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Abstract: The potential of the supercritical antisolvent micronization (SAS) technique was evaluated
for the production of CaO-based particles with a size and a physical structure that could enable high
performance for CO, capture through the calcium looping process. Two sources of calcium derivative
compounds were tested, waste marble powder (WMP) and dolomite. The SAS micronization of the
derivate calcium acetate was carried out at 60 °C, 200 bar, a 0.5 mL min~! flow rate of liquid solution,
and 20 mg mL~! concentration of solute, producing, with a yield of more than 70%, needle-like
particles. Moreover, since dolomite presents with a mixture of calcium and magnesium carbonates,
the influence of the magnesium fraction in the SAS micronization was also assessed. The micronized
mixtures with lower magnesium content (higher calcium fraction) presented needle-like particles
similar to WMP. On the other hand, for the higher magnesium fractions, the micronized material
was similar to magnesium acetate micronization, presenting sphere-like particles. The use of the
micronized material in the Ca-looping processes, considering 10 carbonation-calcination cycles under
mild and realistic conditions, showed that under mild conditions, the micronized WMP improved
CaO conversion. After 10 cycles the micronization, WMP presented a conversion 1.8 times greater
than the unprocessed material. The micronized dolomite, under both mild and real conditions,
maintained more stable conversion after 10 cycles.

Keywords: supercritical antisolvent method; marble; dolomite; CO, capture; micronization

1. Introduction

Sustainability and sustainable development are the goals that society seeks to achieve.
The United Nations Organization (UNO) has been promoting these goals since the publica-
tion of the Brundtland Report [1] in 1987. Now, they have established a Sustainable Agenda
until the year 2030 [2] and therein proposed 17 objectives, including some concerning
the energetic and resource areas. On the other hand, the European Union (EU) research
and innovation framework program, Horizon Europe (HE), aims to pursue breakthrough
solutions for the major challenges that economies and societies face today in environmental,
energy, digital, and geopolitical areas. Chemistry has made important contributions to
meeting the goals of this Agenda and to the previous goals of the UNO. A field very much
explored, and where considerable work can still be carried out, is the valorization of natural
resources and the reuse of waste materials. Waste materials, for instance, from heavy or
construction industries, are a major environmental problem, presenting a threat to the
environment [3—-6]. However, as previously stated, industrial waste can be an interesting
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source of valuable compounds, such as manganese obtained from silico-manganese waste
slag [7], magnesium from industrial effluents [8], or rare earth metals from secondary
sources, such as coal ash, red mud, or phosphogypsum [9]. Another important example is
the reuse of sources of calcium. There is great availability of this element in nature, such as
minerals like limestone and other minerals containing calcium in carbonated form, or in
shells of eggs or mussels, foods widely appreciated and with industrialized production.
There are several applications for calcium in different forms. The most used is the oxide
form, which has many applications, for instance, as a catalyst for the transesterification
reaction of fatty acids to produce biodiesel [10]. In the form of acetate salt, it can be used
as a food and beverage additive or as an active pharmaceutical ingredient to treat kidney
problems [11].

These calcium materials’ natural resources can be used, on a large scale, to capture CO,
and can also be used as an agent to produce energy combined with renewable energies. The
process to capture CO,, also known as calcium looping (CaL), uses a CaO-based sorbent
reacting via the reversible reaction of the calcination of CaCOj3 [12-16]. Another application
of this calcium looping system is in concentrated solar power (CSP) systems [17,18]. In
these systems, the CaCOj3 is decomposed into CaO and CO; at the calcination stage when
absorbing solar energy, and when the sunlight is weak at night, an exothermic reaction
between CaO and CO, takes place to retrieve the thermal energy and reform CaCOs.
The key barrier to CaL is the sintering with cycling. Some ways to overcome this issue
include the chemical pretreatment of materials, the synthesis of nano-CaO, and the use
of CaO with a dopant. One that is widely used is Mg [19,20] due to the high Tammann
temperature of MgO (1276 °C) [20]. In nature, it is possible to find it combined with calcium
in dolomite Ca(; _y) Mgx(CO3)2, a mineral that contains calcium and magnesium carbonates
in different proportions. The use of these materials in the referred applications is in raw
form, with them undergoing grind processes to reduce their size. But this generates very
heterogeneous materials in terms of morphology, size, and the particle size distribution of
the produced particles and even some wastage.

