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The feasibility of using dolomite powders, by-product from the refractory industry, as a CO adsorbent and as a
catalyst for the acetone liquid-phase self-condensation is demonstrated in this article. The performance of this
material can be largely improved by combining physical pretreatments (hydrothermal ageing, sonication) and
thermal activation at different temperatures (500-800 °C). The highest CO2 adsorption capacity was observed for
the sample after sonication and activated at 500 °C (46 mg'g’l). As to the acetone condensation, the best results

were obtained also with the sonicated dolomites, mainly after activation at 800 °C (17.4 % of conversion after 5
h at 120 °C). The kinetic model reveals that this material optimizes the equilibrium between catalytic activity
(proportional to the total basicity) and deactivation by water (specific adsorption process). These results
demonstrate that the valorisation of dolomite fines is feasible, proposing attractive pretreatments for obtaining
activated materials with promising results as adsorbents and basic catalysts.

1. Introduction

Refractory materials (combinations of six basic oxides: MgO, CaO,
Si0,, Al;03, Cry03 and ZrOy) are needed in a plethora of industrial ac-
tivities. Because of their high thermal (greater than1500 °C), chemical
and mechanical resistance, these materials separate the reaction zone
from the delicate outer parts of different devices. Thus, they are crucial
to produce steel, iron, aluminium, glass, ceramics, and cement, among
others key industrial sectors [Aksel’rod and Kvyatkovskii, 2003; Deneen
et al., 2010; Munoz et al., 2020].

Dolomite is a sedimentary rock enriched in the mineral of the same
name (a calcium-magnesium carbonate, CaMg(CO3),), with some im-
purities such as SiOg, AlpO3 and Fep03. Dolomite is highly used in the
production of refractory materials for steel making processes, with un-
beatable properties as furnace wall coatings [Umadevi et al., 2009]. In
addition, its chemical properties (basicity) increase the stability of the
materials, mainly removing acids and sulphur, among other impurities
[Duchesne and Reardon, 1999; Tian et al., 2019]. This material is also an
excellent additive used in the glass sector, improving the durability of
the final product by increasing its chemical stability and mechanical
resistance, whereas it reduces the costs of its production by decreasing
the melting point of the glass [Efremenkov, 2016]. In the same way,
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dolomite is also added to ceramic materials to increase the pore size of
the final products, improving their applications as catalytic supports,
thermal isolation, and filtration agents, among others [Qi et al., 2019].

The use of dolomite rocks in all these applications requires a thermal
sintering to obtain the active CaO and MgO oxides [Ghosh and Tripathi,
2012], as well as a mechanical pretreatment to obtain the desired me-
chanical conformation, producing fines (<0.16 mm) that are rejected for
the industrial processes. These fines have a highly hygroscopic char-
acter, and its surface is easily altered reaction with atmospheric water
and CO,, yielding a by-product difficult to upgrade. Currently, these
fines are managed together with the dolomite by-products, representing
a total amount of 20 million tons yearly [Seifert et al., 2021]. Since both
by-products are considered together, their recycling potential and ma-
terial valorisation is strongly limited by the poor properties of the
exhausted material (volumetric instability, chemical contamination,
structural damage). Thus, their reusability rate is lower than 10% and
the final disposal in specific landfill is the main alternative [Munoz et al.,
2020, Furlani et al., 2021]. The development of recycling alternatives
for these fines is a good opportunity for the harnessing of these streams,
and to reduce the volume of wastes generated in the refractory industry.

Several researchers have studied the use of dolomitic materials for
different applications in the field of the adsorption and catalysis. Thus,
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dolomite powder was tested as adsorbent of many heavy metals,
obtaining capacities from 4 mg-g~! to 20 mg-g~?, for Cd%* and Pb?",
respectively [Pehlivan et al., 2009; Ghaemi et al., 2011; Ghaemi et al.,
2013]. These values, far from those reported with typical adsorbents
such as active carbon [Serafin et al., 2021], are obtained in acidic
conditions (pH 3 - 6), conditions at which the dolomite is not stable
[Pehlivan et al., 2009]. A better behaviour as adsorbent is reported
considering other water pollutants, such as phosphates (50 mg-g™!)
[Karaca et al., 2006; Huang et al., 2018] or organic inks (up to 126
mg-g’l) [Yan et al., 2019].

The low specific surface area of this dolomite (~3 mz-gfl) [Deng
et al., 2022] justifies these weak results. Thus, different pretreatments
were evaluated, including thermal activation [Yang et al., 2019a], hy-
dration [Wang et al., 2015], or wet-ball milling [Sun et al., 2018],
among others. These treatments increase the porosity and surface area,
obtaining improved CaO/MgO distributions and structural defects.
Thus, improved materials based on dolomites were tested as COy
adsorbent, obtaining significant retention capacities [Yang et al., 2019],
and as a catalyst in different reactions, such as fatty-acids trans-
esterification [Niu et al., 2014; Korkut et al., 2016], tar gasification
[Rapagna et al., 2018; Meng et al., 2019; Islam 2020], deoxygenations
[Hafriz et al., 2021] and Knoevenagel reactions [Tamaddon et al., 2013;
Yang et al., 2019b].

