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Nitrate salt-mediated carbonation of MgO feedstocks has been extensively studied for CO, absorption,
but the underlying mechanism remains poorly understood. This study investigates the nucleation and
growth of magnesite (MgCOs) in the presence of nitrate salts (NaNOs and KNOsz) to resolve
discrepancies in the carbonation mechanism. Using a simplified sample preparation method, we propose
that nitrate salts catalyze MgCOs formation by (i) lowering the activation energy for brucite (Mg(OH),)
dehydroxylation, (i) stabilizing Mg®*—CO3z>~ ion pairs in nanolayers of water, and (jii) acting as structural
nucleation sites due to their crystallographic similarity to magnesite. In situ thermogravimetric analyses

Received 10th April 2025, (TGA-DSC) reveal that the carbonation reaction initiates at ~300 °C, with an exothermic nucleation

Accepted 16th July 2025 peak at ~311 °C, indicating that nitrate salts enhance the formation of stable carbonate intermediates.
This revised mechanism, where magnesite nucleation occurs via water-mediated diffusion of carbonate

ions and structural templating by nitrate salts, refines our understanding of MgCOs crystallization and
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Introduction

Impactful carbon capture, utilization, and storage (CCU/S)
relies on mineralization pathways to convert CO, into stable
carbonate phases.'™ While calcium-based routes (CaCO; pre-
cipitation) are well understood,” the direct precipitation of
anhydrous magnesium carbonate (MgCO;) remains a mecha-
nistic challenge.® Magnesium-rich feedstocks (e.g., Mg-
silicate minerals and brine) are abundant in nature, ranking
as the eighth-most abundant element in Earth’s crust'® and are
also widely available in industrial waste streams such as mine
tailings, steel slag, and demolition fines."""** However, despite
their theoretical unique potential to store anthropogenic CO,
on a large scale,”>' MgO-based carbonation routes remain
kinetically hindered, largely due to the slow formation of
anhydrous MgCO; at ambient conditions and the unclear role
of reaction intermediates.®"*>

Alkali metal nitrate salts (e.g;, NaNO;z, KNO;) have been
proposed as catalysts for CO, absorption in MgO-based systems,
particularly in pre- or post-combustion CO, capture.*'*™*° Their
catalytic effect has been attributed to: (i) lowering the activation
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offer new insights for catalytic carbon mineralization.

energy of magnesite formation,* (ii) increasing ion diffusivity
due to the dissolution of MgO and CO, in molten salts,*® and
(iii) enhancing CO, adsorption through their reasonable CO,
solubility®® (e.g., 10 % mol L™'/0.04 g L™ * for NaNOj; at 300 °C).*"
However, no consensus is found on the mechanism of magnesite
formation mediated by the nitrate salts. Two main hypotheses
have been proposed: the phase transfer'® and the interfacial
diffusion'® mechanisms.

The phase transfer mechanism proposes the nucleation and
growth of magnesite to occur due to the formation of
[Mg?"...0* ] ionic pairs in the molten nitrate salts, which act
as phase transfer catalysts, enabling the formation of the
carbonate ionic pairs in the gas-solid-liquid triple phase
boundaries where the magnesite nucleation is proposed to
occur.*'® However, the validity of the hypothesis has been
contested since it neglects the pre-melting effects** and over-
looks heterogeneous nucleation.’”?* The interfacial diffu-
sion mechanism postulated the interdiffusion of the carbonate
ions through the magnesite product and MgO layer, proposing
an initial MgCO; nucleation in the interface between the
molten salt and MgO where the dissolved MgO can react with
the absorbed CO,."*** But the hypothesis has been argued to
lack clarity on the transport pathways and explanation for ionic
stabilization,"”'®?¢7*% and the argument was built under lim-
ited conditions, based on the kinetic factors observed for one
molar composition of nitrate salts.

Despite the vast body of literature on the topic, it still lacks a
unified model to explain the formation of magnesite enabled by
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nitrate salts. The direct comparison between studies is challen-
ging due to variations in preparation methods and Mg precur-
sors, hindering comparison between the results and proposed
mechanisms (summarized in Table S1, ESIt). For instance, the
reported works have high discrepancies on the observed CO,
uptake, optimal amounts of reagents, and optimal temperatures
for the carbonation reaction'”~***>?773? Therefore, a comprehen-
sive model should address the mismatches of results seen
between the works, explaining the variable CO, uptake aligned
with the possible pre-melting effects,”® wetting properties,>®
relation with surface area,'”*** and heterogeneous nucleation
sites.®

