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Abstract: This study investigates a novel approach to moderate-temperature carbon cap-
ture by examining the enhanced performance of thermally pre-treated dolomite. To obtain
mixed oxides, dolomite samples were prepared via calcination in a quartz cylindrical
furnace under an ambient atmosphere at 900 ◦C, and subsequently thermally pre-treated
under an inert (argon) stream at 650 ◦C. Characterization of the as-prepared samples in-
volved morphological, structural, textural, and optical features examined through XRD,
BET, SEM-EDS, FT-IR, and RAMAN, XPS, and UV-vis spectroscopy, whereas TGA and
subsequent multicyclic tests were used to study the CO2 sorption. The dolomite sample
calcined at 900 ◦C for 60 min, and after being activated under an inert atmosphere (ar-
gon), labeled PCD60Act, exhibited the highest CO2 uptake of 0.477 gCO2/gsorbent; after
15 sorption–regeneration cycles, it still retained a CO2 uptake of 0.38 gCO2/gsorbent at 650 ◦C,
and it was also successfully regenerated at this moderate temperature, demonstrating 84%
capture capacity retention. These remarkable results are explained by the crystalline de-
fects generated during the thermal pre-treatments of the dolomite. This research offers
valuable perspectives on the viability of employing thermally pre-treated dolomite as an
inexpensive, thermally stable, and moderate-temperature regenerable CaO-based sorbent
for applications in CO2 removal in the context of integrated carbon capture and conversion
(ICCC) for the production of high-purity hydrogen.

Keywords: thermal pre-treatment; dolomite; CaO-based sorbent; hydrogen; CO2 capture;
ICCC

1. Introduction
Since the mid-20th century, anthropogenic CO2 emissions have raised global concerns,

with amine-based chemical absorption dominating industrial capture methods, despite
drawbacks such as high energy demands, corrosion, poor solvent regeneration, and en-
vironmental issues [1]. As alternatives, solid sorbents in carbon capture and utilization
(CCU) technologies have gained attention due to their lower energy requirements [2,3].
Among those, CaO-based sorbents are promising for their high theoretical CO2 capac-
ity (~0.78 gCO2/gsorbent), fast sorption kinetics, abundance, low cost, and operability at
flue gas temperatures (>500 ◦C) [4–6], positioning them as viable solutions to emission
challenges [7].
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However, CaO-based sorbents suffer from fast performance degradation due to sinter-
ing during repeated high-temperature (>800 ◦C) cycles [8–11], driven by the low Tammann
temperature (~529 ◦C) of CaCO3 [12]. Sintering causes pore blockage and inhibits CO2

diffusion due to surface CaCO3 buildup [13].
To mitigate this, several strategies have been explored, such as inert additives [14–16],

organic acid treatments [17,18], hydration reactivation [19,20], thermal pre-treatment [21],
sintering-resistant precursors [22,23], and alkali-molten-salt promoters [24–26]. Notably,
combining CaO with inert supports and modifying precursors with salts like NaNO3

enhances sorbent performance by promoting CO2 diffusion, while Al-based supports such
as Ca12Al14O33, Al2O3, and Ca9Al6O18 have shown promising results [27–34]. Also, MgO
has also emerged as an effective support due to its high Tammann temperature (1276 ◦C),
acting as a structural stabilizer in CaO–MgO systems [25,35–39]. Furthermore, thermal
pre-treatment of calcite yields CaO-based sorbents with increased oxygen vacancies and
crystalline defects, thus improving sorption–regeneration kinetics [40–43].

Despite these advances, gaps remain. The influence of MgO on calcined dolomite
sorbent stability at moderate sorption and regeneration temperatures (≤650 ◦C) has not
been explored [36,37]. Most studies emphasize high-temperature calcination and sorption
(>700 ◦C), neglecting energy-saving alternatives [27–31]. Additionally, conflicting results
regarding porosity and structural crystalline defects (i.e., oxygen vacancies, crystallite size,
etc.) suggest unresolved challenges in sorbent design [38,44–51].

Therefore, this study addresses these gaps by developing a simple, cost-effective
approach to prepare and optimize a dolomite-based sorbent prepared from air-calcined
natural dolomite and further modified by an inert-atmosphere thermal pre-treatment. The
work focuses on establishing the relationship between microstructural defects (e.g., oxygen
vacancies, pore volume, crystallite size, etc.) and MgO fixed content on calcined dolomite
thermal stabilization and enhanced CO2 sorption performance at moderate temperatures
(≤650 ◦C). Additionally, it targets dolomite regeneration at temperatures lower than those
typically required for CaO-based sorbents (>700 ◦C), improving energy efficiency. The
goal is to design a dolomite-based sorbent compatible with dual-function materials (DFMs)
for integrated carbon capture and conversion (ICCU) technologies, particularly emerging
hydrogen processes, like dry reforming of methane (DRM), which demand cost-effective
sorbents with high thermal stability under low regeneration temperatures. Our approach
builds on prior work by Hu et al. [36] and Li et al. [37], but diverges in its focus on
natural dolomite precursors and lower-temperature optimization. To our knowledge, this
represents the first demonstration of dolomite-based sorbent regeneration at T < 700 ◦C.

2. Materials and Methods
2.1. Sorbent Preparation

The naturally occurring dolomite (CaMg(CO3)2) used in this investigation was pro-
cured from Vitromex®, Monterrey, Mexico, (a subsidiary of Mohawk® Industries Inc.).
Calcination of dolomite at 900 ◦C in a quartz cylindrical furnace, at a temperature ramp
of 10 ◦C/min, [52,53] in an open-air atmosphere, was performed first to compare the CO2

sorption performance of dolomite calcined for different calcination times (30, 60, 120, and
240 min), labeled PCD30, PCD60, PCD120, and PCD240, respectively. These samples were
evaluated at a moderate temperature for one CO2 sorption cycle at 450 ◦C, for 2 h and 90%
CO2/Ar. Additionally, reagent-grade calcium carbonate (CaCO3, Acros® procured from
Merck, Mexico, 98.5%) was employed as a reference material, underwent the same heat
treatment as previous PCD samples, and was labeled pristine CaO, while a fresh dolomite
sample was prepared via TGA under an air atmosphere at 900 ◦C, and labeled UD.
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2.1.1. Sorbent Activation

In a second study, the effect of thermal pre-treatment (activation) on the material
properties, as well as on the CO2 capture performance, of all PCD samples was examined.
This consisted of exposing the calcined dolomite to an inert atmosphere (Argon, AOC
Gases, Chihuahua, México) for 30 min at 650 ◦C to promote crystalline defects. Upon
this activation, the PCD samples were labeled PCD30Act, PCD60Act, PCD120Act, and
PCD240Act. Thereafter, these samples obtained were desiccator-stored to consider the
hygroscopicity of the mixed oxides (CaO–MgO) [54,55]. Sorption evaluations began by
changing the gas feed from argon to CO2 at the target sorption temperatures (300–800 ◦C)
for 60 min, unless otherwise specified, with sample masses recorded every second by the
data acquisition system of a thermogravimetric analyzer (TA Instruments® TGA-Q500,
Waters Corporation®, Mexico City, Mexico). Resulting from this evaluation, the best
sorbent was selected from among all the activated PCD samples, based on CO2 sorption
performance, capacity, favorable kinetics, and optimal sorption temperature.

2.1.2. CO2 Concentration Effect and Multicycle Tests

The effect of CO2 concentration was evaluated for the best activated PCD sample.
This involved exposing it to 90, 80, and 70% CO2/Ar atmospheres to find the optimal
CO2 concentration based on the highest CO2 capture capacity and kinetics. Moreover,
the stability of the best activated PCD sample was evaluated through multicycle sorption–
regeneration schemes via a thermogravimetric analyzer (TA Instruments TGA-Q500) at
atmospheric pressure. The reaction gas flow rate was maintained at 100 mL/min, calibrated
with a mass flow controller. The reactor tube and sample pan had diameters of 38 mm
and 24 mm, respectively. For each sorption–regeneration test, 20 mg of sample was evenly
distributed in the sample holder to minimize resistance to CO2 diffusion through the
powder bed—an effect known to become significant with sample masses greater than
approximately 40 mg [56].

