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Abstract

The effect of microwave heating on the expansion of vermiculite was studied at a level of 700 W for 4 min exposure time and compared
with raw vermiculite. In this study, the characterization of vermiculite from a mine in the northeast region of Brazil was performed
using thermogravimetry, N,-adsorption, cation exchange capacity, X-ray powder diffraction (XRD), infrared (IR) spectroscopy, X-ray
fluorescence spectroscopy (XRF), and scanning electron microscopy (SEM). Following the microwave heating, the vermiculite was
characterized using XRD, IR spectroscopy, and SEM. Microwave irradiation of the vermiculite sample caused structural changes
such as loss of crystallinity and disorder, as revealed by the XRD patterns, but did not cause expansion. Results from SEM and IR
spectroscopy showed that the microwave heating did not cause profound alterations to the morphology, clay structure, and chemical

composition of the vermiculite.
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INTRODUCTION

Clay minerals have significant commercial importance
because they are cheap and relatively simple to process.
Several areas of the industry have increased their interest in
the clay minerals kaolinite, montmorillonite, and vermiculite
[1]. Brazil has abundant reserves of vermiculite in several
northeastern states (Piaui, Paraiba, and Bahia) as well as in
Goids. Vermiculite essentially consists of hydrated silicates
of aluminum, iron, and magnesium and can be formed
through the alteration of biotite [2]. Its structural formula
can be represented by: (Mg,Fe),[(Si,Al),O (OH),4H,0
[3]. Microwave heating has rapidly become an effective
tool in many different technological and scientific fields.
Microwaves are part of the electromagnetic spectrum with
wavelengths ranging from 1 m to 1 mm, corresponding
to a frequency range from 300 MHz to 300 GHz. Unlike
conventional heating, which works through heat transfer,
microwave irradiation transforms electromagnetic energy
into thermal energy. Microwave energy is applied directly
to the material through molecular interaction with the
electromagnetic field [4, 5]. Microwave sintering has
achieved acceptance worldwide due to some significant
advantages over conventional sintering methods. One of
these advantages is that microwave sintering consumes
much less energy than conventional sintering [6].

The performance of vermiculite in a given application
depends highly on its thermal expansibility. Some exfoliation
plants may use different furnace configurations, but the
general sequence of operations is similar [7-9]. Vermiculite
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can expand many times in volume when heated quickly,
due to the sudden release of water between its layers [10,
11]. Expanded vermiculite has many desirable physical and
chemical properties, such as low density, chemical stability,
high cation exchange capacity, and high adsorption capacity
[12], which make it useful for a variety of applications
[13-18]. Expanded vermiculite can be prepared by three
different methods: chemical expansion, microwave
expansion, and high-temperature calcination expansion. In
microwave expansion, molecular water is first penetrated
by high-frequency microwaves, causing them to begin to
vibrate and collide with each other to produce frictional
heat, finally leading to expansion, when compared to the
initial vermiculite size [19, 20]. The vermiculite expansion
behavior is affected principally by the heating time and the
microwave power [21]. Some studies have been carried
out to investigate the performance of thermal expansion of
vermiculite [22, 23]. It was found that further expansion was
achieved with mixed-layer vermiculite minerals containing
vermiculite in different hydration states [10].

There are only a few published articles on the microwave
expansion of vermiculite to date. The influence of microwave
power on vermiculite exfoliation characteristics, after
treatment with water and hydrogen peroxide solution, was
studied under experimental conditions of 600, 950, and 1300
W for microwave exposure times of 10, 20, 30, 60, 120,
and 300 s [18]. The influence of microwave power on the
expansion of vermiculites at 800 W for different exposure
times (from 10 to 600 s) was investigated and compared
with the changes from heating to 1000 °C and dehydration
in a vacuum [20]. Ideal conditions were determined for
exfoliation of raw vermiculite using microwaves and the
performance of vermiculite in removing copper ions was
evaluated [24]. When 100 g of crude vermiculite was
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irradiated at 440 W for 330 s, 66% of the crude vermiculite
was exfoliated. Knowledge of vermiculite’s dielectric
properties, its interaction with electromagnetic fields, and
materials technology were used to design and build a high-
performance microwave system, operating at 2.45 GHz. The
methodology used was reported [25]. Industrial samples of
vermiculite from the Weili mine in Xinjiang province were
expanded by chemical and chemical microwave methods
and the expanded vermiculite mechanism was analyzed.
As a result, vermiculite expands due to the oxygen pressure
produced by the decomposition of hydrogen peroxide in the
vermiculite interlayer. When using the chemical microwave
method, the pressure of oxygen and water between layers
leads to increased expanded times [26]. The LABNOV
(New Materials Development Laboratory, UFCG, Brazil)
research group has worked on the thermal treatment on
clays with success [27-35]. As can be observed, there is a
lack of studies in the literature regarding natural vermiculite
clay being modified through microwave thermal expansion.
The main objective of this study is therefore to analyze the
mineral vermiculite, studying its characterization and its
capacity to expand through microwave heating.