This study investigates the nucleation and growth mecha-
nism of magnesite in the presence of potassium and sodium
nitrate salts. Using a wet mixing approach, ex situ characteriza-
tion, and in situ thermogravimetric (TG-DSC) analysis, we explore
(i) the catalytic role of nitrate salts in Mg(OH), dehydroxylation
and CO, uptake, (ii) the formation of transient intermediates and
the stabilization of Mg®*~C0O;> ion pairs, and (iii) the structural
role of nitrate salts as nucleation templates for magnesite. Our
results provide new mechanistic insights into the role of nitrate
salts in carbonate mineralization, challenging existing hypotheses
and proposing a revised model where magnesite nucleation
occurs through water-mediated carbonate diffusion and structural
templating by nitrate salts. The findings presented here challenge
the phase transfer' and interfacial diffusion'® models by intro-
ducing new evidence for the role of nitrate salts as structural
nucleation sites, demonstrating the impact of the sample pre-
paration on the carbon extent, and highlighting the variable
catalytic efficiency within distinct nitrate salts.

Experimental
Materials & synthesis

The materials were synthesized utilizing analytical grade reagents,
namely magnesium oxide (>99%, Sigma-Aldrich, USA), magne-
sium hydroxide (> 99.9%, VWR international, DE), sodium nitrate
(>99.5%, Merk, DE), and potassium nitrate (>99%, Thermo-
Fisher Scientific, USA). The syntheses were done by initial wet
mixing of 5 g of the Mg precursor with the targeted molar
amounts of the nitrate salts (10 and 30 mol%) and adding MilliQ
water at the double amount in mass than the total mass of dried
reagents. The solid/water ratio was kept consistent for all inves-
tigated systems using the wet mixing procedure. All samples were
done in triplicates. The slurry was mixed and left to dry for 24 h at
70 °C. It is important to notice that most MgO converts to
Mg(OH), upon hydration; thus, both systems are expected to have
mainly brucite after the addition of water. The carbonation was
conducted in a bulky TGA oven (Precisa, prepASH 129, CH), using
a CO, flow rate of 9 mL min*. A ramp of 8 min was used to raise
the temperature from room temperature to the targeted tempera-
ture, and the systems were left reacting for the targeted time. After
completion of the reaction, the materials were washed with
500 mL of MilliQ water and 100 mL of isopropanol. The solid
products were dried for 24 h at 50 °C.
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The main difference between the procedure employed in the
current work compared with the wet mixing methods described
in the literature is that the dried slurry was submitted to the
carbonation step without pre-calcination. The procedure was
adjusted as such aiming at minimizing the overall energy
consumption of the carbonation route. To assess the role of
water in the carbonation of the samples, additional set of
samples were prepared without the wet mixing step, mixing
the Mg precursors with the nitrate salts in the Thinky mixer for
1 min at 800 rpm and following up with the carbonation of the
mixed powders.

Characterization

Mineralogical characterization was performed via XRD mea-
surements using a PAnalytical instrument at 40 kV and 45 mA
(model X’pert3 MRD), an image plate detector, and Cu Ku
radiation (Kol = 1.54 A). The measurements were performed
at room temperature (RT) and a scan rate of 0.0167° s~ in the
26 range of 5°-70° and the step size of 0.017° 26/step. Phase
identification and quantification were conducted using the
HighScore Plus software Version 5.2 (Malvern PanAnalytical,
UK) and the PDF-5+ 2020 database. The quantitative XRD
analyses were done by Rietveld refinement, using CaF, as
external standard, determining the amorphous contents
through the G-factor method.**** The background was fitted
using the shifted Chebyshev I function with extended back-
ground terms (first 13 terms of the polynomial equation). The
refinement of the phases was done by manually refining the
scale factors, unit cells, and lattice constants. To avoid high
deviations from the initial values of the reference phases, it was
allowed a maximum of 5% variation in the reference lattice
parameter values as formerly recommended.*>® The quanti-
tative analyzes of the XRD patterns are associated with a relative
error of +5-10%. The reference patterns used for phase
identification and quantification were the following: magnesite
- PDF 04-009-2317,%° magnesium hydroxide (brucite) - PDF 04-
015-9383,%° sodium nitrate - PDF 04-015-8706,*' sodium oxide -
PDF 01-077-0207,*> magnesium oxide (periclase) - PDF 00-043-
1022,*® potassium oxide - PDF 00-011-0526,** potassium nitrate
(Pnma) - PDF 04-008-9587,*> and potassium nitrate (R3m) - 04-
016-7477.%°

The particle size distribution of the brucite and periclase
precursors were evaluated with a laser diffraction particle size
analyzer (Beckman Coulter, multi-wavelength, model LS 13 320),
utilizing a Turrax liquid module. The samples were prepared by
weighing 0.5 g of the sample and dispersing it in 100 mL of
isopropanol via assisted sonication (9 min at 37 kHz, 100%
power). The particle size distribution and specific surface area
were calculated with the LS 13320 software (version 5.01), utilizing
the Fraunhofer method (assuming the particles as spheric
shapes). Table 1 shows the main results extracted from the
particle size distribution curves.

