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The proposal of this research was to obtain products with higher porosity and specific surface area than the raw
vermiculite for its possible application as a support material for CO» adsorption. In addition, it was proposed to
analyze the possible geological implications of the products resulting from the hydrothermal treatment of ver-
miculites in relation to their genesis. Hydrothermal treatment in the presence of CO,, at low temperature and
pressure conditions, was carried out in two vermiculites from Uganda and China, with different behavior to
thermal exfoliation and microwave irradiation. The untreated and treated samples were characterized by several
techniques: X-ray diffraction (XRD) for obtaining the mineral composition; thermogravimetry (TG - DTG) for
analyzing the thermal behavior; and BET isotherms for obtaining textural parameters. In addition, the hydro-
thermal solutions were characterized by the pH and the measuring of the lixiviated elements with inductively
coupled plasma mass spectrometry (ICP-MS). Vermiculite can be a suitable support for CO, adsorbents, based on
the Spgr and Qp, values, and it is susceptible to carbonation. The hydrothermal treatment produced water loss in
the expanded vermiculites by CO, replacement; as consequence, amorphization occurred in the purer Ugandan
sample, and vermiculitization occurred in the less pure sample from China.The vermiculitization process in-

dicates that the geological origin of vermiculite may be hydrothermal from phlogopite.

1. Introduction

During the last decades, the increase in harmful emissions to the
atmosphere has been related to the intensive use of fossil fuels in sectors
such as industry, construction and transportation. These gaseous emis-
sions have caused the concentration of some compounds, such as
hydrogen sulphide (H»S), ammonia (NH3), carbon monoxide (CO),
sulphur dioxide (SO2) and/or nitrogen oxides (NOy), with potential toxic
effects in interaction with various atmospheric phenomena. Therefore,
this increase is considered the main cause of global warming, climate
change and acid rain, leading to these effects having detrimental con-
sequences for health and the environment (Yang et al., 2008).

One of the most pressing challenges facing humans today is global
warming, where the increasing concentration of CO; in the atmosphere
plays a key role in this environmental problem (Wang et al., 2014;
Harvey et al., 2017). Carbon dioxide is the most important greenhouse
gas in the atmosphere, being responsible for the main climate warming
effect. According to NASA, the amount of CO; in Earth's atmosphere was
about 418 ppm (ppm) in May 2022, constituting 50% more than in the
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beginning of the industrial era between 1750 and 1800 (NASA Global
Climate Change, 2022). Scientists estimate that before human industrial
activity, COy concentrations were about 270 ppm by volume (Collins
et al., 2013; Lan et al., 2020).

Several alternatives have been developed so far to mitigate CO5
emissions, such as the use of hydrogen and the renewable energies
transition (Sordakis et al., 2018; Kabir et al., 2018). However, currently
the life-style is mostly dependent on fossil fuels, which slows down the
shift to the use of other sources of energy production. Therefore, one of
the most promising and effective ways to mitigate CO, emissions with
less impact consists of CO, capture and storage (Rahman et al., 2017).
Carbon dioxide capture and storage (CCS) is a set of technologies
designed to prevent the release of CO5 and its permanent storage in
order to greatly reduce CO, emissions. In this process, some authors
have pointed out that CO, capture is the most costly step (between 50
and 90% of the overall cost) so the main efforts are directed to the
development of technologies that enable more efficient COy capture
mechanism (Pera-Titus, 2014). At present, the most widely used tech-
nologies in CO5 capture propose the application of cryogenic distillation,
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membrane purification and adsorption (Choi et al., 2018). Among them,
the most advanced technology in CO capture is its adsorption by means
of amines, achieving excellent performance (Chouikhi et al., 2019).
Although this methodology also presents several drawbacks related to
its high energy requirements needed in the regeneration stage, as well
as, the high corrosion of the amine species (Chouikhi et al., 2019).

The use of adsorbent materials to capture CO, has emerged as an
alternative to the technologies indicated above due to their reduced
energy demands and simpler operating conditions. Most efforts are
focused on the search and development of adsorbents with high
adsorption capacity and selectivity for CO5. Various porous materials
have been evaluated as potential molecular sieves for CO capture:
graphenes (Haque et al., 2017), zeolites (Li et al., 2008), porous silica
(Sanz-Pérez et al., 2018) or activated carbon (Pevida et al., 2008). Thus,
clay minerals have become an alternative due to their excellent
adsorption and catalysis behavior (Bergaya and Lagaly, 2013). These
factors, together with their high availability and stability, makes them
potential adsorbents to be used in CO5 capture processes. Previous
studies have confirmed that clay-group minerals, such as montmoril-
lonite, are materials that can equally be used as amine supports (Wang
et al., 2014; Harvey et al., 2017), substances with high CO5 adsorption
capacity (Atilhan et al., 2016) as previously stated.