Multicyclic (15) tests were performed at 450 ◦C (isothermal for 30 min, 90% CO2 atmo-
sphere) and 650 ◦C (isothermal for 15 min, argon atmosphere) for a sorption–regeneration
cycle, respectively, using temperature-swing sorption (TSS). Also, 15 cyclic sorption–
regeneration tests were performed at 650 ◦C isothermally, where the sorption (90% CO2

atmosphere) and regeneration (argon atmosphere) cycles lasted for 10 and 40 min, respec-
tively. The increase in sample weight indicated sorption (carbonation), while the decrease
indicated regeneration (decarbonation). The CO2 uptake capacity in weight percent was
determined by dividing the mass gained during sorption by the sorbents’ mass following
activation, as shown in Equation (1) [48].

CO2 uptake capacity = Mf − Mi/Mi × 100% (1)

where Mf is the sorbent mass after sorption and Mi is the initial sorbent mass after activation.

2.1.3. CO2 Sorption Repeatability Analysis

The best-performing activated PCD sample was analyzed for repeatability with CO2

sorption performed in triplicate, and the data are presented as the mean ± standard devia-
tion (SD). Y-error bars in all graphs represent the standard deviation of three independent
measurements for each sample. Statistical analysis was carried out using OriginPro, and
standard deviations were computed based on the spread of replicate data points.
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2.2. Characterization Methods
2.2.1. Inductively Coupled Plasma Optical Emission Spectroscopy

Elemental composition evaluation of the fresh dolomite sample was conducted using
inductively coupled plasma optical emission spectroscopy (ICP-OES) (Thermo Scientific®

iCAP 6000 SERIES, Waltham, MA, USA). The instrument featured a high-resolution echelle-
type polychromator and charge injection device detectors, accompanied by iTEVA software
(version 2.0) for simultaneous multi-element detection. The sample was prepared via wet
digestion of 2 mg of the dolomite sample with 4 mL of aqua regia (VHCl:VHNO3 = 3:1).

2.2.2. Scanning Electron Microscopy

The morphologies of the prepared dolomite samples were analyzed using a field-
emission scanning electron microscope (FESEM, JEOL JSM-5800LV, Tokyo, Japan) equipped
with energy-dispersive spectroscopy (EDS) at an accelerating voltage of 20 kV. Particle size
distributions were measured by image analysis (ImageJ software®, Version 1.54, National
Institutes of Health (NIH), Bethesda, MD, USA) using the SEM micrographs.

2.2.3. Surface Area and Porosity Analyses

Nitrogen (N2) adsorption–desorption isotherms of the samples investigated were
estimated at 77.35 K (−196 ◦C) using a physical adsorption analyzer (3P Micro Series, 3P
Instruments, Odelzhausen Germany). Before the evaluation, the samples were purged
at 250 ◦C for 3 h [57]. The specific surface areas (SBET), pore volumes, and average pore
diameters of the samples were determined using the Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) models.

2.2.4. Powder X-Ray Diffraction

Phase distributions of the prepared samples were determined by powder X-ray
diffractometry (PANalytical X’Pert Pro, Malvern Panalytical, Westborough, MA, USA
and equipped with Cu Kα radiation λ = 1.54178 Å). Also, in situ XRD measurement was
performed on the fresh dolomite sample from room temperature to 900 ◦C at a 10 ◦C/min
heating ramp, while in an air atmosphere and at atmospheric pressure, to study the decom-
position of the dolomite precursor into its mixed oxides (CaO–MgO). X-ray reflections were
obtained in the 2θ range from 10◦ to 90◦, with 0.05◦ per step, at 45 kV and 40 mA for 30 min.
Rietveld refinement was performed using the FullProf® Version 4.1, program, fitting the
diffraction peaks with a Thompson–Cox–Hastings-type function in order to determine the
percentage of the crystallographic phases present in the materials (e.g., CaO, MgO, etc.), the
crystallite size (D) through peak broadening analysis, and the strain generated in the crystal
lattice. For each refinement, both the goodness-of-fit value (χ2) and the crystallographic
parameters obtained from each analysis using this method are included.

The crystallite size (D) of the individual phases obtained were estimated accord-
ing to Scherrer’s equation (Equation (2)) [50], using the most intense peak reflection for
every phase.

D = kλ/βcosθ (2)

where D represents the crystallite size (nm), β denotes the peak breadth of half height in
the XRD spectra, λ signifies the X-ray wavelength (0.15406 nm), θ refers to the Bragg angle
in degrees, and k is the Scherrer constant.

2.2.5. Fourier-Transform Infra-Red Spectroscopy

A Perkin Elmer (ATR) Frontier FT-IR spectrometer was used in this study, and the
sorbent samples were evaluated in KBr media [58]. The spectral profiles were recorded
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within the range of 4000–500 cm−1, and the intensities of the bands were expressed in
transmittance (a.u).

2.2.6. Raman Spectroscopy

The Raman spectra for the prepared samples were obtained via an XploRA INV-
Horiba® (Kyoto, Japan) inverted Raman microscope, in the 20–2000 cm−1 range, equipped
with a power of 50 mW and a 532 nm laser for excitation.

2.2.7. X-Ray Photoelectron Spectroscopy

The XPS analyses were performed on a Thermo Fisher Scientific Escalab 250Xi, Mas-
sachusetts, USA, maintaining a base analysis vacuum pressure of ~10−8 mbar [38]. The
excitation of the analyzed photoelectrons was accomplished with a monochromatic Al
Kα X-ray source (1486.68 eV) with a 45◦ take-off angle and an analysis radius (size of the
X-ray spot) of 650 µm. The analysis conditions for the low-resolution survey spectrum
were a 1 eV step size with a step energy of 150 eV, while a step energy of 20 eV was used at
0.1 eV/step for the enhanced-resolution areas.

2.2.8. Ultraviolet-Visible Spectroscopy

The optical absorbance spectra of the samples were recorded from 200 to 800 nm using
a UV-visible NIR spectrophotometer (Cary 5000 model). The direct band gaps (eV) of the
as-prepared samples were extrapolated using the Tauc–Wood relation and Kubelka–Munk
function F (R), as shown in Equation (3).

F(R) = (1 − R)2/2R (3)

where R is the diffuse reflectance of the sample.

3. Results and Discussion
3.1. Inductively Coupled Plasma Optical Emission Spectroscopy Results

The theoretical composition of dolomite, by weight, includes 30.4% CaO, 21.8% MgO,
and 47.8% CO2 [59,60]. It is conventionally represented using the chemical expression
CaMg(CO3)2, reflecting a 1:1 ratio of calcium (Ca) to magnesium (Mg). However, in
nature, numerous compositional variations can be found in which the ratio of Mg to Ca
is very different. Table S1 shows the elemental composition of the fresh dolomite sample
(dp ≈ 180 µm) used in this investigation, as analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES). Since the dolomite sample presented a total
carbon content of 12.5 wt.%, further theoretical calculation indicated that the ratio between
Ca and Mg was 1.2:1, thus making it a calcium-rich dolomite. The disparity between
the calculated composition and the reported stoichiometric ratio can be attributed to the
mineral source of the dolomite.

3.2. Scanning Electron Microscopy Results

The SEM micrograph in Figure 1a depicts the surface morphology of the fresh dolomite,
which appears to be composed of interlocking crystals, each exhibiting distinct faces and
edges in comparison with the micrographs of PCD240 and PCD60 (Figure 1b,c), portraying
the evolution of pore networks after modification via heat treatment. The particles for
both PCD240 and PCD60 exhibit irregular shapes with sharp edges and fractured surfaces,
indicative of thermal decomposition. The release of CO2 during calcination created a porous
structure, with visible voids and microcracks throughout the material, with some areas
of PCD240 (Figure 1b) possibly showing sintering effects, where smaller particles start to
agglomerate due to the long calcination time. Conversely, PCD60 (Figure 1c) demonstrates
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a rough and granular surface displaying a complex, fractal-like morphology that reflects the
breakdown of the original carbonate particles. Previous studies have observed comparable
morphological structures [61], where these features were attributed to pore formation
due to CO2 evolution. EDS spectra (Figure 1f,g) confirm the complete decomposition of
dolomite into mixed oxides (CaO–MgO).