The morphologies of the samples were characterized via
SEM, using a Zeiss (Oberkochen, DE) Ultra Plus field emission
scanning electron microscope instrument (secondary electron
at an accelerator voltage of 5 kv and a working distance of
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Table 1 Results of the particle size distribution analyses of the Mg
precursors

Precursor Brucite Periclase
Median (um) 2.9 3.7
Mean (um) 4.7 6.6
Standard deviation (um) 4.8 6.7
Specific surface area (m* g™*) 3.4 4.0

5-7 mm) where samples were coated with Pt. The carbon
contents of the precipitated solids were analyzed using a folded
flight path spectrometer for carbon and sulfur analyses (LECO,
model CS-230, USA), according to the ASTM standard D4208.
The thermal properties of the samples were analyzed through
TGA-DSC measurements performed using an SDT 650 model
manufactured by TA Instruments; ca. 10 mg of powdered
samples were calcinated in alumina from 30 °C to 1000 °C with
a ramp of 10 °C min ' in a N, atmosphere at a flow rate of
100 mL min~ .

In situ carbonation was assessed using a TG-DSC device
(Netzsch, STA, 400 PC/PG), adding ca. 20 mg of the dried
slurries prepared at the ratio of 90 mol% of the Mg precursor
and 10 mol% of the nitrate salts, keeping a CO, flow of
20 mL min~", and using a heating ramp of 20 °C min~" from
38 to 300 °C followed by 1 h at 300 °C. The sample carrier
temperature calibration was done for four temperature points
(In, Bi, Ag, and Au) under a CO, flow of 20 mL min~"; thus,
adjusting the thermocouple of the sample for the use of the
CO, gas. The sensitivity calibration was also done under the
same CO, flow, heating a sapphire glass reference through
the thermal range of the device and using the signal and C,, values
of sapphire to calibrate the heat flow data (mW mg™ ') as a
function of the signal detected in the sample carrier (uV mg ).

Results and discussion
The role of wet-mixing in the sample-preparation step

The variability in the sample preparation methods reported in
the literature (Table S1, ESI{) reveals an overlooked part of the
process, motivating a systematic investigation into the rele-
vance of the sample preparation for maximized magnesite
formation. From the feasibility point of view, the pre-
calcination step seemed an unnecessary energy intensive step,
whereas the wet mixing method seemed to promote sufficient
homogenization of the reagents. That raised relevant questions
on the role of water in the pre-treatment step of the samples:
would that be a necessary step for maximizing the yields of
magnesite formation? Could the wet mixing be avoided to
decrease the overall costs when scaling up the route? How does
the morphology of the precursors vary in the dried slurry? To
shed light on these questions, we investigated the differences
between the systems carbonated employing wet or dry mixing
as pre-carbonation steps (details in the experimental section).
We chose to investigate the systems carbonated with 30 and
10 mol% of nitrate salts, as former works have employed
similar ratios.

This journal is © the Owner Societies 2025
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Fig. 1 shows the XRD patterns of the samples carbonated
after wet and dry mixing as well as the quantified magnesite
amounts compared between all systems (bottom). The detailed
quantitative XRD analyzes are shown in Table S3 (ESIt). The
patterns indicate that the samples prepared with the dry mixing
had the carbonation reaction hindered in most samples, and a
clear increase in the magnesite yield is seen after the wet
mixing step. Specially, in the systems prepared with KNO;,
the carbonation after dry mixing was minimal. However, one
exception is seen in the system prepared at 70 mol% MgO:
30 mol% NaNOj;, where the magnesite yield increased without
the wet mixing (Fig. 1e). In this system, it could be argued that
the carbonation is facilitated by the high availability of MgO
due to combination of factors: lower melting point of NaNO;
than KNO; leading to higher amount of the pre-melted salt, and
high solubility of Mg0:10~7 mol kg~ * at 300 °C in presence of
NaNO,;.>?