These facts lead us to consider that these dolomitic by-products can
be activated for their use both in CO5 capture and as basic catalysts. At
this last point, acetone self-condensation is an interesting model reaction
for basic catalysts, because of the great industrial importance of mesityl
oxide to produce green solvents (isophorones, mesitylene, among
others) and fine chemistry intermediates. Last data available indicate a
global market of mesityl oxide as final product higher than 11.7 USD
million, being also the intermediate of methyl isobutyl ketone (MIBK), a
very versatile solvent with a worldwide market calculated in 1080 USD
million [Industry Research Biz, 2022].

A promising activity of these dolomitic materials could imply a sig-
nificant reduction in the costs of the process, considering the complexity
of the catalysts typically proposed in the literature (different oxides and
mixed oxides with acidic/basic pairs that require specific manufacturing
processes, including calcination, sintering, chemical decomposition and
purification) [Al-Hazmi et al., 2013; Manriquez-Ramirez et al., 2020;
Faba et al., 2021]. In addition to analyse its activity as received (the fines
are produced after similar procedures, a specific process would be not
required), in this work, we proposed the activation of these dolomitic
fines by two types of pretreatments, hydration, and sonication, com-
bined with different thermal conditions.

2. Materials and methods
2.1. Materials

The parent dolomite fines were supplied by INTOCAST Ibérica
(Asturias, Spain) as a fine powder (<20 um) obtained after the thermal
sintering process (calcination). According to the analyses provided by
the company, the material contains a Ca/Mg weight ratio of 2, mainly as
oxides, with traces of Si, Fe and Al (total concentration < 0.5%). This
material will be labelled as “D” in the manuscript, and identified as
“fresh catalyst”.

This material was modified by different pretreatments, combining
thermal (T), hydrothermal (W) and sonication (S) procedures. In case of
the thermal pretreatment, the material was under flowing air (40
mL-min~1) rising the temperature up to 500 °C (“DT1”) and 800 °C
(“DT2”), with a slope of 10 °C-min . The final temperature was held for
8 h.

The hydrothermal pretreatment consists of an initial hydration,
suspending the material in water (100 g~L'1) at 80 °C for 4 h in a closed
vessel. The water was then evaporated in a furnace at 85 °C overnight.
The solid recovered was identified as “DW”. In a second step, this solid

432

Waste Management 168 (2023) 431-439

was thermally treated at 500 °C and 800 °C, accordingly to the pro-
cedure previously indicated, obtaining other two calcined materials
labelled as “DWT1” and “DWT2”, respectively.

The first hydration step was also considered under sonication (using
a Bandelin Sonorex instrument at 600 W under 20 kHz of frequency) for
4 h at room temperature (samples inside sealed vials to prevent air
contact), obtaining the “DS” sample. After the corresponding drying and
a thermal treatment at 500 and 800 °C, two calcined materials were
obtained, identified as “DST1” and “DST2".

2.2. Characterization

The thermal stability of D, DW and DS was studied by thermog-
ravimetry in a TGA 55 (TA Instruments) using 10 mg of solid. The an-
alyses were carried out in air (40 mL~min’1, 0.1 MPa) increasing the
temperature up to 900 °C at 5 °C-min"!. A mass spectrometer (Pfeiffer
Vacuum Omnistar Prisma) was coupled to analyse the exhausted gases.

The morphology of the samples was studied in a Micromeritic ASAP
2020 surface analyser by nitrogen physisorption using the Brunauer-
Emmett-Teller (BET) approximation for the specific surface area and
the Barrett-Joyner-Halenda (BJH) model for the total pore volume.

The concentration and strength distribution of acidic and basic sites
was determined by temperature programmed desorption (TPD) analyses
in an AutoChem 2920 TPD/TPR (Micromeritics) using NHs (2.5% mol in
Ar) and CO (99.9% mol) as probe molecules, respectively. The satu-
ration phase was carried out for 1 h at room temperature, with 40
mL-min~! of each gas. After removing the physisorbed molecules
flowing He at room temperature (40 mL-min*I), the signals of NH3 and
CO, were followed by mass spectrometry while the temperature rises up
to 900 °C at 5 °C-min~!. The crystalline structure of D, DW and DS was
studied by XRD using a PANalytical X'Pert Pro powder diffractometer
equipped with a Cu-K, radiation source (A 0.154 nm) and a
temperature-controlled chamber. Considering the expected phases, the
analyses were done in a 20 range of 27.5 — 43.5°, at a scanning rate of
0.26°-s1, whereas the temperature increases from 25 to 800 °C at
5 °C-min?.