 

Figure 1. SEM micrographs of (a) fresh dolomite, (b) PCD240, (c) PCD60, (d) PCD60Act after
15 sorption–regeneration cycles ×5000, and (e) PCD60Act after 15 sorption–regeneration cycles
×25,000. (f) EDS of PCD240 and (g) EDS of PCD60.

Figure S1a,b illustrate the particle size distributions of the calcined dolomite samples
(PCD240 and PCD60). The obtained mean distributions of PCD240 and PCD60 were
13.4 µm and 198 nm, respectively, with the histograms indicating moderately unimodal
distributions. However, the extended calcination time for PCD240 resulted in an enlarged
average particle size, mainly attributed to sintering.
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3.3. Thermal Decomposition of Dolomite
3.3.1. Thermogravimetric Analysis Results

To study the thermal behavior of dolomite, its thermal decomposition into its con-
stituent oxides (CaO–MgO) is presented in Figure S2. The TGA revealed that the maximum
weight loss occurred at approximately 760 ◦C, indicating a 53.3 wt.% loss on fusion, which
exceeds the reference theoretical mass loss for stoichiometric dolomite (47.8 wt.%) by
5.5 wt.%. This deviation in weight loss confirms the presence of trace impurities in the
dolomite sample. These dolomite decomposition results are consistent with studies sug-
gesting that dolomite decomposes in air via a one-step pathway [62,63].

3.3.2. Powder X-Ray Diffraction Results

The in situ XRD patterns illustrating the heat treatment of dolomite from room temper-
ature to 900 ◦C, under an ambient atmosphere, to yield its corresponding oxides (CaO–MgO)
are presented in Figure 2a,b. The diffractogram in Figure 2a exhibits the characteristic
diffraction peaks of dolomite (D) rich in calcite (C) from room temperature up to 700 ◦C.
As the temperature rises to 800 ◦C, these peaks completely disappear (Figure 2b), while
peaks corresponding to CaO (ICDD 82-1690) and MgO (ICDD 87-0652) emerge, indicating
that a single calcination step at 900 ◦C is sufficient to produce the constituent oxides of
dolomite (CaO–MgO), confirming the EDS spectra and TGA findings in Figure 1f,g and
Figure S2, respectively. Also, peaks from the platinum sample holder (Pt) are present in the
patterns collected.

Figure 2. In situ XRD patterns of dolomite during calcination from room temperature up to (a) 700 ◦C
and (b) 900 ◦C. In panel (a), the arrow indicates that increasing the calcination temperature causes a
shift in the main reflections of dolomite and calcite toward lower 2θ angles.

Therefore, the process of thermal decomposition for dolomite can be outlined as
follows:

CaMg(CO3)2(s) → CaO·MgO(s) + 2CO2(g) (4)

3.4. Surface Area and Porosity Analyses Results

Table 1 shows the textural properties of the calcined dolomite sorbents (PCD240 and
PCD60), as well as the crystallite sizes of CaO and MgO derived using the Scherrer equation.
The values acquired for pristine CaO are also presented for comparison purposes. The
results show evidence that 60 min dolomite calcination at 900 ◦C yielded superior textural
properties compared to the dolomite calcined for 240 min, as expected. PCD60 (26 m2/g)
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generated as much as 5 times the surface area of PCD240 (5 m2/g), and almost 2 times that
of pristine CaO (16 m2/g). Also, the crystallite sizes achieved for CaO (41 nm) and MgO
(25 nm) in PCD60 were smaller than those in PCD240, of 50 and 29 nm, respectively. This
supports the fact that long calcination periods can be detrimental to the textural properties
of a dolomite sorbent [64,65].

Table 1. Textural properties of fresh and as-prepared calcined CaO-based sorbents.

Crystallite Size (nm)

Sorbent SBET (m2/g) Pore Volume
(cm3/g) Pore Size (nm) CaO MgO

Fresh dolomite 0.6 0.002 13 - -
PCD240 5 0.01 8 50 29
PCD60 26 0.06 9 41 25

Pristine CaO 16 0.02 6.6 47 -

The pore size distributions and N2 adsorption–desorption isotherm curves of PCD240
and PCD60 are presented in Figure S3 and Figure S4, respectively, revealing that the cal-
cined dolomite sorbents are mainly mesoporous, with pore sizes within the 2–10 nm range.
According to Figure S4, PCD240 and PCD60 presented type III isotherms and H3 hysteresis
loops. This implies that CO2 sorption tended to cluster around the most favorable sites
on the surface of the PCD sorbents, according to the 2015 IUPAC classification [66]. De-
spite PCD240 and PCD60 having similar pore size distributions, the synergy between the
mesoporosity and higher surface area of PCD60 is desirable. This combination presumably
enhances gas diffusion and accessibility, while aiding the significant volume change be-
tween CaO (16.7 cm3·mol–1) and CaCO3 (36.9 cm3·mol–1) during the conversion process,
thereby preserving the pore structure [67].

Furthermore, the crystallite size, which is a key structural property, can be used to
estimate the dislocation density (ρ) in the sample. Dislocation density (ρ), a measure of the
number of imperfections in a sample, is described as the aggregate length of dislocation
lines per unit volume of a crystal [68], as indicated in Equation (5) using the inverse square
of the crystallite size [69–71] calculated by Scherrer’s equation (Equation (2)). This equation
provides an estimation of the number of defects present within a sample.

ρ = 1/D2 (5)

where D denotes the crystallite size and ρ refers to the dislocation density.
The estimated specific quantity of defects per gram of sorbent is provided in Table 2.

Hence, the estimated dislocation density of CaO in calcined dolomite is shown to be
dependent on the crystallite sizes, as presented in Table 1. The observed elevated estimate
for the dislocation density for PCD60 is linked to the small CaO crystallites generated in
the sorbent on calcination during the dolomite sample preparation.

Table 2. Estimated dislocation density after calcination of selected CaO-based sorbents.

Sorbent Dislocation Density (1010 m−2)

CaO

PCD60 60
PCD240 40

Pristine CaO 45
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3.5. The Effect of Time on the Calcination of Dolomite

Figure 3 shows the CO2 sorption profile of PCD 30, 60, 120, and 240. The graph depicts
no apparent difference in CO2 uptake, as all PCD samples achieved almost the same CO2

sorption performance (0.34 gCO2/gsorbent) after 2 h of sorption at 450 ◦C. The calcination
conditions have been identified as crucial during the preparation of a sorbent [53]. These
conditions are connected to developing an adequate surface area, pore volume, and carbon
residue, thereby modifying the sorbent’s uptake performance.

Figure 3. CO2 uptake performance of calcined (900 ◦C) dolomite at 450 ◦C for different isother-
mal times.

3.6. Sorption Performance, CO2 Concentration Effect, and Multicycle Tests
3.6.1. The Sorption Performance of the Thermally Pre-Treated Dolomite

Given the CO2 uptake performance recorded for the calcined dolomite samples, and
PCD60 exhibiting the best textural and morphological properties (Tables 1 and 2, and
Figure 1), the PCD60 sample underwent thermal pre-treatment (activation) under an
inert atmosphere, as documented in Section 2.1.1. Subsequently, the prepared sample
(PCD60Act) was examined under a range of CO2 sorption temperatures (300–800 ◦C) to
determine the optimum sorption temperature and operating conditions. Figure 4 shows
that CO2 sorption improves with increasing temperature, reaching an optimal uptake at
650 ◦C, with approximately 0.477 gCO2/gsorbent CO2 uptake. Above 650 ◦C, the sorption
performance steadily declines.