To overcome the limitations of the physical processes, several methods to prepare mi-
cro and nanoparticle metal oxides have been developed. The so-called conventional meth-
ods include processes like aqueous phase precipitation, sol-gel chemistry, and gas-phase
polymerization. The use of supercritical techniques such as supercritical antisolvent precipi-
tation (SAS), which is included in the classification of non-conventional techniques [21], can
also be a suitable alternative for the preparation of nanoparticles of metal oxides. The SAS
process involves, most of the time, CO, as the supercritical fluid (scco, ) The reason it is a
better environmental option is because CO, can be obtained with high purity from natural
sources (apart from the ones that make it necessary to capture it from the atmosphere and
industrial processes). It also has non-inflammable properties, low toxicity, and an easily
achieved critical point. To successfully carry out this process, the supercritical antisolvent
needs to be completely miscible with the liquid solvent used during the process, whereas
the solute to be micronized has to be insoluble in the mixture solvent/scco,. During this
process, the diffusion of scco, in the liquid solvent is very fast, since the diffusivity of
scco, is about two orders of magnitude higher than that of conventional liquids, which
produces the supersaturation of the solute immediately before its precipitation, leading
to the production of nanoparticles. Depending on the process parameters that influence
the supersaturation and the nucleation rate, the particle size, particle morphology, and
particle size distribution can vary over a wide range and can be tuned. The SAS process
has already been explored to prepare metal oxide precursors, mainly catalysts [22-24] and
superconductors [25,26], but to our knowledge, its use to produce CaO-based sorbents for
CO; capture is not described in the literature.

In this study, two natural calcium-based materials, a waste marble powder and a
dolomite, were treated using the SAS technique. The performance of both materials, before
and after treatment, was evaluated along with the CaL process performed under mild
(800 °C) and realistic (930 °C) calcination conditions. The effect of MgO content on the
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sorbent’s CO, capture performance was also evaluated through the preparation of synthetic
mixtures using commercial calcium and magnesium acetates as precursors.

2. Materials and Methods
2.1. Materials

Waste marble powder (WMP) and dolomite powder were obtained from the Por-
tuguese cutting and polishing marble industry and a Turkey quarry, respectively. Both
materials were used as supplied. DMSO (CAS numbers 67-68-5) was provided by Merck
with a purity of 99.9%, and glacial acetic acid (64-19-7) was procured from Chem-Lab. Cal-
cium acetate and magnesium acetate, p.a. grade from Carlo Erba, were used as precursors
of synthetic CaO/MgO mixtures. Both chemicals were used as supplied.

2.2. Preparation of the Calcium Materials

The CaCO3; and MgCOs3, present in the marble and dolomite, were transformed into
calcium acetate and magnesium acetate, respectively, using aqueous acetic acid (30% in
mass) following the procedure described in reference [27]. The reaction was considered
complete when all of the carbonates disappeared and no more CO, was released. Afterward,
the remaining inorganic material (e.g., impurities from the natural material) was filtrated,
and the calcium and/or magnesium acetate solution was recovered, with the solvent being
evaporated through the use of a vacuum rotary evaporator. Finally, the organic solution
to be used in the SAS process, which contained the compounds to be micronized, was
prepared by solubilizing the calcium acetate and /or magnesium acetate in a solvent mixture
of DMSO and acetic acid (50/50 v/v).

Moreover, for comparative reasons and to assess the effect of the MgO mass fraction
(wt., %) in the sorbent’s CO, capture performance and stability, mixtures with 10%, 20%,
30%, and 40% of calcium and magnesium were prepared using the corresponding com-
mercial acetates (corresponding to 92/8; 83/17; 75/25; and 65/35 of CaO/MgO). These
mixtures were also solubilized in the solvent mixture (DMSO/acetic acid 50/50 v/v) to be
used in the SAS process.