Vermiculite is a low-cost phyllosilicate, which, due to its character-
istics of stability, safety, abundant reserves, easy exfoliation, high
porosity and specific surface area (Midgley and Midgley, 1960; Couderc
and Douillet, 1973; Hillier et al., 2013; Marcos, 2020) make it a suitable
support for COy adsorbents, such as amines (Zhang et al., 2020) or
calcium oxide (Pereira et al., 2022). On the other hand, vermiculite
could be susceptible to carbonation like other silicates (Lackner et al.,
1997). The experimental carbonation process (Lackner et al., 1997;
Seifritz, 1990) consists of pumping CO5 gas into an agitated mixture of
water and divalent metal-bearing silicates (such as vermiculite, mag-
nesium silicate). The mixture is heated and subjected to controlled CO,
gas pressure. The CO, reacts with the silicates via the aqueous solution
and can lead to the formation of carbonate phases, such as magnesite,
calcite or dolomite (Daval et al., 2009; Sanna et al., 2014). Later, the
reaction solution is filtered and dried, resulting in a carbonate mineral
that will remain stable over geological time periods, mimicking the
natural alteration of silicates. In this process, it is a matter of having a
mineral, source of magnesium hydroxide (e.g. vermiculite), which
would react with CO; to produce magnesite (MgCOs). This carbonate
mineral, as a by-product of the reaction, can also have numerous in-
dustrial applications (i.e., construction material, animal feed, fertilizers,
glass and paper manufacturing, etc.).

In summary, during a mineral carbonation process, atmospheric CO2
can almost permanently adopt a solid form through chemical reactions
with certain extracted minerals present in the Earth's crust. As a result of
this capture process, the emission of CO; into the atmosphere would be
limited by accumulating in reservoirs that would not require excessive
monitoring and the associated risks would be very low. Furthermore,
this direct transformation of CO, gas into solidified carbonates repre-
sents an industrially efficient route for its utilization, generating stable,
inert, non-hazardous and profitable materials for its different uses.

In this work, two vermiculites from different provenance and with
different behavior to thermal heating and microwave irradiation were
treated hydrothermally in the presence of CO,, at low temperature and
pressure experimental conditions. The reaction products resulting were
characterized by X-ray diffraction, thermogravimetry, and BET iso-
therms. In addition, the aqueous solutions were characterized by the pH
measuring and inductively coupled plasma mass spectrometry. The
transformations undergone by the investigated vermiculites subjected to
physical and hydrothermal treatments may cause textural and structural
changes in them. These alterations can also help us to reveal the possible
hydrothermal origin of vermiculite from phlogopite in geological
environment.
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2. Materials and Methods
2.1. Materials

The vermiculite samples investigated were provided by the company
Vermiculita y Derivados S.A. (Gijon, Spain). One comes from Uganda,
and it has been labeled as V-U-20. The other comes from China and it has
been labeled as V-CHG-20. The particle size of both vermiculites is <5
mm in diameter and the thickness varies from 0.5 to 1 mm. The Ugandan
vermiculite is golden in color and the Chinese vermiculite is brownish
green (Fig. 1).

Vermiculite from China, containing 3.92% of KyO (Marcos et al.,
2020), is less pure than that from Uganda, with 0.36% of KO (Marcos,
2022), according to the criteria considered within Velde (1978).

2.2. Methods

2.2.1. Experiments

To achieve the proposed objectives, three types of experiments were
carried out using the raw vermiculites: high temperature thermal
treatment, microwave irradiation treatment and hydrothermal treat-
ment. The first two treatments were performed in order to expand the
samples and compare the response with the raw and expanded samples.

To perform the high temperature thermal treatment to expand the
samples a Carbolite CWF 12/23 type furnace was used. The furnace was
first stabilized at a temperature of 900 °C. Then, the vermiculite sample
was introduced and heated for 1 min, after which it was removed and
allowed to cool at room temperature.

Fig. 2a and 2b shows images of the samples from Uganda and China
expanded at 900 °C for 1 min. Figs. 2c and 2d show scanning electron
microscope (SEM) images of the samples from Uganda and China
expanded at 900 °C for 1 min. Samples were labeled as V-U-900 and V-
CHG-900, respectively.