Several tests were performed to compare the CO2 sorption capacity on all the activated
PCD samples (PCD30Act, PCD60Act, PCD120Act, and PCD240Act) at the optimal CO2

sorption temperature, as established in Figure 4 (650 ◦C). Figure 5a shows that PCD60Act
exhibited the highest CO2 sorption capacity compared to the others. This performance is
attributed to a favorable balance between the decomposition of carbonates during calcina-
tion and the preservation of the material’s crystalline defects upon activation. Therefore,
the 60 min calcination time was selected as optimal, as it showed the best CO2 capture
capacity while also representing a practical compromise, requiring a shorter processing
time and lower energy consumption compared to longer calcination times, as confirmed by
the energy consumption analysis of the quartz cylindrical furnace (Table S2).
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Figure 4. CO2 uptake performance of PCD60Act at different sorption temperatures after 30 min.

Figure 5. (a) CO2 uptake performance of activated PCD samples at 650 ◦C and (b) isothermal sorption–
regeneration kinetics of activated PCD at 650 ◦C. Vertical dashed line denotes the 30 min. weight %
increase in the intersect of red curve (weight %, sorption capacity), while the horizontal dashed line
denotes the weight % limit between the kinetic (XK) and diffusional (XD) regions, respectively.

Likewise, consistent with the representative curve presented in Figure 5b, the sorption
process for activated PCD samples occurred rapidly initially (kinetically controlled, XK),
making the first 5 min the most crucial, and then slowly, especially from the 15 min mark
(diffusion-controlled, XD), while the CO2 sorption reached saturation. This feature proves to
be an important advantage, as in real-world conditions typical of industrial settings (limited
CO2 concentrations and elevated gas flow rates), carbon capture predominantly occurs
during the kinetically controlled phase [6]. This behavior can be attributed to fast kinetics
driven by the availability of basic functional sites on the surface of the sorbent, resulting
in a more efficient gas–solid interaction between the sorbent and the CO2 atmosphere for
improved uptake, considering that the favorable morphology theoretically accommodates
more active sites, together with a solid porous network [72].

Additionally, Figure S5 illustrates the CO2 sorption capacities observed across the
three PCD60Act replicates (47.3%, 47.7%, and 47.5%), yielding a mean value of 47.5% with
a remarkably small standard deviation of 0.23%. This corresponds to a relative standard
deviation (RSD) of just 0.48%, showing minimal scatter between measurements. Such low
variability highlights the precision of the experimental setup used in this study, particularly
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the stability of the inert atmosphere and temperature control during testing. Also, CO2

sorption capacities at different CO2 concentrations (70, 80, and 90%) were studied and are
presented in Figure S6. As expected, the CO2 uptake performance at 90% CO2/Ar had the
best capacity, while the uptakes of 70% and 80% CO2 concentrations remained consistent
(≈0.43 gCO2/gsorbent), highlighting the outstanding capture capacity of the PCD60Act
regardless of the CO2 concentration.

3.6.2. Multicycle Tests of the Thermally Pre-Treated Dolomite Sorbent

Due to the CO2 uptake activity of PCD60Act in comparison to other activated PCD
samples (PCD30Act, PCD120Act, and PCD240Act) at a CO2 sorption temperature of 650 ◦C,
a multicyclic (15) sorption–regeneration study was conducted using temperature-swing
sorption (TSS) at 450 ◦C (isothermal 60 min) and 650 ◦C (isothermal 15 min) for sorption
(90% CO2 atmosphere) and regeneration (100% Ar atmosphere), respectively, as shown
in Figure 6a. According to the thermogram, the sorption process for PCD60Act at 450 ◦C
occurred mainly in the diffusion-controlled phase, taking a longer saturation time for
the formation of the carbonate product layer. This behavior is a departure from the
sorption of PCD60Act at 650 ◦C, which was characterized by a kinetically controlled
phase (Figure 5). PCD60Act at 450 ◦C recorded 0.27 gCO2/gsorbent, 0.24 gCO2/gsorbent, and
0.22 gCO2/gsorbent during the first three CO2 sorption–regeneration cycles, respectively,
showing an obvious degradation behavior with cycle increase. With each cycle increase,
the sorbent degradation reduced relatively until stable at the 11th cycle (0.19 gCO2/gsorbent).
A mild recovery was noticed in the 13th and 14th cycle, registering 0.20 gCO2/gsorbent and
0.21 gCO2/gsorbent, respectively.

 

Figure 6. (a) Multicyclic test of PCD60Act at 450 ◦C and (b) isothermal multicyclic tests of PCD60Act
at 650 ◦C.

Drawing a contrast between the multicyclic tests of PCD60Act using two different
operating conditions, TSS as in Figure 6a and isothermal sorption–regeneration (Figure 6b),
the results show that isothermal sorption–regeneration at 650 ◦C is the optimum for out-
standing kinetically controlled sorption performance and enhanced stability over 15 cycles,
compared to the lower CO2 uptake capacity and pronounced sorbent deactivation of the
diffusion-controlled TSS operating conditions over multicycles. The multicyclic CO2 cap-
ture performance of the sorbents evaluated under isothermal conditions at 650 ◦C involved
a 10 min sorption phase in a 90% CO2/Ar atmosphere and a 40 min regeneration phase in
pure argon (Section 2.1.2).

Furthermore, Figure 7 illustrates the multicyclic performance of PCD60Act in compari-
son with that of pristine CaO and UD. The PCD60Act sorbent demonstrated superior cyclic
stability, achieving an initial uptake of 0.46 gCO2/gsorbent and retaining 84% of its initial
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capacity (0.38 gCO2/gsorbent) after 15 cycles. In contrast, while UD exhibited a comparable
initial capacity (~0.46 gCO2/gsorbent), it degraded more rapidly, retaining only 73% of its
capacity by the 15th cycle. Pristine CaO performed least effectively, with an initial uptake
of 0.34 gCO2/gsorbent and a retention of 47% (0.16 gCO2/gsorbent) after cycling.

Figure 7. Isothermal multicyclic tests of PCD60Act, UD, and pristine CaO at 650 ◦C.

The PCD60Act sorbent exhibited significantly lower capacity loss (7 wt%) after 15 cy-
cles compared to UD (13 wt%) and pristine CaO (~18 wt%), showing the effectiveness
of thermal pre-treatment in mitigating degradation. This enhanced stability, coupled
with its high CO2 capture capacity, emphasizes the role of dolomite-derived mixed oxides
(PCD60Act) in addressing sintering-driven deactivation—a major limitation of conventional
CaO-based sorbents. The smaller crystallite sizes, elevated defect density (Tables 1 and 2),
and point defects induced by thermal pre-treatment likely delayed structural collapse
during cycling, preserving active sites for sustained CO2 uptake.

Compared to the SEM image of fresh PCD60 (Figure 1c), the relative deactivation
of PCD60Act’s sorption capacity with each cycle is corroborated by the SEM micrograph
(Figure 1d,e) after 15 cycles, as the particles present fracture, larger grains, and aggregation,
primarily attributed to the partial formation of agglomerates and the onset of sintering [49],
although the porous structure appears somewhat unaltered, maintaining a surface area
of 23 m2/g. Also, Figure S1c shows the particle size distribution for PCDAct60 after
15 sorption–regeneration cycles. Compared with the as-prepared fresh PCD60 with particles
~200 nm, the growth of the particles to over 650 nm emphasizes the net effect of multicyclic
tests on the presumable deactivation of the CO2 sorbent.

Apart from the decline in surface area and pore volume, the modest growth of the
MgO crystallite size (29 nm) of the PCD60Act sorbent after 15 cycles compared to that
of fresh PCD60 (25 nm) is further evidence of mild sintering. The results demonstrate
that while MgO serves as a structural stabilizer and the 650 ◦C isothermal conditions
mitigate sintering during cyclic operation, preserving sub-50 nm CaO crystallite sizes post
calcination (e.g., 41 nm for PCD60, Table 1) is critical to minimizing capacity loss. This
synergy between MgO stabilization, optimized thermal conditions, and the high dislocation



C 2025, 11, 37 13 of 30

density of CaO (Table 2) addresses the intrinsic sintering limitations of bulk CaO-based
sorbents [73].