2.3. Carbon dioxide adsorption

CO, adsorption capacity was tested by thermogravimetry in the
abovementioned apparatus for all the materials. Before the adsorption
experiments, the corresponding sample was subjected to a surface
cleaning treatment, flowing Ny (40 mL-min~') at 150 °C for 2 h. The
adsorption curve was then obtained flowing 40 mL-min ' of a pure CO,
stream for 10 h, at 0.1 MPa and 25 °C. It should be noted that the scope is
to determine adsorption capacities, since the design of adsorption-based
processes requires a more detailed study of adsorption equilibrium and
kinetics.

2.4. Acetone liquid-phase self-condensation

The acetone self-condensation was studied in a batch sealed stirred
reactor of 500 mL (Autoclave Engineers EZE Seal), equipped with a PID
temperature control and a pressure regulator. Reactions were carried
out in absence of any solvent, using 150 mL of pure acetone (Sigma
Aldrich, greater than 99.9%) and 3 g of catalyst in each batch. The re-
action was pressurized with 20 bar of N to prevent the acetone evap-
oration once reached the reaction temperature (120 °C). Samples were
periodically collected to evaluate the evolution of the reaction with
time. The identification of the different compounds involved was carried
out by GC-MS (Shimadzu GC/MS QP 2010 Plus Instrument), whereas
quantitative analyses were done in a GC-FID (Shimadzu GC-2010), using
commercial samples to calibrate the signals. In both cases, a 30 m long
TRB-5MS capillary column was used as the stationary phase.

The experimental data were analysed in terms of acetone conversion
(x) and selectivities (S;) and yields (¢;) of the products, according to the
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Equations 1-3, where “n;” represents the number of carbons in the
molecule, and “C;;” the concentration of any reaction product at a
particular time. In all the cases, the carbon balance closure was higher
than 99%, ensuring the representativeness of data reported.

Conversion : x(%) = (1 - %)JOO (@)
ACE 10
n;-C;
Selectivity : S;(%) = —7——=—-100 2
Z(ni'ci.r)
i'Ci
Yield : ¢,(%) = —" 100 3)
Nace CAcE 0

3. Results and discussion
3.1. Materials characterization

Fig. 1 shows the thermogravimetric decomposition of the three un-
calcined samples used in this work, the fresh one (D) as well as those
after the hydrothermal (DW) and sonication (DS) pretreatments. The
three materials demonstrate a similar decomposition sequence until the
final obtention of the CaO.

A first decomposition region, from room temperature to 360 °C,
corresponds to a loss of water weakly linked to the material. As it could
be anticipated, this first mass loss is slightly more marked with DW and,
mainly, DS materials, in good agreement with the hydration phase of
their pretreatments. With this last material, two different slopes could be
defined, the second and more marked one being congruent with a higher
penetration in the structure because of the sonication.

A second step occurs in the temperature range 370-450 °C, with
relative mass losses of 9.5, 10.7 and 12.9% for D, DW and DS, respec-
tively. This loss corresponds to a large signal of HoO, which suggests the
decomposition of hydroxides, mainly Ca(OH),, obtained by hydration of
the CaO phase. The weight loss is more pronounced for DW and DS since
both pretreatments (in water) increase the initial Ca(OH), concentra-
tion. The third step (540-680 °C) is accomplished by the release of CO,
being associated with the decarbonation. This third step accounts mass
losses for 8.5, 4.3 and 3.8% for D, DW and DS, respectively. In the cases
of DW and DS materials, these relative decreases are lower than those
observed in the second step, being justified by the high Ca(OH)2/CaO
surface ratio of pretreated samples. At temperatures over 680 °C, total
stable profiles are observed in the three cases, corresponding with a
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Fig. 1. Thermogravimetric decomposition curves obtained in air flow (40
mL-min~1) for the different not-calcined materials. Curves corresponding to
parent dolomite (D, black), hydrothermally treated (DW, red) and sonicated
(DS, blue). Broken lines correspond to MS signals of water (green) and CO»
(violet) detected in the released gases during the thermogravimetric decom-
position of the parent dolomite (D).
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stable structure of oxides. According to these results, 500 and 800 °C are
the temperatures considered for the materials activation.