The microwave experiments were performed with a microwave oven
(SHARP R64sT) operating at 2.45 GHz and 800 W. The raw Ugandan
sample required 1 min of irradiation to expand, while the less pure
Chinese sample required only 20 s. Samples were labeled as V-U-MW
and V-CHG-MW, respectively. The appearance of the samples after
irradiation is as shown in Figs. 3a and 3b and the SEM images of the
vermiculite are shown in Figs. 3c and 3d.

Vermiculite-water-COy interaction experiments were performed
using a steel reactor (BR-100, Berghof) with a temperature-time
controller (BTC-3000, Berghof) coupled to a pressure probe and
gauge. The reactor includes a PTFE vessel inset (polytetrafluoro-
ethylene, 75 mL total volume). Raw and expanded vermiculite samples
(V-U-20, V-U-900, V-U-MW, V-CHG-20, V-CHG-900, V-CHG-MW) were
used for the hydrothermal experiments. For each sample, approximately
1.50 g of vermiculite and 60 mL of distilled water were added to the
PTFE vessel which was then inserted into the steel reactor and sealed
using a mechanical system. Using an industrial CO, gas cylinder
attached to the reactor, a flow of CO, was passed through for 3 min to
displace the air content of the reactor vessel; the valves were then closed
until a pressure of 10 bars was reached. Subsequently, the reactors were
heated at 100 °C for 24 h with stirring at 200 rpm. At the end of the
experimental time, the reactors were allowed to cool down to room
temperature and the pressure valves were opened to expel the remaining
CO, from the reactor. The content of the vessel was filtered using 0.2 pm
membrane filter (Millipore) and once the solid was separated, it was
dried at room temperature for 24 h. The dried vermiculite samples were
labeled as V-U-20-24, V-U-900-24, V-U-MW-24, V-CHG-20-24, V-CHG-
900-24, V-CHG-MW-24, respectively. The aqueous solutions were pre-
served in plastic conical tubes (Falcon model) for subsequent chemical
analysis. The dried samples were weighed by precision microbalance to
obtain the difference in weight with respect to the initial one. All the
samples were subsequently characterized (see below for further details).
The appearance of the dried vermiculite samples after hydrothermal
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Fig. 1. Appearance of the raw vermiculites: (a) Ugandan vermiculite, (b) Chinese vermiculite.

treatment is shown in Fig. 4.

2.2.2. Characterization

The pH of the distilled water and the hydrothermal solutions at room
temperature after separation of the solid phase was measured with a
CRISON BASIC 20 peachimeter, using a glass electrode (Metrohm)
calibrated with three standard solutions (pH = 4.01, 7.01 and 10.01 at
25 °C) with +0.01 uncertainty.

Subsequently, an Agilent Technologies “HP 700 model ICP- MS has
been used to know if there was leaching of cations from the vermiculite
during the hydrothermal treatment.

An Entris precision balance (Sartorius) was used to weigh the sam-
ples pre and post hydrothermal treatment (weight loss).

Later, raw and treated vermiculites were characterized by means of
different instrumental techniques allowing the follow-up and evolution
of the products of the previously described experiments (i.e., high
temperature expansion, microwave irradiation expansion and hydro-
thermal reaction treatments).

The X-ray diffraction technique was used with the crystalline powder
method to identify the crystalline phases of the treated samples. The
vermiculite samples, 0.5 g of each, were previously ground in an agate
mortar to obtain the diffractograms. An X-ray diffractometer PHILIPS
X'PERT PRO was employed using the following instrumental conditions:
40 mA and 45 kV (Cu-Ka radiation; A = 1.5418 [o\), 26 5-70, 260 scan step
of 0.007° and a counting time of 1 s per step.

Thermogravimetric analyses were performed between 25 °C and
1000 °C using a Mettler Toledo Stare System AG-TGA/SDTA851e ther-
mobalance with a heating rate of 10 °C/min. The total mass loss was
determined gravimetrically by heating the samples in an inert atmo-
sphere (N3) at 1000 °C in a muffle furnace. The initial mass of the sample
was about 20 mg.

Textural parameters (i.e., specific surface area and porosity) of the
powdered samples were determined with the ASAP 2020 equipment
(Micrometrics) under the following conditions: Nitrogen adsorption at
77.35 K, with o, (N3) of 0.162 nmz, unrestricted evacuation of 30.0
mmHg, vacuum pressure of 10 pm Hg, evacuation time of 1 h, and the
temperature of sample evacuation prior to Ny adsorption measurements
was 22 °C. The data were recorded with equilibration times (p/po be-
tween 0.001 and 1.000) between 50 s and 25 s and a minimum equi-
librium delay of 600 s at p/pg > 0.995.