We also investigated the absorption of CO, in the nitrate
salts without the Mg feedstocks. Both nitrate salts were sub-
mitted to the carbonation at 300 °C for 1 h, with and without
the wet mixing step. The total carbon contents of the samples
showed none or minimal CO, uptake in the nitrate salts (about
0.06 and 0.05 wt% of carbon in KNO; and NaNOj, respectively).
Thus, even if the CO, solubility increases in presence of the
molten salts, the absorption would not occur without the Mg
feedstocks.

To assess the reaction progress overtime and the possible
formation of additional soluble by-products, we conducted the
carbonation of the systems with 70 mol% of the Mg precursor
and 30 mol% of the nitrate salts for 6 h at 300 °C and analyzed
the carbonation products without the washing step. Fig. S1
(ESIT) shows the XRD patterns of the obtained products and the
respective quantitative XRD measurements are shown in
Tables S4, S5 (ESIt). The longer carbonation time increases
the extent of carbonation, increasing the magnesite contents
and completely consuming the brucite contents. Remaining
amounts of periclase were noticed in all systems, but at con-
siderably lower contents than the observed in the similar
systems carbonated for 1 h.

The results indicated that the wet mixing played an essential
role in the carbonation of the MgO precursor, raising further
questions: (1) are there remaining water in the system which
plays a role in the mechanism of magnesite formation in these
systems? And (2) would the amount of trapped water vary
according to the molar proportions of nitrate salts?

To investigate these questions, it was chosen to compare the
thermal profiles of the dried slurries (after wet mixing) using
TGA-DSC measurements (Fig. 2). One main difference between
the systems with different nitrate salts is that the occurrence
related to the loss of absorbed or coordinated water (60-300 °C)
is seen clearly as an endothermic DSC event only in the systems
prepared with KNO;. Overall, the systems showed minor water
contents, which is lower than 1 wt% for all systems starting
from brucite, about 1.5% for the MgO-NaNO; systems, and
greater for the MgO-KNOj; systems (ca. 3 wt%). The hydration
of the MgO precursor to form brucite is also evident, but the
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Fig. 1 XRD patterns of the samples prepared at x mol% of Mg and (100 — x) mol% of nitrate salts with (a and b) and without (c and d) wet mixing in the
sample preparation prior to the carbonation for 1 h at 300 °C, and comparative column bars graphs (e and f) between the amount of quantified magnesite
(left) and total carbon contents (right) in the systems prepared with wet and dry mixing. B = brucite, M = magnesite, and P = periclase.

comparative weight losses with respect to the brucite samples
indicate remaining periclase in the dried slurry. The brucite
dehydroxylation is reported to occur as an endothermic curve
with maximum at 400 °C,*”*® but in the nitrate salts systems, it
is observed at lower temperatures (320 to 350 °C). That
indicates a catalytic role of the nitrate salts on the

16674 | Phys. Chem. Chem. Phys., 2025, 27, 16671-16684

dehydroxylation of brucite, as observed for other additives.*”
Above 400 °C, the observed endothermic events relate to the
decomposition of the nitrate salts. These results indicate that
absorbed water would have minimal impact on the mechanism
of magnesite precipitation, suggesting a major role from the
water released by brucite dehydroxylation.
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Fig. 2 TGA-DSC of the dried slurries prepared with x mol% of the Mg precursor and (100 — x) mol% of (a, ¢) NaNOs and (b, d) KNOs. All slurries were

dried for 24 h at 70 °C prior to the analyses.

Further insights were obtained from the XRD analyses of the
dried slurries (Fig. 3 and Table 2), being observed that only a
minor fraction of the MgO precursor does not convert to brucite
upon hydration, as seen in the TG-DSC results. Interestingly,
the increasing contents of nitrate salts relate to decreasing
contents of remaining periclase in the system (Table 2), which
might relate to differences in MgO solubility. It was noticed that
NaNO; does not undergo phase transformation during wet
mixing, whereas KNO; is observed as two different crystalline
phases. While NaNO; is observed solely as R3c (167) space
group,’’ the KNO; is observed as two different crystalline
phases: Pnma (62)*° as major and R3m (166)°° as minor fraction
converted during the wet mixing step (Fig. 4). The formed
fraction of KNO; as R3m was observed to remain in the system
after the carbonation for 6 h (Fig. S1 and Table S4, ESI{). This
finding is supported by the literature, since KNO; is known to
undergo different phase transformation under heat; the con-
version between the o <> B <> y phases happens below 150 °C
and melting only at 334 °C.>*>' NaNO; has also been reported
to occurs as R3m space group in certain systems,’" but it is