2.3. Characterization of the Materials

The chemical composition of the WMP and dolomite was determined at LAIST (Labo-
ratory of Analysis of Instituto Superior Técnico). The oxide content of calcium, magnesium,
aluminum, silicon, potassium, and iron was determined via an inductively coupled plasma
optical emission spectrometer, and carbon was quantified using an internal method.

The textural properties of fresh natural materials, after micronization, and commercial
calcium acetate were determined through N sorption at —196 °C on a Micromeritics ASAP
2010 apparatus. To remove water, the samples were outgassed under vacuum at 90 °C
for 1 h and then at 120 °C for 5 h. The BET equation was applied to estimate the specific
surface area (Sggr), the total pore volume (V) was calculated from the adsorbed volume
of nitrogen for a relative pressure (p/po) of 0.97, and the pore size distribution (PSD) was
obtained by using the BJH model (desorption branch).

The morphology and particle size were analyzed by scanning electron microscopy.
(SEM), using an Analytical FEG-SEM JEOL 7001 F with Oxford light elements, an EDS
detector, and an EBSD detector.

The mineralogical phases of the treated sorbents, before and after micronization, were
investigated using X-ray powder diffraction (XRD) in a Bruker D8 Advance diffractometer
set up with a 1D detector (SSD 160), a Cu K (A = 0.15406 nm), and a Ni filter. Each sample
was scanned within the 26 range of 5-80°, with a step size of 0.03° and a step time of 0.5 s.
The PDF database was used to identify the crystalline phases.

2.4. Supercritical Antisolvent Precipitation

The SAS apparatus used to perform the micronization experiments was previously de-
scribed in detail [27,28] and is presented in Figure 1. It consists of a co-current precipitator,
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fed separately to the top of the chamber by the supercritical fluid and the liquid solution,
continuously discharged from the bottom. Two HPLC pumps (Gilson 306) were used to de-
liver the supercritical CO, and the liquid solution. To avoid cavitation due to the pumping
of a compressible fluid, the CO, and the head of the pump were previously cooled in an ice
bath. The two streams were heated in a thermostatic bath before entering the precipitation
chamber with a cylindrical vessel of 300 mL. The organic solvent (solvent mixture of DMSO
and acetic acid 50/50 v/v) containing the solute to be precipitated was injected into the
precipitator through a stainless-steel nozzle with a 125 pm internal diameter and a 1 cm
length, located on the top of the vessel. The pressure and temperature inside the precipitator
were monitored with a transducer P X 435 (Omega Engineering Inc., Norwalk, CT, USA),
and thermocouple type ] (Omega Engineering Inc.) with an uncertainty of £0.2 bar and
£0.3 °C, respectively. A stainless-steel frit was used to collect the micronized compound at
the bottom of the precipitator, where the mixture of supercritical CO, and organic solvent
can pass through. The solvent mixture’s flow rate is controlled by a micrometric valve and,
after the solvent mixture is separated, the liquid solvent is recovered, with the separation
pressure being regulated by a back-pressure valve. Afterward, decompressed CO; passes
through a rotameter and a wet test meter to measure the flow rate and the quantity of CO,
used, respectively.

=

C

Figure 1. Schematic diagram of the SAS apparatus. BP1 and BP2—back pressure regulators; C—CO,
cooler; F—calibrated flow meter; G—CO, cylinder; GM—dry test meter; HE1 and HE2—heat
exchangers; LS—liquid solvent recover vessel; MV—micrometering valve, P—pressure transducer,
T-temperature sensor.

The experimental conditions to precipitate the metallic acetates produced from marble
and dolomite, and from the CaO/MgO commercial mixtures, were chosen according to the
optimization performed in a previous study using eggshells [27]. The optimal experimental
conditions to carry out the SAS micronization of calcium acetate dissolved in a solvent
mixture of DMSO and acetic acid (50/50 v/v) were: a temperature of 60 °C; pressure
of 200 bar; a solute concentration of 20 mgmL~!; and an organic solution flow rate of

0.5 mLmin~ L.