The hypotheses of the previous discussion were verified by the study
of the evolution of the crystallographic phases with the temperature.
These DRX analyses are shown in Fig. 2. As temperature increases, the
diffraction peaks shift to the low angle, indicating a lattice expansion,
being the common behaviour observed for most of the crystalline sam-
ples [Zhu et al., 2018; Hallam et al., 2021; Phillips et al., 2021]. Thus,
signals at room temperature are used in the phase identification.
Diffraction patterns demonstrate the prevalence of peaks related to CaO
(lime) and MgO (periclase), with relevant contributions of Ca(OH)
(portlandite), with their main peaks at 37°, 43°, and 34°, respectively.

)

C

Temperature (°

34
20 (%)

36

Fig. 2. XRD mapping of the 20 range of 27.5-43.5° using a heating rate of
5 °C-min ! between room temperature and 800 °C. Results corresponding to a)
fresh sample (D); b) dolomite after hydrothermal treatment (DW); c) dolomite
after sonication treatment (DS).
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Intensity of Ca(OH), peaks is significantly higher in DW and DS
samples, due to the hydration pretreatment. In good agreement with the
TG analyses, this phase disappears around 425 °C, with the subsequent
enrichment in CaO, the main phase at high temperatures. In fact, with
DW and DS samples, the appearance of peak at 37° takes place at the
same temperature as the calcium hydroxide disappears. CaCOs is also
detected in the three samples (20 = 29°), but with low intensity, sug-
gesting a high amorphous phase. In all the cases, these signals disappear
before 680 °C, in good agreement with the last mass loss observed by TG.

In the case of the DW sample, the intensity of this phase increases
from 425 to 650 °C, suggesting a recrystallization process before the
CaCO3 decomposition, a behaviour not observed with the fresh and
sonicated samples. At this range, the thermogravimetric analysis in air
atmosphere (Fig. 1) shows a mass gain shoulder, not observed with the
other samples. This result has been previously reported for other dolo-
mite samples [Lanas and Alvarez, 2004]. It should be mentioned that
this shoulder does not appear if the thermogravimetry is made in ni-
trogen (Fig. S1), suggesting a key role of oxygen in this transformation.

The release of COy by the oxidative decomposition of traces of
siderite (FeCO3) present in the material, and its capture by the CaO
could be a theoretical explanation of this behaviour [Ponomar et al.,
2017]. However, the weight gain is too high to be due to the low Fe
concentration (<0.5 %), except if this Fe shows a catalytic behaviour.
Moreover, there is not any reason to expect a surface exposition of Fe
phases after the hydration pretreatment not observed after sonication,
but this behaviour is not observed with the DS sample.

A second hypothesis suggests that the particular behaviour of DW
sample can be explained attending to the structural oxygen vacancies
generated during the crystallographic transformation from Ca(OH); to
CaO, releasing water. The relevance of these vacancies increases as the
rate of this transformation increases, or the degree of order of the initial
structure decreases [Leon et al., 2014]. It is suggested that the hydro-
thermal pretreatment promotes both effects, whereas the sonication
contributes to a more ordered material. This hypothesis is in good
agreement with the surface area values, as discussed below. These ox-
ygen vacancies could induce oxygen preadsorption and activation on
metal traces of the material and the formation of carbonates once the
CO., from a stagnant layer over the solid could become part of the crystal
structure [Solymosi 1991; Lanas and Alvarez 2004; Etim et al., 2021].

On the other hand, the lack of any signal at 30° discards the presence
of dolomite phase (CagsMgo.sCO3), concluding that, at room tempera-
ture, CO, is only absorbed on CaO phases, whereas the parent structure
of the dolomite stone is not recovered.

The intensity of MgO peaks remains stable as temperature increases,
result that supports the analysis of the mass loss based on the trans-
formation of the phases related to calcium. However, the intensity of this
signal is significantly higher once the material is pretreated. The surface
exposition of MgO is one of the reported consequences of the dolomite
pretreatments [Niu et al., 2014; Su et al., 2018]. The evolution of the
relative MgO/CaO amount in these materials is analysed in Fig. S2,
observing a constant ratio in the case of the fresh material (around 0.9).
In the case of DW sample, this ratio is more than five times higher,
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suffering a fast decrease over 400 °C due to the appearance of new CaO
phases. A similar but more marked behaviour is observed with DS
sample, with initial MgO/CaO values slightly higher than 8. It is ex-
pected that these differences in the crystallinity affects to the catalytic
and adsorption behaviour of these materials.

Based on these results, and trying to obtain solids with different
properties, six materials were prepared by calcining the D, DW and DS
solids at 500 and 800 °C (T1 and T2, respectively). The crystallographic
structures of these materials are compared in Fig. S3.

Nitrogen adsorption isotherms for all the materials considered in this
work are included in the supplementary information (Fig. S4), whereas
the textural properties, as well as the main results of the basicity and
acidity, are summarized in Table 1. All the materials show the expected
adsorption behaviour obtained by a combination of types III and V-H3
isotherms, according to the IUPAC classification, suggesting that the
different pretreatments do not alter the general surface properties of the
parent material, being characterized by a slit-shaped porosity. This
morphology is in good agreement with the previous literature for this
type of materials [Avila et al., 2012].