This journal is © the Owner Societies 2025

observed only in the R3¢ conformation in the dried slurries.
Previous work investigated the structural evolution of NaNO;
with in situ X-ray total scattering and pair distribution function
analysis in N, atmosphere (Fig. S1, ESIt), observing NaNO; to
remain in the R3¢ symmetry group from RT to 290 °C, when a
second order phase transition started to occur, shifting the
symmetry from R3c to R3m, and increasing the orientational
freedom of the NO;™ groups in the temperature range from 290
to 308 °C, after which NaNO; melts and the long-range ordering
decreases.”

Interestingly, magnesite belongs to the R3¢ symmetry group
(Fig. 4), which led us to hypothesize an additional role of the
nitrate salts as seeding agents to the magnesite nucleation. In
turn, that would also explain why the observed results for the
systems with KNO; have considerably better performance after
wet mixing, being reported to have poor performance in pre-
vious investigations. Former studies comparing both salts
attributed the poor performance of KNO; to its higher melting
point, however no wet mixing was employed in these studies,
which may explain the reported low yields.'®****> One work has

Phys. Chem. Chem. Phys., 2025, 27, 16671-16684 | 16675
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Fig. 3 XRD patterns of the dried slurries prepared using x mol% of the Mg precursor (indicated in the graphs) and y mol% of the nitrate salts: (a) 10 or
30 mol% of NaNOs and (b) 10 or 30 mol% of KNOs. All slurries were dried for 24 h at 70 °C prior the analyses. B = brucite, P = periclase, N = sodium nitrate,

K-P = potassium nitrate (pnma), K-R = potassium nitrate (R3c).

Table2 Quantitative XRD analyses of the dried slurries prepared using x mol% of the Mg precursor and 100 — x mol% of the nitrate salts. All slurries were
dried for 24 h at 70 °C prior analyses. The measurements have a standard error of +£5-10%. Theoretical values calculated from the mass of the added

reagents are shown in Table S2 (ESI)

Quantified phases: KNO; systems (wt%)

x mol% Mg precursor:100 — x mol% KNO; Brucite Periclase Potassium nitrate (Pnma) Potassium nitrate (R3m) Amorphous

70 MgO:30 KNO; 69.2 1.5 14.9 1.7 12.7

90 Mg0:10 KNO; 78.6 14.6 4.7 2.1 —

70 Mg(OH),:30 KNO; 65.5 — 20.9 0.4 13.2

90 Mg(OH),:10 KNO; 90.5 — 8.3 1.3 —
Quantified phases: NaNOj; systems (wt%)

x mol% Mg precursor:100 — x mol% NaNO; Brucite Periclase Sodium nitrate (R3c) Amorphous

70 MgO0:30 NaNO; 67.4 2.1 25.4 5.1

90 Mg0:10 NaNO; 77.7 12.6 9.8 —

70 Mg(OH),:30 NaNO; 48.3 — 48.2 3.5

90 Mg(OH),:10 NaNO; 85.4 — 14.6

reported higher CO, uptake in the system prepared with KNO;
than in the system prepared with NaNO;. However, considering
the sample pretreatment employed by the authors with auto-
clave of Mg methoxide, we hypothesize that KNO; could have
been converted to its R3m symmetry group during the sample
preparation step employed at that work.”® However, follow-up
validation via lattice matching simulations or in-situ structural
mapping would be needed to confirm the hypothesis.

The SEM images of the dried slurries were also analyzed
seeking to evaluate the morphological differences between the
Mg precursors employed in the carbonation (Fig. 5). The type of
nitrate salt did not affect the morphology of brucite or hydrated
MgO, since the phases mixed with both salts, NaNO; and KNO3,
had identical morphology. However, the morphologies of bru-
cite obtained as reagent grade and the one formed from MgO

16676 | Phys. Chem. Chem. Phys., 2025, 27, 16671-16684

hydration differ greatly; the latter being observed at consider-
ably smaller particle size (Fig. 5e). The hydration of MgO led to
the formation of brucite with distinctive morphology (i.e., thin
and flaky shape) compared to hexagonal shape of brucite
(reagent grade). This might affect the response of these phases
under carbonation as seen previously e.g., in acetate-modified
brucite.*”** Bork et al. observed the formation of pyramidal-
shaped micrometer-sized pits on the MgO surface due to the
interaction with the molten salts, resulting in a morphology
comparable to the obtained one after acidic etching of MgQ.?
However, in the images of the dried slurries, there was no clear
presence of etch pits or changes in the morphology of the
precursors during wetting process. Therefore, the morphologi-
cal differences between the samples are associated mainly to
the different type of precursors, resulting in a smaller particle
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Fig. 4 Representation of the unit cells of magnesite, NaNOs, and KNOs, aligned in parallel to the c axis (as indicated in the coordinates axes). The
structures were drawn using the Diamond software, version 5.0.0 Build 45, Crystal Impact GbR, Bonn, Germany.