3. Results and discussion
3.1. pH values of the hydrothermal solutions
The pH of the hydrothermal solutions after filtration of the samples

(Table 1) increased compared with the pH of the distilled water (7.2)
used in the hydrothermal experiments.

The pH variation of hydrothermal solutions is related to the disso-
lution of CO; in water, which is a Lewis acid, and it hydrolyzes water
giving protons to the medium, according to the process CO2(aq) + H20
(1) HCO3(aq) + H*(aq), making more acidic the pH of the water. The
observed pH increase into slightly alkaline values at the end of the hy-
drothermal experiment suggests that after an initial period of vermicu-
lite dissolution by acidic conditions, OH™ groups are released in the
aqueous solution. The replacement of CO; by structural water and OH™
groups would be the cause of the presence of these groups in the solu-
tion, in a similar way to the entry of alcohol into vermiculite (Marcos
and Rodriguez, 2016, 2017). This effect on pH is accompanied by the
leaching of alkaline-earth metals into the aqueous solutions and the
alteration of vermiculite properties at the end of the hydrothermal ex-
periments (see below for details).

3.2. ICP-MS analyses of the hydrothermal solutions

The semi-quantitative analysis of the main elements obtained by ICP-
MS analyzed in the aqueous solutions resulting from the filtration of the
hydrothermally treated vermiculites is presented in Table 2. The
decreasing order of leaching of the elements from the vermiculites was
as follows Na > Si > Cl > Mg > K > Ca. The C content comes from the
CO5, dissolved in the water.

3.3. Mass percentage variation of the hydrothermal treatment samples

The mass percentage of the pre and post hydrothermal treatment
samples and the pressure before and after hydrothermal treatment are
presented in the Table 3. The mass loss was of 6.7% except in samples V-
U-900-24 and V- CHG -900-24, which was 0.7% and 13.3%,
respectively.

The mass loss of hydrothermally treated samples is due to the
leaching of vermiculite elements such as sodium, silicon, magnesium,
potassium and calcium and the water loss. As a result, the pressure
decreased during hydrothermal treatment in all cases, more homoge-
neously in the samples from China than in those from Uganda.

3.4. X-ray diffraction analyses

The X-ray diffraction patterns of the raw and treated samples from
Uganda (Fig. 5) show that the reflections of all of them correspond to
those of vermiculite (JCPDs card 16-613), the d-value of 14.56 A
correspond to the most characteristic reflection 002 of the Ugandan raw
vermiculite. In the XRD pattern of the V-U-MW sample (inset of Fig. 5)
the reflection with d-value of 12.71 A corresponds to an interstratified.
In the V-U-900 the d-values of 10.04 and 9.40 A correspond to dehy-
drated phases. The d-value of the reflection 002 of the V-U-20 sample
decreases 0.08 A in the V-U-20-24 sample, and 0.17-0.18 A in the V-U-
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Fig. 2. Images of vermiculite samples expanded at 900 °C for 1 min from
Uganda (a) and China (b). SEM images of vermiculite samples expanded at
900 °C for 1 min from Uganda (c) and China (d).

MW and V-U-900 samples. The intensity of the reflection 002 hardly
decreases in the V-U-MW sample, but in the V-U-900 sample the
decreasing is very drastic. The intensity decreasing of the reflection 002
of the V-U-20-24, V-U-MW-24 and V-U-900-24 samples is also notable.

The X-ray diffraction spectra of the raw sample and the treated
samples from China are presented in Fig. 6. Detected reflections corre-
spond to vermiculite (V) (JCPDs card 10-418), hydrobiotite (JCPDs card
13-465) and/or an interstratified (I) and phlogopite (Phl) (JCPDs card
16-344). The similarities and differences among the patterns can be seen
more clearly in the inset of Fig. 6: The V-CHG-20 and V-CHG-MW
samples are similar. The reflections corresponding to sample V-CHG-900
coincide with those of phlogopite (JCPDs card 16-344). Phlogopite
practically disappears in the V-CHG-20-24 and V-CHG-MW-24 samples.
In the V-CHG-900-24 sample vermiculite appeared again. This vermic-
ulitization process by hydrothermal treatment of less pure samples such

Applied Clay Science 232 (2023) 106791
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Fig. 3. Images of vermiculites samples expanded by microwave irradiation: (a)
Uganda and (b) China. SEM images of the vermiculite samples expanded by
microwave: (c) Uganda and (d) China.

as the one from China shows that vermiculite can be obtained from
phlogopite by hydrothermal processing at low temperature and pres-
sure, in the presence of COg, corroborating the experiments of Roy and
Romo (1957) and the idea of Marcos (2020) on treatments involving
water loss in vermiculites would help to reveal data related to their
hydrothermal origin.