A clear increase in the specific surface area is observed when the
material undergoes hydrothermal and sonication pretreatments, sug-
gesting that both techniques lead to surface expansion, being more
marked in the case of hydrothermal samples, which agrees with the
structural defects formed during the crystallographic transformation.

In all the cases, the calcination treatment at 500 °C increases the
surface area, suggesting that the thermal decomposition of the Ca(OH),
produces not only the crystalline CaO but also some amorphous phases
characterized by an increment in the porous volume and the presence of
microporous. Both aspects justify the increase in the surface area
observed. Thus, there is a total correspondence between total porous
volume and mesoporous one in the case of the fresh dolomite (D, 0.0217
cmS-g’l), whereas DT1 and DWT1 and DST1 have a not inconsiderable
volume of microporous (0.0014, 0.0011, and 0.0009,cm3-g’1, respec-
tively). The comparative analysis after thermal treatment at 800 °C is
not so clear, obtaining a significant decrease in the cases of DT2 and
DST2 (in comparison with their corresponding fresh materials) but
without observing any clear effect in the case of DWT2, material that
presents the highest surface area. It is suggested that the thermal
treatment at 800 °C, with the decomposition of all the carbonates,
produces a reordering in the dolomite structure, justifying these de-
creases. As to the pore size, all the materials show a clear mesoporosity,
with values from 13 to 32 nm. The hydrothermal and sonication pre-
treatments produce a decrease in the average size, with the corre-
sponding increase in the pore volume. On the opposite, DWT1 is an
exception to this general trend, being the material with the highest pore
volume and the largest pores.

The significant effect of the pretreatments in the morphological pa-
rameters anticipate a relevant modification in their chemical properties,
as it is demonstrated by the acidity and basicity tests. The desorption
curves of all the materials are included in the Supplementary Informa-
tion (Fig. S5-S6), whereas the main results are summarized in Table 1.
All the samples demonstrate a significant increase in basicity, with

Table 1

Main morphological and chemical characterization results obtained by N physisorption, CO,-TPD and NH3-TPD.
Material Surface area (m%g™') Average pore diameter (nm) Pore volume (cm>g™?!) Basicity Acidity

(mmol CO5-g™ 1) °C (mmol NHs-g 1) °C

D 3.5 19.8 0.021 0.112/0.145 641/693 0.333/0.553 402/425
DT1 9.1 19.3 0.076 0.924/0.509 735/768 0.272/1.367 354/434
DT2 3.3 32.1 0.047 0.092/0.159 592/644 0.062/0.221 340/383
DW 17.5 13.5 0.108 0.733/0.677 706/746 0.705/0.447 418/447
DWT1 27.1 22.8 0.171 0.732/0.653 697/740 0.399/0.165 395/413
DWT2 28.6 13.1 0.131 0.529/0.663 672/723 0.277/0.249 367/405
DS 12.3 19.3 0.083 0.335/0.141 619/655 0.215/0.279 405/431
DST1 22.2 14.1 0.114 0.811/0.554 707/747 0.420/0.736 377/417
DST2 9.9 17.2 0.101 1.460/0.636 705/749 0.209/0.168 357/394
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respect to the fresh material, both in strength and concentration of the
active sites. Thus, the concentration of basic sites with all the pretreated
samples is more than five times higher than the initial 0.257 mmol
COy-g~! of the parent dolomite fines, with the only exception of DT2,
catalyst with the same basicity than the parent material. This catalyst is
also the exception in the general strength trend since the pretreated
catalyst show an average desorption temperature 50 °C higher than the
desorption temperatures obtained with the parent material. The pres-
ence of stronger basic sites is congruent with the disappearance of hy-
droxides, and the prevalence of 0% basic sites [Yanagisawa et al., 1995;
Leon et al., 2011]. In all the cases, there is a clear correspondence be-
tween the increase in concentration and strength, DT1 and mainly DST2
being the most basic materials.

The softer desorption temperature of acidic sites is congruent with
the presence of basic-acid pairs in which the medium-strength basic sites
are associated to weaker acid ones. This has been deeply studied in the
literature for similar oxides [Climent et al., 2010; Jensen et al., 2012]. In
this case, the thermal treatment generally decreases the concentration of
acidic sites, being more marked after calcination steps at 800 °C.

These differences in the basicity and acidity of the dolomite-derived
catalyst are expected to have a relevant role in the behaviour of these
materials in the two proposed processes: the CO5 adsorption, and the
acetone condensation, being possible to define the optimum pretreat-
ment to each aim.