size in the systems starting from periclase. Thus, we argue that
to be one of the factors favoring the higher carbonation extent of
the periclase precursor with lower amounts of the molten salts.

To gain deeper insight into the role of the nitrate salts, the
carbonation was performed in situ using a TG-DSC device with
CO, flow. The obtained curves are shown as a function of time in
Fig. 6. Similarly, the thermal analyses of the dried slurries
(Fig. 2), only the systems with KNO; showed the initial endother-
mic event related to the loss of absorbed/coordinated water
(Fig. 6¢ and d). Interestingly, all systems showed an endothermic
peak at ca. 295 °C and ca. 13.2 min, associated with a quick mass
loss, which can be attributed to the dehydroxylation of brucite.
Indeed, the thermal analyses of the dried slurries in N, atmo-
sphere showed the dehydroxylation of brucite occurring as an
endothermic peak centered between 320 to 340 °C, which is
already shifted ca. 50 °C below the predicted value for brucite in
N, flow due to the presence of the nitrate salts.”” Thus, we argue
that it occurs at lower temperatures in CO, flow due to the
synergetic effect of the nitrate salts and the CO, atmosphere,
lowering the energy barrier required for brucite dehydroxylation.

Following that, a sharp exothermic peak linked to a contin-
uous increase in mass is observed, which can be attributed to
the nucleation of magnesite. The samples prepared with KNO,
showed the exothermic peak with maximum at 15 min and
311 °C (Fig. 6¢ and d), whereas the occurrence appears to be
slower in the systems containing NaNOs, being observed at 15.6
and 15.4 min for brucite and periclase, respectively (Fig. 6a and b).
The enthalpy associated with the magnesite nucleation was
calculated from the area of the exothermic event, being observed
to be more exothermic in the systems prepared with NaNO;
(—230.5 and —110.5 J g~ * for Mg(OH), and MgO, respectively)
than in the systems containing KNO; (—91.1 and —77.8 J g~ for
Mg(OH), and MgO, respectively). Dung et al. utilized ab initio DFT
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calculations to predict the enthalpy of magnesite formation from
periclase: MgO + CO, <> MgCO3, AHzpox = —1257.86 ] g *,'%3
roughly one order of magnitude higher compared to our system.
While the catalytic effect can be partially offset by the overlapping
endothermic dehydroxylation event, the catalytic influence of
nitrate salts on brucite dehydroxylation and magnesite growth is
clearly supported by the thermal and structural data. However, the
calculated enthalpies related to magnesite nucleation are not
accurate as the overlap of occurrences cannot be deconvoluted.

The systems prepared with NaNO; also showed an additional
endothermic occurrence, which can be related to the melting of
NaNO; at ca. 307 °C (Fig. 6a and b). After the exothermic event
linked to the nucleation of magnesite, the DSC curves of all
systems appear as a continuous endothermic event related to a
continuous mass increase in the TG curve. This observation
might suggest that the dehydroxylation of brucite occurs
simultaneously with the carbonation reaction and magnesite
formation. The TG curves of all systems show that the mass
continuously increased, indicating that the carbonation reaction
was not complete until the end of the analysis period.

These observations indicate that the magnesite growth
and the brucite dehydroxylation continue to occur until the
end of the in situ measurements. Indeed, the ex situ measure-
ments of the systems carbonated for 6 h (Fig. S1 and Tables S4
and S5, ESIT) showed that the carbonation continues to occur,
and that the brucite contents were completely consumed
after 6 h.