XRD revealed interstratified phases in the Chinese raw vermiculite,
unlike the Ugandan raw vermiculite. According to Marcos (2020), this is
because the former has a higher K* content and lower water content (see
Table 4) than the Ugandan vermiculite. As a consequence, the behavior
of both samples to heat and hydrothermal treatments was different,
observing some alterations at the structural level. On the one hand, the
Ugandan vermiculite heated abruptly to 900 °C dehydrated and began to
transform into enstatite (Marcos et al., 2009), which was evidenced in
Fig. 5 by reflection (221) at 3.14 A (JCPDS card 19-606). The hydro-
thermally treated samples V-U-20-24, V-U-MW-24 and V-U-900-24
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Fig. 4. Appearance of dry vermiculite samples from Uganda (a) and China (b) after hydrothermal treatment.

Table 1
pH values of the hydrothermal solutions at P = 10 bar
and T = 100 °C at the end of the experiments.

Hydrothermal solution pH

V-U-20-24 8.54
V-U-MW-24 8.44
V-U-900-24 8.95
V-CHG-20-24 8.92
V- CHG -MW-24 9.31
V- CHG —900-24 9.26

Table 2

Semi-quantitative analysis obtained by ICP-MS of the measured main elements
(ppm) in the solutions of hydrothermally treated vermiculites in the presence of
CO,.

Samples C Na Si Mg Cl K Ca
Distilled 50 <1 <1 0 6 <1 0
H,0
Hydrothermal V-U-20- 2641 191 32 10 10 1 3
solutions after 24
filtering the V-U-900- 819 18 10 5 9 2 1
samples 24
V-U-MW- 1513 8 7 2 8 <1 1
24
V-CHG- 620 30 8 <1 8 2 2
20-24
V-CHG- 2416 9 9 2 7 6 1
900-24
V-CHG- 380 17 5 <1 7 1 <1
MW-24
Table 3

Mass (g) of the pre and post hydrothermal treatment samples and the pressure
before and after hydrothermal treatment.

Samples Mass (g) Mass Pressure (bar)
loss (%)
Pre- Post- Pre- Post-
treatment treatment treatment treatment
V-U-20-24  1.504 1.403 6.7 10 9
V-U-MW- 1.504 1.427 6.7 7
24
V-U-900- 1.505 1.497 0.7 6.5
24
V-CHG- 1.505 1.426 6.7 8
20-24
V-CHG- 1.511 1.390 6.7 8
MW-24
V-CHG- 1.522 1.296 13.3 8

900-24
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Fig. 5. X-ray diffraction patterns of the raw and treated vermiculites from
Uganda. All reflections correspond to those of the vermiculite. The inset of the
figure shows the decrease in intensity suffered by the 002 reflection of the
treated samples in relation to the raw sample, except for the sample irradiated
with microwaves, as a consequence of dehydration.

suffered a decrease in intensity, the cause of which is outlined below. On
the other hand, vermiculite from China transformed into phlogopite
mica with abrupt heating, according to Marcos et al. (2009); the samples
V-CHG-20-24 and V-CHG-MW-24 increased slightly in intensity and V-
CHG-900-24 transformed to vermiculite, with hydrothermal treatment.

The loss of intensity of the reflections of the expanded samples of
Uganda and China is due to the water loss according to the mechanism
explained by Hillier et al. (2013). The decrease in intensity of the DRX
reflections of the hydrothermally treated samples can be explained by a
loss of structural H,0 due to the displacement by CO; entry.

Although there are ambiguities regarding the geological origin, hy-
drothermal and/or supergene, of the vermiculites, most and possibly all
macroscopic vermiculite and interstratifications of vermiculite and
other phases (mica, chlorite) are believed to have a supergene origin
(Bassett, 1961; Toksoy-Koksal et al., 2001). The changes suffered by
vermiculites due to hydrogen peroxide treatment and ionic metal ex-
change, with water gain, could point to this origin (Marcos, 2020),
corroborating both the field and laboratory evidence in early times
(Bassett, 1961). Some aspects observed in the transformations caused by
treatments with water loss could coincide with field observations
(Churchman and Lowe, 2012; Mohammed and Al-Mashaikie, 2018).