3.2. Carbon dioxide adsorption

The alkali nature of dolomite suggests is use as a suitable adsorbent
for acid gases, such as CO». The adsorption mechanism based on the
calcium looping process (CLP), a reversible carbonation reaction of CaO,
is considered as the component with the major contribution to CO5
adsorption in dolomites [Stendardo et al., 2011; Su et al., 2018]. The
reaction fixes CO; to the CaO structure, obtaining the CaCO3. The MgO
is not considered as active for this adsorption because of kinetic reasons
(very slow carbonation rate), although MgO plays a key role giving
thermal stability and helping to mitigate the loss of CaO carbonation
reactivity [Valverde et al., 2015].

The CO2 adsorption was studied by thermogravimetry, at 25 °C and
0.1 MPa, the curves obtained being shown in Fig. 3. The almost null
adsorption obtained with the untreated material (D) is congruent with
its low surface area and its large Ca(OH); and CaCOs concentrations.
The thermal treatment of this sample increases its adsorption capacity,
from 0.85 mg CO5-g~! for D to 3.81 and 4.06 mg CO»-g~ ! for DT1 and
DT2, respectively. These values are congruent with the increase in ba-
sicity and surface area of these materials and demonstrate that the hy-
groscopic character of the parent dolomite fines prevails over the CO5
chemisorption capacity since the highest increase is reached after the Ca
(OH), decomposition.

A low CO adsorption capacity is also observed with DW (3.63 mg
C02~g’1). With this material, the positive effect of the relevant increase
in the surface area is almost totally shielded by its high Ca(OH), surface
concentration. The CO, adsorption capacity is almost ten times higher
with DWT1 (29.15 mg C02~g’1). The reduction observed with DWT2
(16.35 mg CO,-g 1) is congruent with the reduction in basicity observed
with this material, despite the high surface area of this solid.

As to sonicated materials, DS shows a CO5 adsorption capacity of
8.18 mg CO,-g~1, whereas the DST1 demonstrates a CO, adsorption
capacity (46 mg COo-g~ 1) more than 50 times higher than with the
parent DS. In this case, the curve suggests that exposition times higher
than 10 h would be needed to reach the equilibrium. This value is the
maximum obtained with the tested materials (at these conditions), its
capacity being comparable with data reported for other materials, such
as ZIF-95 (37.4 mg COg-gfl) [Reddy et al., 2021], and slightly below
Norit SX2 commercial activated carbon (63 mg COz-g_l) [Rashidi et al.,
2016] or activated sepiolite (65.1 mg COz-g’l) [Tao et al, 2022].

These results suggest a general prevalence of basicity over surface
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Fig. 3. A) pure co, adsorption curves obtained by thermogravimetry at 25 °C
and 0.1 MPa. Grey lines indicate D-series materials (- D, --- DT1,— DT2), orange
lines indicate DW-series materials ( -DW, ---DWT1, ---DWT2), blue lines
indicate DS-series materials ( -DS, - - -DST1, ---DST2). DT1 and DT2 series are
difficult to identify since they overlap; b) Correspondence between CO,
adsorption capacity and the basicity of the different materials considered in
this work.

area as the key parameter to increase the CO, adsorption capacity. The
good correlation between these two parameters, mainly when
comparing the materials obtained without calcination and after the
thermal treatment at 800 °C, is shown in Fig. 3b.

A significant discrepancy is observed when considering the pre-
treated samples calcined at 500 °C. These results suggest that basic
active sites of disordered CaO are the most active ones, the crystallinity
of this phase being too high after the pretreatment at higher tempera-
tures. Based on these experiments, the sonication pretreatment followed
by calcination at 500 °C (DST1) is suggested as the optimum procedure
to optimize this application of this by-product of the refractory industry.

3.3. Acetone liquid-phase self-condensation

Table 2 summarizes the main results obtained after 5 h of acetone
self-condensation at 120 °C. In this table, the turnover frequency (TOF)
value has been introduced to compare the activity of the different ma-
terials. This parameter is defined as the moles of acetone converted by
mole of basic sites available (active sites for this reaction) and time.
Significant differences between materials are observed, obtaining very
low conversion with the fresh dolomite (D), 1.24 % after 5 h, but very
promising results with the DST2, with more than 17.3 %. In general, the
calcined catalysts (DT1, DT2, DWT1, DWT2, DST1 and DST2) are more
active than their corresponding uncalcined counterparts (D, DW, and
DS), the differences being more evident for samples treated at 500 °C.
There is a clear correspondence between the acetone conversions and
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Table 2

