects. However, we couldn't experimentally identify a
specific initiation site, such as a crystal corner or edge, that
could propagate the reaction. Morphological observations
also supported the surface-driven process, as early stages of
carbonation consistently formed discrete surface features on
the MgO aggregates. Unfortunately, imaging the carbonation
reaction front was very challenging due to rapid beam-
induced changes in the MgCO; area. Nonetheless, our results
suggest that the reaction front is not homogeneous, pointing
towards mass-diffusion limitations in the conversion
process.”” This is supported by the fact that the shape of an
aggregate is preserved during and after the conversion to
MgCO;, indicating that the reaction occurs entirely in the
solid state without dissolution and re-precipitation.
Throughout our investigations, we detected the presence of

This journal is © The Royal Society of Chemistry 2025
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elements like Si, Ca, Fe, and F. Ca was well mixed within the
MgO aggregates, while Si-based impurity aggregates spread
out when dispersed in a polar solvent. The hydrophilic nature
of SiO, may further promote the carbonation of MgO
aggregates by maintaining a hydrating environment around
the MgO particles.”® The initial solvation step is crucial in
enhancing carbonation kinetics, as the surface polarity
increases with the adsorption of the -OH group, attracting
moisture from the ambient atmosphere and promoting
carbonation.” This corroborates the enhanced carbonation
achieved for MgO treated with methanol/IPA, which, as
discussed above, induces the formation of surface Mg-OH
groups.” EELS analysis of the carbonating aggregates
revealed that the transformation from MgO to MgCO;
involved the formation of mixed carbon-containing phases
rather than a direct conversion. Additionally, during the
transition, a peak corresponding to bicarbonate ion was
detected, indicating that bicarbonates are an intermediate
species in the conversion of MgO to MgCOj;. Further our DFT
calculations show that functionalization is possible but
dependent on the solvent being polar vs. non-polar.
Importantly, the DFT findings also confirm our experimental
observation of enhanced carbonation over solvent-treated i.e.
functionalized MgO. Specifically, partially the H-OH covered
MgO (100) surface shows an increased propensity towards
and CO, moiety and subsequently undergoes
carbonation process. The presence of H and OH on the
surface together with explicit H,O molecules stemming from
the atmosphere results in the formation of bicarbonate along
with the carbonate, which is in agreement with the
experimental observation. Overall, our study demonstrates
the significance of surface functionalization, particle size,
and other impurities in influencing the carbonation process
of MgO. These findings have implications for understanding
and optimizing the carbonation potential of mine tailings
rich in MgO for environmental applications.

water

5 Conclusion

We conducted a comprehensive study on the natural
carbonation process of MgO derived from Mg-ion-rich mine
tailings. While the carbonation of dry MgO at ambient
atmospheric conditions was found to kinetically slow
although thermodynamically feasible, it can be significantly
improved by dispersing in a polar, OH-containing solvent.
Notably, we observed that the carbonation process of MgO is
size-dependent, with smaller particle size aggregates of MgO
carbonate more rapidly than larger ones. Moreover, we
discovered that the presence of hygroscopic minerals, such
as SiO,, further enhances the carbonation process by
maintaining a hydrated atmosphere surrounding the MgO
aggregates. In our investigation, we utilized electron energy
loss spectroscopy (EELS) to study the carbonation mechanism
and the intermediates involved. We found that the
carbonation of MgO does not occur directly; instead, it forms
mixed phases of carbon-containing substances. Particularly,
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the naturally carbonating aggregates revealed that the
carbonation takes place through the formation of an
intermediate bicarbonate phase. DFT simulations show
existence of functionalized surfaces stemming from polar
solvent treatment and further strengthen our hypothesis of
enhanced carbonation of these modified MgO surfaces. A
favorable decomposition of polar solvent over MgO (100) to
partially cover the surface with H and OH. Adsorbed isolated
H and OH are shown to be crucial for further adsorption of
both H,O and CO, to undergo the carbonation process.
These findings shed new light on the carbonation behavior
of MgO and provide valuable insights into the role of particle
size and hygroscopic minerals in enhancing this process. Our
study contributes to a better understanding of the natural
carbonation potential of MgO, which may have significant
implications for various applications in carbon sequestration
and environmental remediation.
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