2.5. Cyclic Carbonation—Calcination Tests in a Thermogravimetric Analyzer

The multicycle CO, capture behavior of the fresh and SAS micronized sorbents was
assessed using a thermogravimetric analyzer (TGA) system TG-DSC Setsys Evo 16. In our
previous study [20], it was found that the most remarkable deactivation processes occurred
for cycles 1 to 10, while the results were considerably similar in the 10th to 20th cycle
range. Consequently, tests with 10 carbonation—calcination cycles were carried out in this
work. For each experiment, ca. 5 mg of sample was used and a CO,, air, or CO,/air flow
of 40 mLmin~! was used during the carbonation—calcination cycles. First, the sorbents
were pre-activated at 800 °C or 930 °C under air or CO, atmosphere, respectively, to
guarantee that before the first carbonation process, all of the sorbent was present as an
oxide. Then, carbonation was carried out using a gas mixture with a CO, concentration
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of 25% to mimic the real flue gas CO, concentration balanced in the air (700 °C, 60 min),
followed by calcination under an air or CO, atmosphere (800 or 930 °C, 10 min). The
lower pre-activation/calcination temperature, i.e., 800 °C, was used only for comparative
reasons. Calcination at 930 °C, under a pure CO, atmosphere, is more realistic for the
industrial applications foreseen in CO, storage or utilization. The mass variation during
the carbonation and calcination of each cycle came from the CO; that is captured and
released along the cycles, which allowed for the calculation of the moles of CO; that are
captured in each carbonation step (1co,, carp )- Then, the CO; conversion of each sorbent
was calculated by using the ratio of the number of CO, moles captured during each cycle’s
carbonation step, and the theoretical number of moles that can be captured in relation to
the CaO content in the sample is described by Equation (1):

n X M
MCOsesn X ME0 000 W

CaOconversion =
Mgorbent X WCaO

where Mc,0 is the molar mass of CaO, mgypent is the initial mass of the sorbent, and wc,0
is the percentage of CaO in the sorbent. For the natural materials, the CaO content was
estimated through the chemical analysis of the fresh materials. A blank experiment was
conducted to correct apparatus buoyancy effects like atmosphere density changes with
temperature.

The carbonation rate (dX; /9t), where X, = mco, captured/Mcao and t is the time, was
estimated for the 1st and 10th cycle carried out in the TGA (the data acquisition interval
was 2 s).

3. Results
3.1. Properties of Natural Calcium Materials and Precipitated Products

The oxide content of the fresh WMP and dolomite sorbent samples, dried at 120 °C, is
presented in Table 1.

Table 1. Oxide content of fresh WMP and dolomite materials dried at 120 °C.

Oxide Content wt. (%) SiO, CaO MgO Al,O3 Fe, O3 K,O CO,

WMP 1.50 52.2 0.45 0.23 0.11 0.12 44.0
Dolomite 0.09 34.8 17.1 0.02 0.01 n.d. 46.2

The fresh natural WMP and dolomite samples were analyzed using SEM analysis
(Figure 2). The WMP contains particles with a larger size than the dolomite sample,
and most of them show a cubic appearance. On the other hand, the dolomite sample is
composed of a mixture of larger- and smaller-sized particles that, based on the energy
dispersive X-ray spectroscopy (EDS) analysis, correspond to CaCO3 and MgCOj particles,
respectively.

Figure 2. SEM images of fresh (a) WPM and (b) dolomite.
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After the SAS process, the morphology of the fresh sample was clearly modified, as is
evidenced in Figure 3. For both materials, the particle size reduction was accentuated.

Figure 3. SEM images of SAS micronized compounds obtained with 200 bar of pressure, a 0.5 mL
min~! flow rate of liquid solution, and a 20 mgL~! concentration of solute: (a) calcium acetate
derived from WMP, (b) calcium acetate produced from eggshells [27], and (c) calcium/magnesium
acetates produced from dolomite.