Summary of the main results obtained after 5 h of acetone (ACE) self-
condensation in liquid phase at 120 °C as a function of the catalyst. Selectiv-
ities considering diacetone alcohol (DAA); mesityl oxide (MO), phorones (P),
isophorones (IP), and mesitylene (M). TOF is calculated as moles of ACE con-
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correspondence between the MO produced and the water released since
the relevance of phorones and isophorones (the other compounds whose
production releases water) is negligible. Thus, the kinetic equation can
be modified to Eq. (5):

verted by moles of basic sites and time. d[ACE] k-KE,\,-Kad.p[ACE]2 )
Catalyst ACE Selectivity Initial rate (x10°  TOF dt 1 4 Kaas*(1 + Key)[ACE] + Kiygper:[MO]
C l.g~"-h~! h~! L . .
(‘,Z ;w DAA MO P+ mote ) @ In the fitting of the data, the equilibrium constant of enol formation
g;* (Kgn) was restricted to be the same for all the materials since it is a
thermodynamics parameter, while the rate and adsorption constants
D 1.24 2.0 9.9 1.0 2.00 4.22 were allowed to vary for each catalyst. Table 3 summarizes all the
DTl 9.37 5.4 928 18 187 7.87 constants obtained with the different catalysts, whereas the goodness of
DT2 6.55 5.2 938 1.0 14.7 36.1 . . S ) .
DW 3.32 47 946 0.8 8.00 386 this model is illustrated in Fig. 4, where the experimental evolutions of
DWT1 8.53 5.4 92.7 1.9 20.0 8.52 acetone and mesityl oxide are compared with the fitted values obtained
DWT2 9.68 5.9 935 05 23.3 11.5 with the kinetic adjustment.
bs 5.14 52 926 22 127 16.2 As shown in Table 3, the proposed model fairly predicts the experi-
DST1 10.88 5.5 90.9 3.6 22.0 8.53 tal lts. obtaini iat . fficients (high
DST2 1737 63 014 24 340 .30 mental results, obtaining appropriate regression coefficients (higher

the total basicity of these materials, as illustrated in Fig. S7, without
observing a preferential contribution of any specific strength. This
apparent lack of requirements in strength is congruent with the products
distribution, the reaction being almost totally limited to the first
condensation steps.

Mesityl oxide is the main product observed, with selectivities higher
than 90 % in all the cases, and<7 % of diacetone alcohol. These results
corroborate a high dehydration capacity due to the presence of acid sites
on these materials. There is a clear correspondence between the pro-
duction of trimers (phorones, isophorones and, only in traces, mesity-
lene) with the strength of the basic sites of these materials. In any case,
the reaction conditions are too soft to enhance this second condensation,
with maximum selectivities lower than 4 % in all the cases. The
requirement of strong basicity and higher temperatures to produce the
second condensation, mainly in liquid phase, was previously discussed
in the literature [Faba et al., 2013].

As shown in Fig. S8, the evolution of acetone conversion with re-
action time suggests slight deactivation effects, probably due to the
adsorption of the water release during the diacetone alcohol dehydra-
tion to obtain mesityl oxide [Ngo et al., 2018]. This adsorption modifies
the activity of the basic sites, inhibiting the main reaction. The initial
reaction rates were then evaluated considering the first two hours of
reaction, to minimize the effects of catalyst deactivation. There is not
agreement in the literature about the kinetic order of the acetone self-
condensation, with authors proposing a first-order model (considering
the limiting step the enolization of one of the acetone molecules
involved) [Faba et al., 2013; Herrmann et al., 2017] and other authors
suggesting a second order, in which both molecules are involved [Tal-
walkar and Mahajani 2006]. The fit considering both models is
compared in Fig. S9, including the kinetic rates and the regression co-
efficients in Table S1. Good fits were obtained with both models, being
slightly better those considering the bimolecular model. Thus, the sec-
ond order mechanism is proposed for these materials, these kinetic rates
being the ones chosen to calculate the TOF values shown in Table 2.

Experimental results were fitted to different bimolecular models, the
best results being obtained with the bimolecular single site Eley-Rideal
one (a model previously proposed in the literature for this reaction)
[Li et al., 2020] considering inhibition due to water adsorption on these
active sites [Talwalkar and Mahajani 2006], according to Eq. (4):

d[ACE]
dr

k-Kgy-Kogs [ACE]
1 + Ko [ACE] + Kyyater [H2 O] + Kogs Ky +[ACE]

4

In this model, “k” is the kinetic rate, “Kgy” corresponds to the equi-
librium constant for enolization, and “K,” and “K,q. are the two
adsorption constants considered, the acetone and water one, respec-
tively. Considering the products distribution, there is a direct
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than 0.99 in all the cases). The value of the equilibrium constant of enol
formation (Kgy) is higher than the value proposed in the literature
(0.535) [Li et al., 2020]. This result is explained by the different tem-
peratures used in both studies (120 °C in this work, and 200 °C in the
previous study [Li et al., 2020]), considering the endothermic character
of the enolization [Malhotra et al., 2017].