3.7. Microstructural and Spectroscopic Characterizations
3.7.1. Fourier-Transform Infra-Red Spectroscopy

In Figure 8a, carbonated PCD60Act presents a prominent absorption peak of CO3
2− at

1396 cm−1, attributed to the asymmetric bond stretching mode (v3) of the C–O bond [74,75],
whereas the CO3

2− peaks at 1089 cm−1, 872 cm−1, and 710 cm−1 represent the symmetric
stretching (v1), asymmetric bending (v2), and symmetric bending (v4) modes, respec-
tively [76]. The bending vibrational modes v2 and v4 present as narrow and sharp, while
the v3 band features as strong and broad. In contrast, the symmetric stretching (v1) band
exhibits a very weak intensity.

Figure 8. FTIR spectra of carbonated samples (a) PCD60Act and (b) pristine CaO.

The symmetric stretching (v1) absorption band, generally forbidden for calcite-group
carbonates, can sometimes appear in the FT-IR profile of poorly formed samples or ma-
terials whose configuration has been altered by pulverizing [77,78]. In the context of
carbon-capture materials, weakly crystallized structures provide several advantages, with
energy efficiency during regeneration being the most significant. These materials generally
require less energy to regenerate, as their less rigid structure makes it easier to desorb
CO2, typically through heating or reducing the CO2 partial pressure [79,80]. Therefore, the
combined effects of the controlled sintering provided by the dormant MgO skeleton and
the improved rate of CO2 removal by CaO, attributed to the presence of the symmetric
stretching (v1) absorption band (1089 cm−1) as depicted in Figure 8a, presumably lower
the minimum temperature needed for full regeneration of PCD60Act in a short residence
time, and additionally, the reduced regeneration temperature helps to mitigate sorbent
deactivation [81,82].

Figure 8b illustrates the FT-IR spectra comparison of the carbonated samples of
PCD60Act and pristine CaO. The spectrum of carbonated PCD60Act exhibits similar peaks
to that of carbonated pristine CaO. Thus, the presence of the symmetric stretching (v1)
absorption band at 1089 cm−1 observed in the carbonated pristine CaO may be attributed
to the same heat pre-treatment regime as in the case of carbonated PCD60Act. However,
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the complete regeneration of carbonated pristine CaO is kinetically slower compared to
that of PCD60Act, a difference believed to be influenced by the nature of the precursor.

3.7.2. Powder X-Ray Diffraction

Figure 9a demonstrates the major phases present after the carbonation of PCD60Act,
confirming that MgO is inert, and only CaO was involved in the CO2 sorption reaction.
Due to its high Tammann temperature, MgO serves as an inactive framework that inhibits
the growth and clustering of CaO crystallites [83]. Figure S7 depicts the XRD reflections of
fresh dolomite for comparison.

Figure 9. XRD of (a) carbonated PCD60Act at 650 ◦C and (b) PCD60Act after multicyclic tests.

Yang et al. [57] claimed that to enhance the CO2 sorption efficiency of a CaO-bearing
natural sorbent with MgO, the MgO composition should be at least 31.5%. Thus, a naturally
occurring CaO–MgO sorbent with a MgO composition ranging from 31.5% to 38.7% is
believed to be ideal for outstanding CO2 capture, a range that surpasses the MgO com-
position in fabricated CaO–MgO sorbents [23,37,84]. Through the Rietveld refinement of
the XRD of the calcined CaO-based dolomite sorbent (PCD60), Figure S8 illustrates a MgO
content of 38%, supporting earlier statements.

The diffractogram in Figure 9b depicts the successful complete regeneration of the
major CaO–MgO phases of PCD60Act after 15 sorption–regeneration cycles. This notable
recovery shows the durability of the as-prepared sorbent and the availability of pores for
cyclic CO2 uptake. The presence of passive MgO in the CaO-based sorbent promotes the
formation of a robust skeletal structure, enhancing the sorbent’s regenerability and stability
over multiple cycles under modest conditions [85,86].

Moreover, the XRD patterns of PCD60 and PCD60Act were analyzed using Rietveld
refinement to extract quantitative microstructural parameters, including crystallite size
and lattice strain (Figure S9). The presence of Ca(OH)2 was observed in both samples,
due to hygroscopicity (Figure S9a). Also, a systematic increase in CaO crystallite size
was presented in PCD60Act (93.4 nm) compared to PCD60 (85.5 nm), with same trend
noted in the MgO crystallite sizes of both samples as well. Concurrently, lattice strain
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values (Figure S9b) also showed an increasing pattern—from 6% for PCD60 to 18.67%
for PCD60Act.

This analogous behavior between crystallite size and lattice strain, though unusual but
not impossible, suggests that the inert thermal pre-treatment of the PCD60Act sample could
facilitate the formation of oxygen vacancies within the CaO and MgO lattices, thereby
promoting localized lattice distortions and contributing to increased lattice strain [87].

3.7.3. Raman Spectroscopy

Figure 10a presents the Raman spectroscopy results for the calcined PCD60, UD, and
PCD60Act samples. The comparative analysis reveals similar behavior in the three samples
and detects a significant spectral modification in the characteristic CaO peak observed
at ~792 cm−1, induced by calcination of PCD60 and the thermal treatment procedure
in PCD60Act sample. Although the cubic structure of CaO and MgO present in the
calcined dolomite does not show first-order Raman modes in its original state, it does
show second-order Raman modes [88]. The peaks observed in all samples are attributed
to the characteristic CaO and Ca(OH)2 (~300, ~792 and ~1054 cm−1) [89,90] and MgO
(~160, ~481, ~690, ~1340 cm−1) [88,91] phases derived from calcined dolomite. The CaO
peaks overlap with the Ca(OH)2 peaks due to the high hygroscopicity of the materials.
Additionally, the trace spectra of CaCO3 (~1054 cm−1) and Ca(OH)2 (~1206 cm−1) indicate
partial carbonation and hydroxylation due to environmental exposure to moisture and
atmospheric CO2.

 

Figure 10. Raman spectra of (a) PCD60, UD, and PCD60Act, and (b) magnified view of CaO peak
at 792.22 cm−1. The red arrow in the inset (b) represents a shift of the wavelength towards higher
values due oxygen vacancies in sample PCD60Act compared to PCD60 and UD samples.

On the other hand, of particular interest is the peak at 792.22 cm−1, corresponding
to Ca-O vibrations in CaO, which is shown in detail in the magnified view as an inset
(Figure 10b). This peak is exclusively attributed to the CaO phase, as it does not appear in
the spectra characteristic to the Ca(OH)2 hydrated phase [89,92]. Thermal pre-treatment
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in an inert atmosphere (activation) induces a significant shift for PCD60Act, revealing
key information about structural defect formation (oxygen vacancies) in the CaO crystal
lattice. This characteristic shift of the peak located at 792.22 cm−1 (Ca-O) towards the higher
wavenumber (blueshift) 795.72 cm−1 (+3.5 cm−1) is attributed to the vibrations of Ca2+ ions
near oxygen vacancies, and indicates the emergence of lattice strain for compression [93],
as supported by the Rietveld refinement (Figure S9b). In this case, the phenomenon results
from two main mechanisms: local tensile and compressive strain variation in the lattice
around oxygen vacancies [93], and charge redistribution associated with oxygen vacancies,
which modifies interatomic interactions.

Earlier investigations by Parker and Siegel [94] and Wellner et al. [95] reported similar
conclusions for TiO2 and Ge nanocrystals, respectively. Our results demonstrate that inert-
atmosphere thermal pre-treatment enabled the generation of oxygen vacancies that directly
influenced the CO2 sorption capacity of the PCD60Act sample.

3.7.4. X-Ray Photoelectron Spectroscopy

The XPS survey scan of fresh dolomite verified the presence of oxygen, magnesium,
calcium, and carbon elements (Figure 11a), while the C 1s peak is for adventitious carbon
(reference carbon). The analysis also indicates that Mg 1s has the highest binding energy,
measuring 1303 eV (Figure 11b), compared to the binding energies of individual elements
in the material [96]. Furthermore, the approach for curve approximation for the orbital pair
components in Ca 2p3/2 and 2p1/2 showed positioning at 347 eV and 350.5 eV, respectively,
indicating spin-orbital splitting that is characteristic of calcium-containing compounds
(Figure 11c) [38,96]. Figure 11d shows the O 1s region, with the two components O1 (64%)
and O3 (36%) corresponding to lattice oxygen and the OH− group, respectively.