The micronized samples of calcium acetate obtained from WMP were also compared
to the calcium acetate processed from eggshells (see the previous work of the authors,
reference [27]. Figure 3a,b presents the SEM images of the obtained SAS micronized
calcium acetate derived from WMP and eggshells [27], respectively. It can be observed that
the source of the material did not affect the final SAS product, and therefore, the micronized
calcium acetate derived from waste marble powder presented a similar morphology to that
obtained from eggshells, which were needle-like particles (Figure 3a,b). Moreover, the yield
of the process was similar for both sources of calcium acetate (>70%). On the other hand,
the SAS micronized acetates of Ca and Mg obtained from the dolomite showed a different
aspect, presenting considerably smaller particles with sphere-like morphology (Figure 3c).

The effect of the micronization process on the mineralogical structure of calcium-
based sorbent obtained from marble samples was assessed. As shown in Figure 4, before
micronization, the calcium was present as calcium acetate acetic acid hydrate (PDF 10-
0782), but after micronization, only calcium acetate hydrate (PDF 19-0199) was identified,
meaning that the SAS process contributes not only to the reduction in calcium acetate
particles size but also to sorbent purification.
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& Calcium acetate acetic acid hydrate
N ¢ Calcium acetate hydrate

Intensity (a.u.)

Before micronization

After micronization

10 20 30 40 50 60 70 80

Figure 4. XRD patterns of the marble material after solubilization with acetic acid (30%) before and
after the SAS micronization process.

To evaluate how the quantity of magnesium affected SAS micronization and changed
the particle morphology, a micronization study with different ratios of calcium-magnesium
mixtures was carried out. For this purpose, synthetic mixtures of calcium and magnesium
acetates were prepared, using the commercial standards, with amounts of 10%, 20%, 30%,
and 40% in the mass percentage of magnesium acetate (corresponding to 92/8; 83/17;
75/25; and 65/35 of CaO/MgO after acetate calcination). The SAS micronization of the
obtained mixtures was carried out under the same conditions as the previous micronization
of WMP and dolomite. In all of the performed SAS experiments, it was possible to attain
yields higher than 80% (m/m). The obtained samples were analyzed using SEM, and the
morphology of the samples showed differences, as shown in Figure 5. As can be seen, the
micronization of the mixture with only 10% magnesium acetate (Figure 5a) led to particles
presenting a morphology very similar to the micronized calcium acetate obtained from
WMP, with needle-like particles that were very aggregated but also with the presence, in a
considerable minor amount, of other small particles presenting sphere-like morphology.
This result follows the trend previously observed for calcium acetate derived from different
sources, as well as the calcium-magnesium mixture from dolomite. In fact, for lower
magnesium fractions (10-20%), e.g., a higher calcium amount (80-90%), the majority of
the particles present a needle-like morphology, which is similar to the SAS micronization
of the derived calcium acetate obtained from eggshells or marble waste. On the other
hand, with the increase in the magnesium fraction in the mixture, there is an increase in
smaller particles with a sphere-like morphology. In fact, the samples prepared with 30%
magnesium acetate (Figure 5c) presented a morphology identical to the material obtained
from natural dolomite: smaller particles with a sphere-like morphology. Moreover, for the
mixture with a 40% magnesium acetate composition (Figure 5d), the material obtained was
very homogeneous, presenting small particles with a non-defined shape. These particles
present a high degree of aggregation, which can be due to small residues of solvent trapped
in the structure of the particles or due to the capture of atmospheric moisture, since these
metallic acetates have high hygroscopicity.
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10um

Figure 5. SEM images of Ca/Mg acetates obtained with different ratios of Ca and Mg: (a) 10% Mg;
(b) 20% Mg; (c) 30% Mg; (d) 40% Mg.