The values of the adsorption constants do not show clear correlation
with the surface area or the basicity, suggesting that both adsorption
steps are specific processes conditioned by the chemical structure of the
surface and not directly to morphological parameters. Values obtained
for water adsorption are significantly higher than those for the acetone
one, justifying the temporal profiles observed with all the materials. The
minimum value for this adsorption is obtained with the fresh sample (D),
as expected because of its carbonate structure, whereas the influence of
this adsorption increases once the sample is calcined (after obtaining the
corresponding oxides). On the contrary, the pretreated but uncalcined
materials (DW and DS) show significantly higher water adsorption
values than the one obtained with D sample, in agreement with the in-
crease in the surface area, the exposition of more anchoring points after
the pretreatment, and the absence of carbonates on the surface. Once
these materials suffer the thermal treatment, the Kyater decreases. This
could be explained by the increase in the crystallinity of these materials,
as discussed in the characterization results (XRD, Fig. S3).

There is a clear correlation of the kinetic rates with the basicity of
these materials, as shown in Fig. 5, demonstrating that this property
conditions the catalytic activity, whereas the differences in surface area
or acidity are not significative. In the same way, a common evolution is
observed, without any difference due to the type of pretreatment applied
to the dolomite fines.

To sum up, the best catalytic results are obtained with DST2, with
17.4 % of acetone conversion in<5 h, obtaining mesityl oxide with a
selectivity higher than 91 % which corresponds to yields of 17 %. This
approach is not considered in the literature since most of the works

Table 3

Optimized parameters obtained applying the proposed kinetic model for the
acetone self-condensation at 120 °C with the different dolomite-derived mate-
rials considered in this work.

Catalyst k Kads Kwater(L'mol™!)  Kgy r?
(Lmol s  (L-mol™)

D 2.810° 0.08 44.5 1.233  0.942
DT1 1.9-10* 0.07 82.7 0.998
DT2 5.9.10° 0.22 348.4 0.9998
DW 1.6:10 0.06 121.3 0.9999
DWT1 1.3.10* 0.14 104.5 0.9993
DWT2 1.7.10* 0.08 61.9 0.9997
DS 1.2.10 0.05 116.7 0.9998
DST1 2.1.10* 0.22 66.3 0.9996
DST2 3.0-10 0.19 52.3 0.998
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a)

ACE concentration (mM)

b)

MO concentration (mM)

Time (h)

Fig. 4. Evolution of (a) acetone and (b) mesityl oxide at 120 °C as a function of
the catalyst. Experimental points: (@) D, (l) DT1, (¢) DT2, (@) DW, (l)
DWT1, (4p) DWT2, () DS, ((J) DST1, (>) DST2. Broken lines correspond to
the fitted values according to the proposed kinetic model.
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Fig. 5. Correlation between the kinetic rate constant and the basicity of the
different catalysts tested in this work.

produce significant amounts of mesityl oxide when working in gas-
phase, the isophorones and mesitylene being the main products [Toit
and Nicol 2004; O’Keefe et al., 2010]. As to previous studies in liquid-
phase, most of them are focused on maximizing the diacetone alcohol,
obtaining the mesityl oxide as a secondary product [Tichit et al, 1998;
Houssaini et al., 2021]. These results demonstrate that pretreated
dolomite fines (a by-product of refractory materials manufacturing) can
be considered as a promising catalyst for the selective acetone liquid-
phase condensation to produce mesityl oxide, a relevant solvent for
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synthetic fibres, oils, resins, and inks.
4. Conclusions

Physical pretreatments (hydrothermal and, mainly, sonication)
combined with thermal activation are demonstrated to be good pro-
cedures to activate dolomite fines (a low-cost by-product of the re-
fractory materials manufacturing), obtaining interesting materials with
promising applications as CO2 adsorbents and, mainly basic catalyst for
the acetone liquid-phase self-condensation. A complete characterization
clearly shows the positive effect of these pretreatments in the basicity
and surface area, as well as a higher surface exposition of MgO phases.

As adsorbent, the best results are obtained with the sample after
sonication and thermal activation at 500 °C (DST1), with a CO-
adsorption capacity of 46 mg-g ., this value being two times higher than
the expected one considering its basicity. This result demonstrates the
goodness of sonication treatment to expose more anchoring points on
the surface.

Sonication is also highlighted as the best pretreatment to enhance the
catalytic activity in the acetone condensation, obtaining 17 % of con-
version (reaction in absence of external solvent) after 5 h at 120 °C, with
more than 90 % of mesityl oxide selectivity. A comprehensive kinetic
analysis of experimental results demonstrates the proportionality be-
tween activity and basicity, and the relevant role of adsorption processes
on the catalytic activity and deactivation.
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