MATERIALS AND METHODS

Material: raw vermiculite clay (RAW-VER, Unido
Brasileira de Mineragdo, Santa Luzia-PB, Brazil) was sieved
with a N° 200 (0.074 mm) sieve, according to a Brazilian
ABNT standard.

Expansion experiment by microwave heating (MW): the
transformations undergone by the vermiculite subjected to
microwave irradiation (CNNM18, Consul) at 700 W and
exposure time of 4 min were studied. In a microwave oven,
heating depends on the power of the oven and contents of
the water, density, and sample quantity [21].

Characterization: the chemical composition of the
samples was determined by X-ray fluorescence spectroscopy
(XRF), following the method described elsewhere [36, 37]
using an X-ray energy dispersive spectrophotometer (S2
Ranger, Bruker). Samples were characterized by X-ray
diffraction using a diffractometer (XRD 6000m, Shimadzu)
at 30 mA and 40 kV with CuKa radiation (A=1.5418 A) in
the range of 3-20° 20, a step of 0.02°, and a count time of 1 s
per step. Thermal behavior was studied by thermogravimetry
(TG) using a thermal analyzer (TG/DTG 60H, Shimadzu) in
the range of 30 to 1000 °C under pure nitrogen gas flow with
a heating rate of 10 °C/min. The textural characteristics of
the sample were investigated by isothermal gas adsorption/
desorption of N, at 77 K (ASAP 2020, Micrometrics). The
specific surface area was measured with an accelerated
surface area and a porosimetry system by the BET method
[38]. Fourier transform infrared spectroscopy (FTIR) was
performed using a spectrophotometer (Cary 600, Agilent
Technol.) in the wavenumber range from 4000 to 400 cm™,
with a step of 500 cm™', and a resolution of 4 cm™. For this
analysis, first, the sample was sieved with a Tyler 200 mesh
(74 pm) sieve, then, 0.007 g of the sample was mixed with

0.1 g of KBr and pressed with 5 ton during 30 s to form
a disc specimen. The microstructural analysis of expanded
vermiculite was performed by scanning electron microscopy
(SEM, SSX 550, Shimadzu) at a voltage of 15 kV. The
cation exchange capacity (CEC) values of the samples were
determined using ammonium acetate solution [39] and a
nitrogen distiller (MA-036Plus, Marconi). The volume used
for titration was then recorded (ASTM D7503-10) and CEC
was calculated by:

CEC = M.V, . 100 A
s (A)
where M is the molar concentration of HCI (0.1 M), f is the
conversion factor of the acid (=1), V., is the volume of HCI
used for titration (mL), and Ms is the mass of sample (g).

RESULTS AND DISCUSSION

Fig. 1 shows the thermogravimetry (TG) results for
RAW-VER. The TG curve of clean natural vermiculite
presented a profile similar to the curve obtained by another
study [40], with a more pronounced mass loss in the range
between 100 and 250 °C and a minor loss at approximately
850 °C, described as a characteristic of the formation of
new phases in the material [40]. Data regarding mass loss in
different temperature ranges are listed in Table I. Normally,
three forms of water can be found in vermiculite interlayers:
adsorbed water, hydrate water, and constitutional water.
The mass losses at low temperatures were related to the
adsorbed and interlayer water. According to the TG curve
in Fig. 1 and Table I, three stages were identified for the
RAW-VER sample as the temperature increased from 25 to
800 °C. The first stage occurred between 25 and 88 °C with a
mass loss of 4.36%, which could be attributed to the removal
of water molecules adsorbed on the vermiculite surface.
Subsequently, the sample underwent a second dehydration
process (hydrate water) between 88 and 154 °C. The mass
loss of 1.03% in this stage was mainly attributed to the water
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Figure 1: TG curve of the RAW-VER.