N, sorption studies were carried out for WMP and dolomite samples to evaluate the
materials’ textural properties, assessing the BET-specific surface area (Sggr), total pore
volume (V}), and pore size distribution (PSD) of the SAS micronized materials, as well
as the unprocessed sources. For comparison, a commercial calcium acetate sample was
also analyzed. The obtained results are presented in Figure 6a,b. From the analysis of
the results presented in Figure 6a, it can be seen that, for both materials, i.e., WMP and
dolomite, the SAS micronized calcium acetate showed higher Sggr and V}, compared to
the corresponding unprocessed material (identified above as fresh material). In fact, for
the micronized WMPD, it was possible to attain a 26-times increase in the specific surface
area, whereas, for the micronized dolomite, a more than 30-times increase was observed.
On the other hand, the total pore volume of the micronized materials increased more than
23 and 11 times for the WMP and dolomite, respectively. In addition, the comparison of
the textural properties of micronized WMP and commercial calcium acetate shows that the
Sper and V), of micronized material increase by 18 and 12 times, respectively. This means
that SAS micronization led to a structural arrangement with a considerable increase in
porosity, compared to the unprocessed and commercial calcium acetate materials. Since
the higher porosity and stability of materials can improve CaO conversion in Ca-Looping,
it could be expected that the micronized materials will present higher efficiency in the
final process.

Concerning the pore size distribution (results depicted in Figure 6b), there was a
strong increase in the pore fraction for the SAS micronized materials compared to the
unprocessed sources. The SAS micronized material obtained from WMP maintained its
pore size range and presented a considerable increase in the pore fraction for the range
of 5-100 nm. Considering that CaO-based sorbents with a pore range from 20-100 nm
are regarded as suitable for CO, capture [29], the obtained results for micronized WMP
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show that the SAS process can improve the structure arrangements towards the use of a
CaO-based sorbent for CO, capture. Regarding the materials derived from dolomite, it can
be seen that the micronization technique led to a material with a strong increase in the pore
fraction, though still maintaining the pore size range of the unprocessed material. It can be
seen that the increase in the pore volume is considerably strong for pore sizes within the
10-100 pm range, which is also in agreement with the better performance of CaO-based
sorbents for CO, capture.

a b
160 ( ) 0.16 0.16( )
) —O— WMP: fresh
L 0.14 & 0.14 —@— WMP: micronized
: < —A— Commercial calcium acetate
o —O— Dolomite: fresh
-0.12 g 0.12 1 _g— Dolomite: micronized
L0110 @ 2 0.10-
o 3
£
0.08 & ©0.08 1
et [*]
[=} o
F0.06 > —~0.06 -
2
- 0.04 80.04-
3
I 0.02 % 0.024
-0.00 0.00 -
WMP WMP  Commercial Dolomite Dolomite 1 1000

Fresh  Micronized Ca acetate Fresh Micronized

10 100
Pore Width (nm)

Figure 6. Textural properties of commercial calcium acetate, unprocessed WMP and dolomite and
SAS micronized materials: (a) specific surface area (Sggt, m?2/ g) and total pore volume (Vp, cm3/ g)
and (b) BJH pore size distribution (desorption branch).

3.2. Calcium Looping Tests

The micronized materials were submitted to the calcium looping process for post-
combustion CO; capture. Briefly, the reactivity and stability of the micronized particles were
assessed during carbonation—calcination cycles through thermogravimetric analysis (TGA).
For practical applications, i.e., CO, storage or utilization in conversion processes, CaCO3-
based materials should be calcined in a CO,-rich atmosphere. However, the thermodynamic
equilibrium decomposition of CaCOjs is a function of CO; partial pressure [30,31], meaning
that higher temperatures are required if the calcination step is performed under a high
CO; concentration atmosphere. Indeed, the samples were tested under realist (100% CO,,
930 °C) and mild (100% air, 800 °C) calcination conditions to evaluate their cyclic CO,
capture performance. The carbonation conditions were kept constant, with 25% of CO,
balanced in air, at 700 °C.

Figure 7 presents the results of CaO conversion (%) for 10 carbonation—calcination
cycles for the SAS micronized materials, the untreated sources, and commercial calcium
acetate tested under mild and realistic calcination conditions.