Figure 11. XPS spectra of (a) fresh dolomite survey scan, (b) Mg 1s, (c) Ca 2p, and (d) O 1s.

As shown in Figure 12a, the oxygen O 1s spectrum of PCD60Act is deconvoluted
into three peaks. The maximum at 530.5 eV represents lattice oxygen (O1) and the peak at
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533.5 eV indicates to hydroxyl group surface-adsorbed oxygen (O3) [97,98]. The highest
contribution for this sample comes from O2 at 531.7 eV, which is linked to the number
of surface oxygen vacancies, which are critical for the CO2 sorption reaction efficiency of
Ca-rich compounds [99,100]. The contributions of the different oxygen species are shown
in Figure 12b. The greatest contribution of an oxygen type comes from O2 related to oxygen
vacancies, with 51%, followed by lattice oxygen, with 35%, and the lowest contribution
comes from O3, with 14%. These latter results suggest that thermal pre-treatment of sample
PCD60Act effectively increased the O2 content in the dolomite precursor, enhancing its
CO2 capture capabilities. Comparing the oxygen O 1s spectrum of PCD60Act with that of
UD (Figure 12c), the data show that the lattice oxygen type (O1) is the primary component,
located at 531.5 eV, matching the results for fresh dolomite (Figure 11d), while the other
oxygen type (O3) corresponds to the OH− group. Also, Figure 12d shows the contributions
of oxygen types for the UD sample, exhibiting 90 and 10% for O1 and O3, respectively.
These results conclusively remark the high O2 concentration of the PCD60Act sample,
suggesting the formation of a significant amount of surface oxygen vacancies due to the
inert thermal pre-treatment that this sample was exposed to.

Figure 12. XPS spectra of (a) O 1s for PCD60Act, (b) concentrations for O1 oxygen (red), O2 oxygen
(green), and O3 oxygen (blue) species for PCD60Act, (c) O 1s for UD, and (d) concentrations for O1

oxygen (red) and O3 oxygen (blue) species for UD.

3.7.5. Ultraviolet-Visible Spectroscopy

The absorption band in the UV-vis region corresponds to the band gap energy associ-
ated with electronic transitions from the valence band to the conduction band [69]. Hence,
the direct band gap energies of the as-prepared samples can be estimated based on these
electronic transitions, as illustrated by the Tauc plot in Figure 13.
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Figure 13. Estimated band gap energies of PCD60, PCD60Act, and UD.

A comparative analysis of the optical band gap energies in Figure 13 reveals a decreas-
ing trend in the following order: UD (5.24 eV) > PCD60 (5.00 eV) > PCD60Act (4.36 eV).
The progressive narrowing of the band gap is attributed to the increasing concentration
of oxygen vacancies, particularly pronounced in PCD60Act due to the inert-atmosphere
thermal pre-treatment, which promoted defect formation and introduced localized states
within the band structure.

This trend shows the significant influence of the thermal treatment atmosphere and
sequence on the electronic structure of the materials, as corroborated by the Raman spectra
(Figure 10). The existence of density dislocation, as estimated and presented in Table 2,
demonstrates the effect of open-air calcination on the generation of line defects on the
surface of PCD60. However, further thermal pre-treatment in argon leads to enhanced
point defects, oxygen vacancies, evidenced by the narrowing of the band gap of PCD60Act
(Figure 13), with a band gap energy reduction of 0.88 eV and 0.64 eV compared to UD
and PCD60, respectively. These generated oxygen vacancies introduce localized electron-
rich states within the band gap, positioned just below the conduction band edge. Such
defect states effectively reduce the optical band gap by facilitating lower-energy electronic
transitions, thereby enhancing the material’s properties [101].

Numerous theoretical investigations have been conducted to elucidate the role of crys-
talline defects in facilitating CO2 activation and its subsequent conversion into value-added
products. Thompson et al. [102] and Rawool et al. [103] demonstrated that oxygen vacan-
cies contribute to narrowing the band gap in pristine TiO2 and enhance the formation of
strong sorption sites for CO2 capture and activation. In a related study, Zhu et al. [104] syn-
thesized oxygen-deficient CeO2 (CeO2–V0) by annealing CeO2 under an inert atmosphere,
effectively introducing oxygen vacancies into the lattice.

Ultimately, point defects—particularly oxygen vacancies—play a critical role in modu-
lating the band gap energy, where a reduced band gap facilitates electron excitation from
the valence band to the conduction band with lower energy input. This defect engineering
offers an effective strategy to optimize CaO-based sorbents for CO2 capture by lowering the
effective band gap, generating CO2-reactive surface sites, and enhancing charge transfer
for sorption kinetics.

4. Role of Crystalline Defects
The enhanced CO2 uptake performance of the prepared PCD60Act sorbent was linked

to the generation of defects (oxygen vacancies) formed during the thermal pre-treatment of
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the dolomite sample via activation upon exposure to an argon atmosphere before attaining
the sorption (carbonation) temperature of 650 ◦C. Oxygen vacancies in CaO-based sorbents
are critical for generating basic defect sites that improve CO2 sorption performance, as
demonstrated by experimental and theoretical studies. These vacancies, introduced via
thermal pre-treatment or doping, act as catalytically active sites that promote O2− ion
migration and lower energy barriers for CO2 chemisorption. For instance, in CeO2-doped
CaO sorbents, Ce3+/Ce4+ redox activity generates oxygen vacancies, accelerating O2− trans-
port and increasing the CO2 capacity by 43% compared to undoped CaO [105]. Similarly,
Na2CO3-doped CaO introduces oxygen vacancies through Na+ substitution, stabilizing de-
fect sites and reducing the activation energy for CO2 sorption [106]. Additionally, thermal
pre-treatment, such as calcination, further enhances vacancy formation. In hydrocalumite-
derived CaO-Ca12Al14O33 systems, high-temperature treatment (800–950 ◦C) induces oxy-
gen vacancies in the mayenite structure, enabling rapid O2− diffusion through the CaCO3

layer and improving cyclic stability [107]. This aligns with the PCD60Act dolomite sor-
bent, where thermal pre-treatment generates oxygen vacancies, as confirmed by XRD, XPS,
Raman, and UV-vis spectroscopy, leading to enhanced CO2 uptake. XRD, XPS, Raman,
and UV-vis analyses confirm lattice strain, oxygen vacancy generation, wavelength shift,
and band gap narrowing, respectively, directly correlating vacancy concentration with
sorption performance, validating the role of these vacancies as active sites for CO2 binding.
Therefore, oxygen vacancies in CaO-based materials enhance CO2 capture by optimizing
ion mobility and reaction kinetics, with thermal and doping strategies offering scalable
routes for defect engineering. The PCD60Act sorbent exemplifies this mechanism, with
vacancy generation during thermal pre-treatment supporting its improved CO2 sorption.