Proposed mechanism for magnesite formation and future
perspectives

In view of the observations discussed above, we combined the
empirical findings of the current work with the former knowl-
edge available in the literature to propose a mechanism for
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Fig. 5 SEM images of the dried slurries prepared with 90 mol% of the Mg precursor and 10 mol% of the nitrate salts: (a) 90 Mg(OH),:10 NaNOs,
(b) 90 MgO:10 NaNOs, (c) 90 Mg(OH),:10 KNOs3, and (d) 90 MgO:10 KNO:s. (e) Particle size distribution of the observed brucite crystals, calculated from
the SEM image using the ImageJ software (version 1.54, USA).

magnesite formation in our systems. Fig. 7 shows a schematic We observed that the wet mixing method employed to
representation of our understanding on the physico-chemical prepare the samples had a strong impact on the yield of
phenomena involved on both steps - sample preparation and magnesite. The starting reagents had statistically similar parti-
carbonation reaction of magnesite formation. cle sizes (Table 1), but the SEM images of the dried slurries
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(Fig. 5) indicated that the brucite formed from the hydrated
periclase had smaller particle size, thinner layers, and higher
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degree of packing than the reagent grade brucite. The nitrate
salts seemed to enhance the degree of hydration of the peri-
clase reagent (forming brucite), where lower amounts of
remaining periclase with decreasing amounts of nitrate salts
(Table 2) relate to high magnesite yields (Fig. 1 and Table S2,
ESIt). The TG-DSC measurement of the dried slurries (Fig. 2)
showed low water contents in the systems which could be
hypothesized as nanolayers of water trapped between the
reagents. Therefore, the main difference between the systems
starting from brucite and periclase was noted as the particle
size of the formed brucite and the remaining contents of
periclase (Fig. 5 and Table 2). Moreover, in situ synchrotron
ambient pressure X-ray photoelectron spectroscopy (APXPS)
demonstrated that the brucite formed from the hydration of
MgO has a metastable hydroxylated interface,>* which corrobo-
rates with the higher overall reactivity observed in that system.
Yet, further investigation is needed to understand the impact of
the amount of nitrate salts on the morphology of the Mg
precursors after the wet mixing procedure.

The nucleation of magnesite has been proposed to occur
either homogeneously or heterogeneously, but if the latter is
observed, it starts at surface imperfections (e.g. edges, disloca-
tions, point defects or nucleation seeds) that assists the for-
mation of stable nuclei at lower energy barrier than the needed
for homogeneous nucleation.'” If the nucleation of magnesite
occurs via homogeneous nucleation, the availability of the
nucleation sites affects the length of the induction period to
form a stable nuclei and the growth rate, if an autocatalytic
process is assumed."” Considering the results observed in the
in-situ carbonation monitored with TGA-DSC measurements
(Fig. 6), our findings agree with the literature that the nuclea-
tion seems to occur heterogeneously; otherwise, we would
observe strong shifts in the exothermic event related to mag-
nesite formation (among the studied samples). However, we
found no evidence of the potential edge pits or surface imper-
fections that could assist the formation of the nuclei (Fig. 5) as
previously suggested,” instead we argue that the nitrate salts
with similar rhombohedral geometry to magnesite (R3¢ or R3m)
could serve as nucleation seeds for magnesite precipitation.

We propose a mechanism based on the initial arguments of
Harada et al,'® but adjusting it to the information obtained
from our observations and combining it with the arguments of
Qomi et al.** about the CO, mineralization in nanoscale inter-
facial water films (Fig. 7). When the gaseous CO, contacts the
thin water films on the surface, it enhances the absorption by
the molten salts and thin water layers.'>*> The CO, is then
displaced from the surface, forming either carbonic acid or
bicarbonate from the hydroxyl groups available in the water-
solid interface. By increasing the temperature, brucite dehy-
droxylation occurs continuously, regenerating the water layers
and increasing the diffusion of the carbonate groups through
the feedstock. The high temperatures might also induce a
localized transition between the nitrate and nitrite species,
facilitating the CO, uptake and the formation of the carbonate
ions (eqn (1)).'*'7*>°° In presence of the nitrate salts, the
formation of [Mg>"---0>7] ionic pairs are also facilitated
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Fig. 7 Proposed mechanism for the nucleation and growth of magnesite in the presence of the nitrate salts, considering the sample preparation via wet

mixing by using brucite or periclase as precursors.

(eqn (2)),"°"® enabling the contact between the Mg*" cations
and carbonate ions, and the rhombohedral structure of the
nitrate salts acts as nucleation seeds for magnesite formation.
In a localized high concentrations of Na or K, the formation of
double carbonates (Na,Mg(COs3), or K,Mg(CO3),) will provide
additional seeding effect to magnesite nucleation.'””