The sorbent’s CaO conversion was determined based on its CaO content because the
MgO was already observed to be inert under the experimental conditions tested [20,32].
Under mild conditions, the micronized calcium acetate produced from WMP shows a
conversion rate higher than 90% in the first cycle, decreasing only to values of conversion
higher than 80% after 10 cycles. Compared with the WMP used without treatment, it is
visible that the conversions are much lower than the ones presented for the micronized
calcium acetate (~46% vs. 83% after 10 cycles). In comparison with untreated WMP,
commercial calcium acetate presents enhanced performance; CaO conversion was ca. 93%
and 53% for the 1st and 10th cycle, respectively. However, commercial calcium acetate
performs worse than the one produced through the SAS process using WMP as a precursor,
evidencing the potential of this technology for the development of CO; sorbents using
natural source materials.
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Figure 7. CaO conversion of untreated and micronized WMP or dolomite and commercial calcium
acetate during 10 cycles of carbonation at 700 °C and calcination under (a) mild (100% air, 800 °C) or
(b) realistic (100% CO,, 930 °C) calcination conditions.

Regarding the conversion obtained for the micronized calcium acetate and the un-
treated WMP under realistic conditions, the values during the first cycle are similar; how-
ever, the decrease, cycle after cycle, was higher for the untreated sorbent. The deactivation
among the 1st and 10th cycles was 55% and 47% (considering the value of the 1st cycle as
the reference) for the untreated and micronized WMP, respectively. Opposite to the results
observed during mild calcination, the commercial calcium acetate performs worse than
the untreated WMP, evidencing its lower sintering resistance to high-temperature calcina-
tion. Looking at the results obtained for dolomite treated using the SAS method and the
untreated, the maintenance of stability over the 10 cycles, resistance to the sintering effect,
and the consequent non-loss of conversion capacity are visible in the untreated sample.
These results show that the presence of MgO, which is inert under the used experimental
conditions [32], acting only as a CaO particle “spacer”, has a relevant role in the sorbent
materials’ stability during the carbonation—calcination cycles. For a better understanding of
the SAS process’ effect on the CO; capture by CaL, using mild and more realistic calcination
conditions (800 °C and 930 °C), the carbonation rate was estimated for the 1st and 10th
cycle for the untreated and micronized materials (Figure 8).

(b)

Calcination at 800 °C Calcination at 930 °C

14

1.2

1.0

0.8

dx_/dt

——— WMP fresh: 1cy
"""" WMP fresh: 10 cy

——— WMP fresh: 1cy

ceeeees WMP fresh: 10 cy
———WMP micronized:1 cy

------ WMP micronized: 10cy

== WMP micronized:1 cy
----- WMP micronized: 10cy

Dolomite fresh: 1 cy Dolomite fresh: 1 cy

....... Dolomite fresh: 10 cy s¢+*+* Dolomite fresh: 10 cy
Dolomite micronized: 1cy “Dolomite micronized: lcy

** Dolomite micronized: 10 cy ¢***** Dolomite micronized: 10 cy

dx, /dt

Commercial Ca acetate:1 cy Commercial Ca acetate:1 cy

"""" Commercial Ca acetate:10 cy *++*** Commercial Ca acetate:10 cy

Time (min)

Time (min)

Figure 8. Carbonation rates obtained in a TGA at 700 °C, for the 1st and 10th cycle of the untreated
and micronized materials calcined at 800 °C (a) and 930 °C (b).
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The carbonation profile of untreated and micronized WMP and dolomite regenerated
at 800 °C is very different. For the fresh materials, the carbonation rate is slow; it requires 4-
6 min to complete the kinetic stage, while in the case of micronized materials, it is completed
after 2 min. This can be justified by the higher specific surface area and total pore volume of
the micronized materials (Figure 6a), which facilitates CO, diffusion inside the sorbent and
favors carbonation. On the other hand, when a higher calcination temperature is used, the
carbonation kinetic stage is almost complete after two minutes. Probably, during calcination
at a higher temperature, there is a change in the textural properties of sorbents, leading to
an increase in their pore size diameter [20], which could favor CO, diffusion around the
particles, justifying the faster carbonation rate of WMP and dolomite at 930 °C. However, it
is expected that CaO sintering also increases, with it being more pronounced for WMP than
for dolomite; thus, CaO conversion decreases (Figure 7b). For untreated dolomite, a faster
carbonation rate is also observed; however, after 10 cycles, the deactivation is much more
accentuated than for the micronized dolomite, evidencing the importance of micronized
MgO as a spacer agent. The commercial calcium acetate carbonation rate is usually lower
than for the micronized sorbents but faster than the untreated materials.