C. Marcos et al.

— V-CHG-20
— V-CHG-20-24
— V-CHG-MW
— V-CHG-MW-24
Phl: 10.04 A = Y-CHE-300
307 T — V-CHG-900-24
< i Phl:10.04 A
3 Phl: 3.36 A
244 o 24
,ﬁ I:
T o
S 184
I3 %
% 18'5 _;, - Vi14.42A
~ L
< B
= P o 64
= 12 b=
]
gcqg lb
6 é 2%
(™
0 T T T T T T 1

10 20 30 40 50 60 70

Fig. 6. X-ray diffraction patterns of raw and treated vermiculites from China.
Reflections correspond to those of vermiculite (V), hydrobiotite and/or an
interstratified (I) and phlogopite (Phl). The inset of the figure shows the simi-
larities and differences among the patterns.

Table 4
Water and mass loss obtained by TG analyses in the range of 25 to 1100 °C of the
samples untreated and treated from Uganda and China.

Samples H,0 loss (%) 1st step Mass loss (%) 2nd step
V-U-20 15.6 4.5
V-U-20-24 13.3 6.1
V-U-900 6.4 3.6
V-U-900-24 4.5 3.9
V-U-MW 14.2 4.0
V-U-MW-24 14.1 5.6
V-CHG-20 8.5 4.9
V-CHG-20-24 8.6 4.8
V-CHG-900 3.2 0.0
V-CHG-900-24 1.5 3.5
V-CHG-MW 7.8 5.0
V-CHG-MW-24 8.5 4.7

3.5. Thermogravimetric analyses

The thermal behavior of the samples from Uganda and China is
shown in Figs. 7 and 8, respectively. The TG curves (Figs. 7a and 8a,
respectively) show that the decomposition of the samples takes place in
two steps. The first step extends from 25 to about 250 °C (endothermic
peak) and is due to the loss of adsorbed water on the surface and/or
localized in the interlayer space (see e.g., de la Calle and Suquet, 1988;
Argiielles et al., 2010). In a second step, at temperatures above 800 °C,
an additional mass loss is observed. This mass loss (exothermic peak) is
due to recrystallization into new phases or to a transformation process
associated with the dehydroxylation of OH™ anions in the octahedral
layer (see e.g., de la Calle and Suquet, 1988; Marcos et al., 2009). The
mass loss in both stages is equal to or <20% (Table 4). The difference
between the TG curves of Ugandan and Chinese vermiculites is due to
water loss, which is almost twice as high in the former as in the latter.
According to Marcos (Marcos, 2020) the structural water loss cause
crystallinity loss of vermiculite and therefore structural disorder in-
crease. In the case of V-CHG-900 and V-CHG-900-24, water loss is very
low, mainly in the latter, causing the appearance of the vermiculite
phase, corroborated by XRD. These changes give light to their geological
origin related to hydrothermal processes.

The most significant difference is presented by sample V-CHG-900-
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Fig. 7. TG (a) and DTG (b) curves of Uganda samples. Note: 1 - adsorbed
surface water loss; 2 - interlayer water loss and interlayer cation-bound water; 3
- loss of hydroxyls; 4 - decomposition of COy; 5 - recrystallization.

24 in the DTG curve with the presence of a very accentuated peak at
650 °C due to transformation processes associated with the dehydrox-
ylation of OH™ anions in the octahedral sheet (de la Calle and Suquet,
1988; and Marcos et al., 2009) and related to the vermiculite phase
identified by X-ray diffraction in this sample.

Five different steps can be observed in the DTG curves. The first step,
ranging from approximately 50 to 150 °C, is due to the loss of surface
adsorbed water. In a second step, at temperatures above 200 °C, a loss of
the interlayer water and water bound to the interlayer cations is
observed. The third step, at temperatures between 550 and 650 °C, is
due to the loss of hydroxyls. The fourth step is due to CO, decomposition
(Inguanzo et al., 2001; Pereira et al., 2022) and the fifth step, at tem-
peratures above 850 °C, due to phase recrystallization. The most sig-
nificant difference is presented by sample V-CHG-900-24 with the
presence of a very pronounced peak at 650 °C related to dehydrox-
ylation of OH™ anions in the octahedral sheet (de la Calle and Suquet,
1988; and Marcos et al., 2009) and related to the vermiculite phase
identified by X-ray diffraction in this sample. This peak is missing in
Ugandan vermiculite.
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Fig. 8. TG (a) and DTG (b) curves of China samples. Note: 1 - adsorbed surface
water loss; 2 - interlayer water loss and interlayer cation-bound water; 3 - loss
of hydroxyls; 4 - decomposition of CO; 5 - recrystallization.