F. M. N. Silva et al. / Ceramica 67 (2021) 230-235 232

Table 1T - Mass loss (wt%) of RAW-VER at different
temperature ranges.

<88 °C 88-154 °C >500 °C Total
4.36 1.03 1.79 7.18

bound to exchanged ions and dehydration of the RAW-
VER. The third stage corresponded to the range from 154
to 838 °C with a mass loss of 1.79% (constitutional water)
[40-43]. According to the literature [41], this mass change
was mainly attributed to the removal of chemical structural
water through a dehydroxylation reaction.

Nitrogen adsorption-desorption isotherm at liquid N,
temperature for RAW-VER is shown in Fig. 2, while textural
parameters of the sample are presented in Table II. According
to Brunauer, the classification of the adsorption isotherm
of RAW-VER is similar to type II [44]. With a hysteresis
loop originating from the capillary condensation of liquid
nitrogen in mesopores, the low-pressure region (P/P <0.40)
represented the filling of micropores and the completion of
the first monolayer on the external particle faces, which was
followed by multilayer adsorption. In the relatively high-
pressure region (P/P>0.40), the shape of the hysteresis loop
corresponding to the filling of the mesopores was typical
of type H3, where limiting adsorption took place at high
P/P,, which has been observed for aggregates of plate-like
particles giving rise to slit-shaped pores. The specific surface
area was determined by the BET and t-plot methods [38,
44-46], and the volumes of micro and mesopores in natural
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Figure 2: N, adsorption (filled square) and desorption (open square)
isotherm of RAW-VER.

Table II - Textural parameters of RAW-VER.

SBET 2 Dp SMI SE 2 VT
(m?/g) (nm) (m%g) (m?/g) (cm?/g)
38 099996 5625 701 30.79 099993 0.003

S,pr Surface area; S, : micropore area; S,: external surface area; V, : micropore

volume; V. : total pore volume.

clay are shown in Table II. The specific area of the RAW-
VER sample was determined by the Brunauer, Emmett, and
Teller (BET) method using nitrogen adsorption data from
the relative equilibrium pressure interval of 0.05-0.35. The
surface area of the RAW-VER sample was 38 m?%/g.

The cation exchange capacity (CEC) of clay minerals
is defined as the quantity of cations available for exchange
at a given pH expressed in meq/100 g which is equivalent
to cmol(+)/kg [47, 48]. The CEC varies between 120 and
200 cmol(+)/kg for air-dried vermiculites and between 140
and 240 cmol(+)/kg for dehydrated vermiculites [49, 50].
The RAW-VER sample had a CEC value of 115 meq/100 g
of clay, indicating that the clay contained a low amount of
impurities or had a high isomorphic substitution level. Based
on this premise, the value for the cationic exchange capacity
is in agreement with the expected range for vermiculites.

The infrared spectra of RAW-VER and modified VER-
MW are shown in Fig. 3. In Fig. 3a the 3750-2900 cm! range
is characteristic of OH-stretching vibration, while bands
located in the 1300-500 cm! range are the most informative
about the structural characteristics of clay minerals and are
attributed to lattice vibrations [51, 52]. The most important
bands in the 3750-2900 cm range for parent vermiculite
are related to OH vibrations that have been perturbed by
interlayer cations (3710 cm™) and unperturbed (3650 cm™)
[53]. The most important bands found for raw vermiculite
within the 1300-500 cm™ range are related to stretching
vibrations of Si-O-Si and Si-O in amorphous silica (at 1235
and 1075 cm, respectively), stretching vibrations of Si-O
in the clay layers (1165 and 995 cm™), stretching vibrations of
Si-O and Al-O in the clay layers (weak band around 725 cm™),
stretching vibrations of R-O-Si (where R= Al, Mg, or
Fe; 675 cm™) and stretching vibrations of the OH group
(weak band around 605 cm™) [54-59]. Microwave heating
of RAW-VER resulted in a negligible modification of its
IR spectra (Fig. 3b).