To evaluate the relevance of the MgO mass fraction on the CaCOj3-based materials’
stability during the CaL process, the micronization of four synthetic mixtures of calcium
acetate balanced with 10%, 20%, 30%, and 40% magnesium acetate was carried out, which
corresponds to 92/8; 83/17; 75/25; and 65/35 CaO/MgO. The micronized samples were
tested in the TGA under realistic calcination conditions (Figure 9).

100

90|
T804 g
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c70{ 0 o ¢ * e ¢ 3
2 ® L4 8 ] : Y
»n 60+ e ® o °
o * o °
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5
Q 40-
© 30{ e 92ca08MgO
O ,| ® 83Ca0M7MgO

75Ca0/25MgO
101 e 65Ca0/35MgO
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1 2 3 4 5 6 7 8 9 10
N cycles

Figure 9. CaO conversion of micronized synthetic mixtures of calcium acetate balanced with 10%,
20%, 30% and 40% magnesium acetate (corresponding to 92/8; 83/17; 75/25; and 65/35 CaO/MgO)
during CaL using realistic calcination conditions (100% CO,, 930 °C).

Figure 9 shows that the sorbents with >25% MgO perform better than those with
lower MgO values. The sorbent deactivation was 17-28% for materials with lower MgO
content, but it was only 8-9% for materials with more than 25% MgO. The role of MgO
in the sorbent’s stability has already been studied and described in previous literature
works [20,33]. Under CaL experimental conditions, MgO does not capture CO; but instead
acts as a spacer between CaO particles, avoiding their sintering, which is favored by the
high Tammann temperature of MgO (1276 °C). When the MgO content decreases, sorbent
deactivation occurs faster because the contact between CaO particles increases, facilitating
the coalescence of melted material. Consequently, an increase in CaO crystallites and a
decrease in specific surface area occurs, which makes carbonation difficult. Even though
MgO contributes to the stability of the sorbent, a compromise between the CaO/MgO
ratio must be found in order to be technically feasible and to prevent the building of large
carbonation and calcination reactors.

The conversions achieved for the synthetic mixture with 65% CaO and 35% MgO
can be directly compared with the micronized dolomite tested under the same conditions
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since both contain ca. 65% CaO and 35% MgO after calcination. The results show that
the micronized dolomite presents yet lower deactivation (4% vs. 9%) and enhanced CaO
conversion after 10 cycles (87% vs. 71%). This agrees with the results achieved for the
micronized WMP and commercial calcium acetate (Figure 7), i.e., the micronized sorbents
prepared using natural materials perform better than those prepared using synthetic
materials as precursors.

4. Conclusions

This work used an environmentally friendly precipitation technique, the supercritical
anti-solvent process (SAS), to produce calcium and acetate magnesium particles with
improved CaO conversion in Ca-looping for CO, capture.

Calcium and magnesium acetate were successfully produced through the SAS process
with high yields (>70%), from two different sources: marble and dolomite residues. These
results showed that, independent of the starting material, the SAS precipitated material
presents similar morphology.

The produced materials were tested for CO, capture in a Ca-looping process, for
10 cycles of carbonation—calcination, under realistic and mild calcination conditions and
compared with the unprocessed calcium sources (WMP and dolomite). The results showed
that the SAS-produced materials had higher CaO conversion in both cases, which can
be justified by the increase in the BET surface area and pore volume of the micronized
materials, in the 10-100 nm region. Despite the sorbents” deactivation increases when real-
istic conditions are used, the micronized dolomite always shows higher conversion values
compared to the unprocessed materials, as well as the corresponding micronized materials
using synthetic calcium or magnesium acetate as precursors. Thus, the SAS process proved
to be an efficient technique for the production of high conversion CaO particles to be used
in CO, capture. This is an innovative concept that joins waste valorization, CO, capture,
and utilization as feedstock in the SAS process.
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