3.6. Textural parameters

The nitrogen adsorption-desorption isotherms from Uganda ver-
miculites are shown in Fig. 9a for the V-U-20 and V-U-20-24 samples, in
Fig. 9b for the V-U-900 and V-U-900-24 samples and in Fig. 9c for the V-
U-MW and V-U-MW-24 samples. The nitrogen adsorption-desorption
isotherms from China vermiculites are shown in Fig. 10a for the V-
CHG-20 and V-CHG-20-24 samples, in Fig. 10b for the V-CHG-900 and
V-CHG-900-24 samples and in Fig. 10c for the V- CHG-MW and V-CHG-
MW-24 samples. The nitrogen adsorption-desorption isotherms of the
untreated and treated vermiculites from Uganda and China correspond
to type IV, based on IUPAC classification, showing characteristics of
mesoporous solids (Thommes et al., 2015). The slight H3 hysteresis
exhibited by the samples is characteristic of layered particles, such as
phyllosilicate group minerals, including vermiculite (Thommes et al.,
2015). The specific surface area (Sggr), adsorption capacity (Qp,), total
pore volume (V;,), pore size (nm), BET constant (C), and correlation
coefficient (R2) values obtained from the adsorption-desorption exper-
iments are shown in Table 5. The specific surface area (Spgr) was
measured using the BET mathematical model. The total pore volume
(Vp) refers to the volume occupied by the adsorbate within the
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Fig. 9. Nitrogen adsorption-desorption isotherms of raw and treated vermicu-
lites from Uganda at 20 °C (a), 900 °C (b) and microwave irradiated (c).
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Fig. 10. Nitrogen adsorption-desorption isotherms of raw and treated vermic-
ulites from China at 20 °C (a), 900 °C (b) and microwave irradiated (c).

adsorbent at a given pressure (usually close to p/pp = 1). The Vp ex-
presses the volume occupied by the pores in a unit mass of solid and is
expressed as mmol/g. The pore size distribution consists of expressing
the pore volume versus the pore size to which it is ascribed. The model
used in this work has been the Barret-Joyner-Halenda (BJH) model
(Barrett et al., 1951), which is applied only to type IV isotherms, being
the most used for the calculation of pore size distributions in the mes-
opore range (2-50 nm), In addition, this pore size calculation has been
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Table 5

Specific surface area (Sggr), adsorption capacity (Qm), pore volume (V;), BET
constant (C) and correlation coefficient (R?) of nitrogen adsorption-desorption
measurements for raw and treated vermiculites.

Sample SBET Qm Vp (mmol/  Pore C R?
(m%/g)  (mmol/g g STP) size
STP) (nm)
V-U-20 11.7 0.12 0.005 2.93 55.1 0.9999
+ 0.1
V-U-20- 29.1 0.30 0.0005 1.73 186.6 0.9999
24 + 0.1
V-U-900 13.2 0.14 0.06 2.52 184.7 0.9999
+ 0.0
V-U-900- 19.2 0.20 0.0003 2.11 106.8 0.9999
24 + 0.0
V-U-MW 11.0 0.11 0.02 3.24 168.4 0.9999
+ 0.0
V-U-MW- 15.5 0.16 0.002 4.00 133.1 0.9998
24 + 0.1
V-CHG-20 17.2 0.18 0.0004 2.38 93.0 0.9999
+ 0.1
V-CHG- 18.1 0.19 0.0004 2.29 70.0 0.9992
20-24 + 0.2
V-CHG- 13.1 0.13 0.09 2.62 76.3 0.9999
900 +0.1
V-CHG 15.2 0.16 0.0002 2.43 104.3 0.9997
—900- + 0.1
24
V-CHG- 19.2 0.20 0.0005 2.65 80.4 0.9995
MwW + 0.2
V-CHG- 13.3 0.14 0.05 2.50 58.5 0.9999

MW-24 +0.1

carried out considering the Faass correction (Faass, 1981), which adjusts
for the change in thickness of the multilayer during the intervals in
which the cores are not emptied, allowing to obtain a more accurate
pore distribution. The C values of the investigated untreated and treated
samples, ranging between 55 and 187 confirmed the validity of the BET
method. The C values higher up to 150 of are generally associated with
either adsorption on high-energy surface sites or the filling of narrow
micropores. The C values lower than to 50 indicate there is then an
appreciable overlap of monolayer and multilayer adsorption and the
precise interpretation of nm is questionable (Thommes et al., 2015).