Since the interaction between CO2 and metal oxides is assumed to proceed mainly
via the highest occupied molecular orbital–lowest unoccupied molecular orbital (HOMO-
LUMO) pathway [108], the type of carbonate species formed is influenced by the coordi-
nation number of the surface oxygen [109]. The LUMO of CO2 has the maximum energy
among the two engaging frontier orbitals. However, as the coordination number decreases,
the HOMO energy level of surface oxygen rises. As a result, the HOMO-LUMO energy
gap separating O2− and CO2 is smaller at defect regions, leading charge migration from
O2− to CO2 to materialize at a minimal energy cost for three-coordinated (O3C) and four-
coordinated (O4C) sites in contrast to typical five-coordinated (O5C) sites [109,110]. The
elevated density of these low-coordinated (O3C and O4C) edges and corner defect sites in
PCD60Act must have resulted from the thermal pre-treatment process, which is believed to
have induced greater disorder in the crystalline structure of the CaO-based dolomite sor-
bent [68,70]. Also, the reduced regeneration temperature (650 ◦C) observed in the dolomite
(i.e., PCD60Act) can be attributed to the high density of defects generated during the
calcination, which lowered the energy barriers for CO2 regeneration. The small crystallite
sizes (CaO: 41 nm; MgO: 25 nm) and elevated dislocation density (ρ = 60 × 1010 m−2

for PCD60, Table 2) indicate a high concentration of structural imperfections, including
low-coordinated oxygen sites (O3C and O4C) at defect regions. These sites exhibit a smaller
HOMO-LUMO energy gap compared to regular O5C sites, as the HOMO energy of surface
oxygen increases with a decreasing coordination number (O3C > O4C > O5C) [109,110]. This
reduced energy gap facilitates charge transfer during CO2 sorption and regeneration, lower-
ing the activation energy required for both processes, as corroborated by UV-vis (Figure 13).
Also, the abundant defects in PCD60, quantified via dislocation density (ρ = 1/D2, where
D = crystallite size), create a disordered crystalline structure with metastable carbonate
intermediates. These intermediates, formed at defect-rich regions, are bound less strongly
than those on pristine surfaces, enabling CO2 release at milder regeneration temperatures.
Therefore, the calcination and inert thermal pre-treatment of dolomite generates a defect-
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rich CaO–MgO framework with optimized surface chemistry (low-coordinated O2− sites)
and microstructure (small crystallites, high porosity). These features collectively lower
the energy needed for breaking Ca-O-CO3 bonds during regeneration, enabling efficient
sorbent regeneration at reduced temperatures.

5. Proposed Carbon-Capture Mechanism
To clarify the viability of the PCD60Act as a sorbent with crystalline defects in CO2

capture, a comprehensive understanding of the Ca-O-CO2 interplay is necessary. Recent
computational studies [111–113] have confirmed that CO2 is sorbed as monodentate carbon-
ate (CO3

2−) on the edges and corners of low-coordinated O2− sites on CaO. CaO crystals,
which present a cubic lattice system with a low Madelung potential, lead to a diffuse
electron cloud, inducing interaction with CO2 [109]. This process occurs in the presence of
an oxygen-vacancy point defect, with the top O-site of the defect being the most favorable
for CO2 sorption [111,112,114]. Bearing in mind the provision of a skeletal framework by
MgO, below is a plausible illustration of the PCD60 sorption mechanism:

MgO•Ca-O-CO2 interface: MgO•[Ca2+·····O2−] + CO2 (Step 1), (6)

MgO•[Ca2+·····O2−] + CO2 → MgO•[Ca2+····· CO3
2−] (Step 2), (7)

MgO•[Ca2+····· CO3
2−] ↔ MgO•CaCO3 (Step 3), (8)

Given the generation of crystalline defects (oxygen vacancies) via the thermal pre-
treatment procedure, as corroborated by the XRD, XPS, Raman and UV-vis analyses, the
presence of the low-coordinated O2− sites yields ion migration and interaction in the CaO–
MgO interface in a CO2 atmosphere (Step 1, 6). The defect-rich CaO–MgO active sites with
oxygen vacancies present enhance O2− ion mobility, which induces the sorption of CO2 as
a metastable intermediate (monodentate carbonate), as illustrated in Step 2 (7). Ultimately,
Step 3 (8) demonstrates the reversible kinetically controlled chemisorption of CO2 to form
MgO•CaCO3 phases, as confirmed by XRD (Figure 9a).

Furthermore, the calcination of the dolomite sample in an open-air quartz cylindrical
furnace, followed by thermal pre-treatment in argon, induces the formation of a special
CaO–MgO composite, with the MgO phase imparting structural stability to the mate-
rial [39,115,116]. During multicyclic CO2 capture tests, the thermally stable and chemically
inert MgO phase acts as a structural stabilizer by spatially separating CaO grains, thereby
limiting sintering-induced grain boundary contact. This mitigates deactivation and pre-
serves the cyclic sorption–regeneration performance of the CaO phase, as evidenced in
Figure 7.

Table 3 compares the CO2 sorption capacities of CaO-based dolomite sorbents from
the literature with the results of this work. The long-term performance patterns of sorbents
can be studied by simulation with realistic CO2 concentrations. While 15% CO2 aligns
with post-combustion gas streams [73], tests using elevated CO2 partial pressures (90
to 100% CO2 concentration) have been reported to accelerate deactivation in CaO-based
dolomite sorbents (sintering and pore collapse) over prolonged cycles, thus allowing for
rapid assessment of the sorbent’s long-term stability under such conditions.
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Table 3. Comparison of CO2 capture capacities of some CaO-based dolomite sorbents.

Sorbent CaO/MgO Ratio Calcination Conditions Sorption
Conditions

Regeneration
Conditions Cycles First–Last Cycle

Uptake (gCO2/gsorbent)
References

Ball-milled dolomite Not mentioned RT-900 ◦C 300 ◦C/min, 70%
CO2/30% air

650 ◦C, 15% CO2,
85% air

900 ◦C, 70% CO2,
30% air 20 0.40–0.27 [73]

Acetic acid-treated
dolomite Not mentioned

900 ◦C, air, 2 h during
preparation; in TGA

RT-900 ◦C 300 ◦C/min, 70%
CO2/30% air

650 ◦C, 15% CO2,
85% air

900 ◦C, 70% CO2,
30% air 20 0.29–0.12 [117]

Dolomite 1.64 800 ◦C, 3 h 690 ◦C, 15% CO2 800 ◦C, 100% N2 30 0.41–0.17 [118]

Citric acid-treated
dolomite 1.64 600 ◦C, 100% N2, 2 h and

switch 800 ◦C, air, 3 h 690 ◦C, 15% CO2 950 ◦C, 100% CO2 20 0.44–0.25 [119]

Dolomite 2.03 800 ◦C, 100% N2 700 ◦C, 15% CO2 800 ◦C, 100% N2 20 0.41–0.27 [39]

Gluconic acid-treated
dolomite 1.64 800 ◦C, air, 2 h 700 ◦C, 15% CO2 950 ◦C, 100% CO2 10 0.45–0.40 [120]

Dolomite 1.45 Not mentioned 650 ◦C, 30% CO2,
10% H2O 850 ◦C, 100% N2 50 0.45–0.26 [25]

Dolomite 55.61 wt% CaCO3,
44.2 wt% MgCO3

RT- 900 ◦C, 50%CO2/50% N2
and switch 900 ◦C, 100%N2,

5 min
600 ◦C, 50% CO2 900 ◦C, 100% N2 15 0.21–0.17 [53]

Dolomite 23.63 wt% Ca,
9.63 wt% Mg

850 ◦C, N2, 1 h during
preparation; in TGA

RT-725 ◦C 300 ◦C/min, N2,
10 min

850 ◦C, 100% CO2 725 ◦C, 100% N2 20 0.45–0.40 [121]

Dolomite 3.46 RT- 800 ◦C, 100% N2,
6 ◦C/min 700 ◦C, 100% CO2 750 ◦C, 100% N2 8 0.23–0.18 [122]
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Table 3. Cont.

Sorbent CaO/MgO Ratio Calcination Conditions Sorption
Conditions

Regeneration
Conditions Cycles First–Last Cycle

Uptake (gCO2/gsorbent)
References

Dolomite 1.93 800 ◦C, vacuum 400 ◦C, 100% CO2 800 ◦C, vacuum 3 0.51–0.30 [123]

PCD60Act 1.64

900 ◦C, air, 1 h during
preparation;

450 ◦C, 90% CO2 650 ◦C, 100% argon 15 0.25–0.17 This work
in TGA RT- 650 ◦C, 100% Ar,

30 min

PCD60Act 1.64

900 ◦C, air, 1 h during
preparation;

650 ◦C, 90% CO2 650 ◦C, 100% argon 15 0.44–0.37 This work
in TGA RT- 650 ◦C, 100% Ar,

30 min
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For instance, the CO2 uptake capacity using 15% CO2 reaches 0.45 gCO2/gsorbent in
the 1st cycle, with a rapid capacity loss at the 20th cycle [39,117–119]. Furthermore, the
performance in studies using 100% CO2 varies, stressing that the sintering mechanisms
observed under high CO2 concentrations correlate strongly with real-world performance
degradation, justifying accelerated testing protocols [46]. As expected, there are sorbents
that deactivate within a few cycles, demonstrating their poor stability [122,123]. But, in our
study, using 90% CO2 retained a CO2 uptake capacity of 0.38 gCO2/gsorbent after 15 cycles for
PCD60Act, compared to the 0.40 gCO2/gsorbent reported by Han’s team [121] after 20 cycles.
It is noteworthy to highlight that Han et al.’s [121] study carried out high-temperature
cyclic sorption–regeneration with a low-Mg-content dolomite (high CaO:MgO ratio).