ANO; (S) + CO, (g)
@
AL AT NOs ]« [AT - NOy]--- CO#~

MgO(s) + ANO;(s) + CO5>~ (aq)
(2)

2 Mgt 0> ]+ [AT---NOs | + CO (aq)

The dissolved ions and ion pairs can be transported in a
quasi 2D diffusion in the layers of regenerated water, reaching
the nucleation and growth sites potentially via a nanofilm-
mediated monomer-by-monomer addition mechanism."*>>>®
The layers of precipitated magnesite do not hinder the

16680 | Phys. Chem. Chem. Phys., 2025, 27, 16671-16684

diffusion of the carbonate ions, since the molten salts have
been shown to migrate to fresh MgO surfaces when magnesite
is formed due to the repulsive carbonate surface,>® also assist-
ing the transport of carbonate ions to the MgO surface. There-
fore, the equilibrium between brucite dehydroxylation and
periclase formation seems to determine the extent of mass
transport on the medium and the distributed formation of
water nanolayers to ensure the diffusion of the carbonate ions
and further progress of the carbonation reaction.

The results we observed in the current work offer a new
perspective on the use of nitrate salts as catalysts for magnesite
precipitation, offering the possibility of utilizing the method for
magnesite production and its application in construction
materials.®> Remaining questions in the mechanism of the
reaction are yet to be elucidated, such as the possible inter-
mediates formed prior to magnesite formation. The proposed
mechanism would need further experimental validation with
follow-up advanced in situ characterization of the carbonated
systems. In situ Synchrotron XRD measurements could
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determine the formation of the intermediate double carbonate
species, and the kinetics of brucite dihydroxylation and mag-
nesite nucleation and growth. Thus, we expect to investigate
further the phenomenon in upcoming works.

Conclusions

This study investigated the mechanistic role of nitrate salts in
mediating the nucleation and growth of magnesite (MgCOj3),
providing new insights into the carbonation of Mg-based feed-
stocks. Through a combination of wet mixing and in situ
thermogravimetric analysis, we demonstrate that nitrate salts
act as catalytic agents, facilitating both the dehydroxylation of
brucite (Mg(OH),) and the subsequent precipitation of magne-
site. The findings suggest that under the investigated carbona-
tion conditions, the reaction does not proceed purely through
direct gas-solid interactions but rather involves an intermedi-
ate pathway in which water-mediated ion diffusion and struc-
tural templating by nitrate salts play crucial roles.

The results indicate that nitrate salts contribute to magne-
site formation in three distinct ways. First, they lower the
temperature required for brucite dehydroxylation, thereby
increasing the availability of reactive MgO and Mg>" ions for
carbonation. This catalytic effect was particularly pronounced
for KNOj3, which enhanced the transformation of brucite more
significantly than periclase, possibly due to its influence on
brucite’s layered structure and hydration properties. Second,
structural analysis suggests that nitrate salts may act as nuclea-
tion templates due to their crystallographic similarity to mag-
nesite. The partial phase transformation of KNO; from Pnma to
R3m and of NaNO; from R3c to R3m at approximately 300 °C
provides a plausible explanation for their ability to facilitate
oriented nucleation. The observation that magnesite formation
begins before the complete melting of nitrate salts supports the
idea that nucleation occurs through structural templating
rather than classical molten-phase diffusion.

Third, the presence of water nanolayers in the system
appears to serve as a localized transport medium for CO, and
carbonate species, enhancing ion mobility between the Mg
precursor and the growing MgCO; phase. The formation of
these nanolayers, rather than mass transport through bulk
molten salts, likely explains why magnesite can precipitate
below the expected melting point of the nitrate salts. Further-
more, the correlation between brucite dehydroxylation and
magnesite formation suggests that the water released during
brucite decomposition facilitates local carbonate ion diffusion,
further supporting the role of water-mediated carbonation
pathways.

These findings suggest that nitrate salts influence not only
the nucleation of magnesite but also its subsequent growth.
High magnesite yields were associated with larger particle
sizes, indicating that nitrate salts may affect crystal growth
kinetics in addition to initiating nucleation. The proposed
mechanism, in which magnesite formation is mediated by
water layers and nitrate salts acting as structural templates,
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provides a revised framework that reconciles inconsistencies in
previous studies.

Follow-up work should investigate how the amount of water
employed in the sample preparation affects the reaction yield,
and in-depth characterization of the systems are needed to
broaden the understanding on the impact of the amount of
molten salts on the precursors morphology, the formation of
intermediates and the kinetics of the systems. While our results
strongly support a catalytic and structural role of nitrate salts in
magnesite formation, further studies employing in situ char-
acterization and molecular simulations will be necessary to
confirm the nucleation templating hypothesis and to clarify the
transient phases involved.
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