The Sggr value of the raw sample from China is much lower than that
of the raw sample from Uganda, while the Vp value and pore size is
slightly lower. The Sggr values are, in general, higher in the hydro-
thermally treated samples than in the non-hydrothermally treated ones,
with the exception of sample V-CHG-MW-24. The same trend is observed
with the Qp, value. The R? values for both samples that provide the
goodness of fit are close to 1.

In Ugandan vermiculite, Sggr and Qp, values increased in hydro-
thermally treated samples (V-U-20-24, V-U-900-24 and V-U-MW-24)
relative to those not hydrothermally treated (V-U-20, V-U-900 and V-U-
MW). Conversely, V,, values decreased in the hydrothermally treated
samples. Pore size decreased in the hydrothermally treated raw sample
and 900 °C heated samples (V-U-20-24 and V-U-900-24) relative to the
non-hydrothermally treated (V-U-20 and V-U-900); but increased in the
hydrothermally treated microwave irradiated sample (V-U-MW-24)
relative to the non-hydrothermally treated (V-U-MW-24).

In vermiculite from China, Sggr values increased in the hydrother-
mally treated raw and 900 °C heated samples (V-CHG-20-24 and V-CHG-
900-24) relative to the non-hydrothermally treated (V-CHG-20 and V-
CHG-900), but in vermiculite from Uganda decreased in the hydro-
thermally treated microwave irradiated sample (V-U-MW-24) relative to
the non-hydrothermally treated (V-U-MW-24). The same trend is
observed with the Qp, values. The V, value was the same in the untreated
(V-CHG-20) and hydrothermally treated (V-CHG-20-24) raw sample,
but decreased in the hydrothermally treated sample heated to 900 °C (V-
CHG-900-24) relative to the untreated (V-CHG-900) while increased in
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the hydrothermally treated microwave irradiated (V-CHG-MW-24)
relative to the non-hydrothermally treated (V-CHG-MW-24). Pore size
values decreased in hydrothermally treated samples relative to un-
treated samples.

The differences in the BET results in the investigated samples seem to
be related to the transformation or modification of the vermiculites by
the loss of structural water due to exfoliation by physical treatments,
high temperature heating and microwave irradiation.

Vermiculites are minerals that can be hydrothermally modified in
such a way that their textural properties improve, increasing the specific
surface area, which could increase therefore the CO, adsorption ca-
pacity. In relation to the Sggr and Qy, values, the products proposed for
CO4 adsorption are the raw vermiculite from Uganda and China after
hydrothermal treatment at low temperature and pressure in the pres-
ence of COy. Between both, the samples from Uganda, which are
compositionally purer, would behave better than those from China for
use as support for other organic compounds, such as amines, with the
ability to absorb CO,.

4. Conclusions

In conclusion, the transformations undergone by the investigated
commercial vermiculites subjected to physical (high temperature and
microwave irradiation) and chemical (hydrothermal) treatments have
caused compositional, textural and structural changes in them. These
alterations have also allowed giving light on the possible hydrothermal
origin of vermiculite from phlogopite.

The following specific conclusions can be drawn: 1) Mass of the raw
and expanded vermiculites decreased after hydrothermal treatment as a
consequence of the lixiviation of cations such as sodium, silicon or
magnesium and the replacement of H,O by CO,. 2) pH of the hydro-
thermal solution of vermiculite increased due to the presence of OH™
groups in the vermiculite because of the replacement of COy by struc-
tural water and these OH™ groups. 3) Water loss caused crystallinity loss
of vermiculite and structural disorder increase 4) The hydrothermal
treatment caused amorphization in purer expanded samples like Uganda
and vermiculitization in expanded samples less pure such as China. This
last fact is very important because it shows that the geological origin of
vermiculite can be hydrothermal from phlogopite. 5) The most suitable
vermiculites as supports for COy adsorption are the hydrothermally
treated raw samples, according to the Sggr and Qy, values.

The research presented here suggests using the hydrothermal treat-
ment to increase the porosity of the vermiculite by a partial dissolution
of its lamellae, favoring that these structures can act as a molecular sieve
trapping the CO3 molecules. On the other hand, it could be checked
whether by means of hydrothermal treatment with acid solution and at
higher pressure and temperature than the one used in this work, the
formation of a carbonate mineral such as magnesite could be produced.
The mineral carbonation is one of the potential strategies for CO» cap-
ture and storage processes.
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