Furthermore, the optimal MgO content in synthetic sorbents for CO2 capture has been
a subject of significant research. However, for natural sorbents, the literature is limited.
For instance, Yang et al. [57] identified that a 38.7 wt% MgO content in calcined dolomite
(corresponding to 17.16 wt% in natural dolomite) yields the best results for CO2 uptake
capacity and cyclic stability. This optimal composition, found in commercially available
dolomite from China, demonstrated a CO2 uptake capacity of 0.45 gCO2/gsorbent in the
initial cycle, and maintained stability over 50 cycles, with a CaO:MgO ratio of 1.45 [57].

Comparative studies using natural dolomites from various sources and commercial
dolomite with a lower MgO content have shown less favorable results in terms of stabil-
ity. Japanese natural dolomite (CaO:MgO ratio of 1.93) [123], Chinese natural dolomite
(CaO:MgO ratio of 2.45) [121], and Alfa Aesar commercial dolomite (CaO:MgO ratio of
3.4) [122] have all exhibited poor stability similar to that of limestone-based sorbents. In
contrast, the calcined Mexican natural dolomite used in the current study contained 38 wt%
MgO, resulting in a CaO:MgO ratio of 1.63. This composition aligns with the optimal ratio
identified by Yang and co-workers [57], suggesting that the Mexican natural dolomite may
be more suitable for CO2 capture applications, offering improved cyclic stability compared
to the other dolomite sources mentioned.

Notably, as far as we know, this is the first documented case of dolomite sorption–
regeneration at a minimum temperature of 650 ◦C with reasonable kinetics. Also, giving
consideration to energy consumption, prolonged treatments (e.g., 240 min) significantly
increase energy demand, whereas shorter calcination times (e.g., 60 min) balance energy
efficiency with performance (Table S2), justifying process scalability. This breakthrough
has significant implications for the sorbent’s durability, not only under sorption and regen-
eration conditions for CO2 capture, but also in other processes, such as gas reforming for
hydrogen production with simultaneous CO2 capture [124–126].

6. Conclusions
This study demonstrates the successful development of a thermally pre-treated

dolomite-based sorbent (PCD60Act) for efficient CO2 capture at moderate temperatures.
Calcination of natural dolomite at 900 ◦C for 60 min, followed by activation under an inert
argon atmosphere at 650 ◦C, generated a defect-rich CaO–MgO composite with exceptional
CO2 uptake and cyclic stability. The PCD60Act sorbent achieved an initial CO2 capacity of
0.477 gCO2/gsorbent at 650 ◦C, and retained 84% of its capacity (0.38 gCO2/gsorbent) after
15 cycles under isothermal sorption–regeneration conditions. Notably, the regeneration
at 650 ◦C—significantly lower than that of conventional CaO-based systems (>800 ◦C)—
highlights the energy efficiency and practical viability of this approach.

The enhanced performance stems from the synergistic effects of MgO stabilization and
defect engineering. Thermal pre-treatment introduced oxygen vacancies and lattice strain,
as confirmed by Raman, XPS, and UV-vis analyses, which lowered the energy barrier for
CO2 chemisorption and facilitated rapid sorption–regeneration kinetics. The inert MgO
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framework mitigated sintering by spatially isolating CaO crystallites, preserving textural
properties (23 m2/g post-cycling) and dislocation density (60 × 1010 m−2). These structural
advantages were further evidenced by XRD and SEM, which revealed retained porosity
and suppressed agglomeration after cycling.

A comparative analysis with the current literature showed the superiority of
PCD60Act, particularly under high CO2 concentrations (90%), where it outperformed
most dolomite-derived sorbents in capacity retention. The optimal CaO:MgO ratio (1.64)
in the Mexican dolomite source aligned with theoretical thresholds for stability, enabling
durable performance without costly synthetic modifications.

This work advances the integration of natural mineral sorbents into carbon capture
systems, offering a scalable, cost-effective solution for applications such as integrated
carbon capture and conversion (ICCC). Its moderate operational temperatures and robust
cyclic stability position PCD60Act as a promising candidate for hydrogen production
processes (e.g., dry reforming) and industrial flue gas treatment, bridging the gap between
energy efficiency and environmental sustainability. Future studies should explore pilot-
scale validation and long-term stability under realistic gas compositions to accelerate
industrial adoption.
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for quantification of (a) composition and (b) lattice strain; Table S1: Elemental composition of fresh
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Abbreviations
The following abbreviations are used in this manuscript:

ICCC Integrated carbon capture and conversion
CCU Carbon capture and utilization
DFM Dual-function material
DRM Dry reforming of methane
ICP-OES Inductively coupled plasma optical emission spectroscopy
TSS Temperature-swing sorption
SEM-EDS Scanning electron microscopy–energy-dispersive spectroscopy
XRD X-ray diffraction
ICDD International Centre for Diffraction Data
BET Brunauer–Emmett–Teller
BJH Barrett–Joyner–Halenda
FT-IR Fourier-Transform Infra-Red
XPS X-ray photoelectron spectroscopy
UV-vis Ultraviolet-visible spectroscopy
TGA Thermogravimetric analysis
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital

References
1. Li, F.; Hemmati, A.; Rashidi, H. Industrial CO2 absorption into methyldiethanola-mine/piperazine in place of monoethanolamine

in the absorption column. Process Saf. Environ. Prot. 2020, 142, 83–91. [CrossRef]
2. Skoufa, Z.; Antzara, A.; Milios, I.; Heracleous, E.; Lemonidou, A.A. CaO-Based Sorbents for Post Combustion CO2 Capture via

Carbonate Looping. In Energy, Transportation and Global Warming; Springer: Cham, Switzerland, 2016; pp. 571–589. [CrossRef]
3. Samanta, A.; Zhao, A.; Shimizu, G.K.H.; Sarkar, P.; Gupta, R. Post-combustion CO2 capture using solid sorbents: A review. Ind.

Eng. Chem. Res. 2012, 51, 1438–1463. [CrossRef]
4. Abanades, J.C.; Anthony, E.J.; Lu, D.Y.; Salvador, C.; Alvarez, D. Capture of CO2 from combustion gases in a fluidized bed of

CaO. AIChE J. 2004, 50, 1614–1622. [CrossRef]
5. Chen, J.; Duan, L.; Sun, Z. Review on the Development of Sorbents for Calcium Looping. Energy Fuels 2020, 34, 7806–7836.

[CrossRef]
6. Heidari, M.; Tahmasebpoor, M.; Antzaras, A.; Lemonidou, A.A. CO2 capture and fluidity per-formance of CaO-based sorbents:

Effect of Zr, Al and Ce additives in tri-, bi- and mono-metallic configurations. Process Saf. Environ. Prot. 2020, 144, 349–365.
[CrossRef]

7. Elvira, G.B.; Francisco, G.C.; Víctor, S.M.; Alberto, M.L.R. MgO-based adsorbents for CO2 adsorption: Influence of structural and
textural properties on the CO2 adsorption performance. J. Environ. Sci. 2017, 57, 418–428. [CrossRef]

8. Su, Y.; Han, R.; Gao, J.; Wei, S.; Sun, F.; Zhao, G. Novel method for regeneration/reactivation of spent dolomite-based sorbents
from calcium looping cycles. Chem. Eng. J. 2019, 360, 148–156. [CrossRef]
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