The results of chemical composition are shown in Table
III. The presence of the following oxides was verified in
vermiculite: SiOz, MgO,AlO,,Fe O K,0,P,0,,MnO, and
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Figure 3: FTIR spectra of: a) RAW-VER; and b) VER-MW.
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Table III - Chemical compositions (wt%) of RAW-VER and VER-MW determined by XRF analysis.

Sample Sio, MgO ALO, Fe,0, K,0 P,0, MnO TiO, Ca0
RAW-VER 4332 2820 13.41 9.04 3.38 0.08 0.12 0.89 0.90
VER-MW 4125 3150 15.70 5.84 1.66 - 0.09 0.88 1.18

CaO. Silicon, magnesium, aluminum, and iron are the main
components of vermiculite layers, while potassium, calcium,
and possibly magnesium cations are located in the interlayer
spaces within the clay. High content of MgO (28.20%) was
observed. The values found for natural vermiculite were
close to those of a vermiculite from China [41]. RAW-
VER contained exchanged cations interlayered in distinct
ionic layers, making them heterogeneous. The SiO,, AL,O,,
MgO, and Fe203 amounts were within the established ranges
for most vermiculites of economic interest. Vermiculites
generally show a wide variation in chemical composition,
even within the same deposit or occurrence. This variation is
due mainly to the differences in its mineralization, alteration
of biotite mica, and degree of weathering [60]. Comparing
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the composition of both samples, only slight differences
were observed. The microwave heating did not significantly
alter the composition of VER-MW [21, 22].

X-ray diffraction patterns of the RAW-VER and VER-
MW vermiculite samples are presented in Fig. 4. The RAW-
VER (Fig. 4a) showed broad peak reflection at 26=6.15°
assigned to the (002) plane, showing the characteristic
basal spacing d=1.438 nm, indicating a two-water layer
hydration state [58-62], and this is a characteristic reflection
for vermiculite (PDF file 00-034-0166). The characteristic
peak of the VER-MW (Fig. 6b) may be found at 26=6.05°
attributed to the (002) plane. The expansion was characterized
by basal spacing corresponding to d=1.4609 nm, while the
expansion that occurred using microwave was not effective as
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Figure 4: XRD patterns of vermiculite samples: a) RAW-VER; and b) VER-MW.
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Figure 5: SEM image (a) and EDS spectrum (b) of RAW-VER.
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Figure 6: SEM image of VER-MW.

thermal expansion. From Fig. 4b, it can be seen that the intensity
of the reflections of the VER-MW was reduced, indicating
a reduction of crystallinity after heating. The expansion of
the vermiculite particles depends on the irradiation time and
the sample size. A possible explanation for the expansion
of vermiculite not having occurred was the low microwave
power. In this case, the microwave heating method showed that
vermiculite still contained notable amounts of water. This was
due to the complexity of the water-binding mechanisms in the
clays.

Figs. 5 and 6 show SEM images revealing the morphologies
of RAW-VER and VER-MW samples, respectively. RAW-
VER (Fig. 5a) had a well-defined layered structure containing
polygonal sheets with flaked borders with large vermiculite
layer crystals. It was also observed a morphology with compact
structure arranged in blocks of irregular shape [63, 64]. The
energy dispersive spectroscopy (EDS) coupled to the SEM was
used to determine the chemical elements present in the sample.
RAW-VER sample (Fig. 5b) showed aluminum, magnesium,
iron, and potassium. This result was in agreement with the
results obtained by XRF (Table III). The expansion was related
to the separation of the layers due to the water molecules release,
which provoked significant changes in the morphology of the
individual particles [22]. The micrograph of VER-MW (Fig.
6) showed irregular flakes of different sizes, and the presence
of non-uniform aggregates and therefore without modification
after heating by microwave treatment.

CONCLUSIONS

In this study, the expanded vermiculite (VER-MW)
was prepared by the microwave heating method with a
power of 700 W for 4 min. The microwave irradiation of
the vermiculite caused structural changes, such as loss of
crystallinity and disordering, as revealed by XRD patterns,

but did not cause the expansion process. It has been found
that combined SEM, ED-XRF, and IR measurements are
powerful tools for characterizing the vermiculite after
the heating by microwave. Microwave heating caused no
morphology, chemical composition, and structural changes
in the sample as no major changes were observed in the
SEM, ED-XRF, and IR analyzes.
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