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Abstract: The effect of the microwave-assisted acid treatment (MAT) on the structure and texture of
dioctahedral (montmorillonite) and trioctahedral (saponite) smectites, kerolitic clays and sepiolites
were studied by scanning electron microscopy, nitrogen adsorption, X-ray fluorescence, X-ray
diffraction and Fourier transform infrared spectroscopy. This study shows that in the smectite
group of minerals the effectiveness of MAT is notably influenced by the chemical composition of the
octahedral sheet, whereas in kerolitic clays it is influenced by the proportion of the expandable phase
in the mixed layer sequence. On the other hand, the reactivity of sepiolites depends on the width of
the natural fibres. With these treatments, extremely high specific surface area (SSA) increments are
achieved in just 16 min. The SSA increments reach values up to 231 m2/g (%∆SBET = 80) in sepiolites,
198 m2/g (%∆SBET = 155) in Mg-smectites, and 161 m2/g (%∆SBET = 61) in kerolitic clays.

Keywords: montmorillonite; saponite; kerolite/Mg-smectite mixed layers; sepiolite; microwave-assisted
acid treatment

1. Introduction

Some clay materials named after special clays are composed of mostly one clay mineral that
has important physical and chemical properties for the industrial and technological applications.
Composed of 2:1 clay minerals, the main special clays include bentonite, sepiolite and kerolitic clay.

Sepiolite (Mg8Si12O30(OH)4(OH2)4·nH2O) is a clay mineral, the structure of which is similar
to other 2:1 trioctahedral phyllosilicates (e.g., talc). Sepiolite has a continuous two-dimensional
tetrahedral sheet, but it lacks continuous octahedral sheets. Indeed, discontinuities in the octahedral
sheets and inversions of the silica sheets give rise to structural tunnels and ribbons expanded along
the a-axis. Sepiolite is included in the class of modulated non-planar hydrous phyllosilicates [1,2].

The structure of the smectite group of clay minerals is based on the stacking of negatively charged
2:1 layers. For this reason, the presence of hydrated exchangeable cations, which are located in
interlayer positions (mostly Ca2+, Mg2+, Na+) [3] is necessary. Moreover, depending on whether the
octahedral sheet is filled with trivalent or divalent cations, smectite minerals can be either dioctahedral
(e.g., montmorillonite) or trioctahedral (e.g., saponite, stevensite).

Kerolitic clays are composed of kerolite/Mg–smectite mixed layers. Random interstratifications
(mixed layers) of kerolite and Mg-smectite (stevensite, saponite) layers can occur [4–8]. The structure
of kerolite is believed to be similar to talc (and thus, a variety of talc), but with the presence of H2O,
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either on the edges associated with broken bonds or in the interlayer [9]. Brindley et al. reported the
composition as Mg3Si4O10(OH)2·nH2O where n = 0.8–1.2 [10].

The physical and chemical properties of these special clays, and therefore their industrial
applications [11], are influenced by several features such as: high cation exchange capacity, high
surface area, laminar to fibrous shape, small particle size, and layer charge. The activation is a common
process to enhance the properties of these clay materials.

Various surface modification methods (activation), such as heat and acid treatment, have been
studied by many researchers [12–31] in order to improve the adsorption capacity of sepiolites.
Acid treatments in particular, have classically been used to increase the surface area and to obtain
solids with high porosity and a high number of acidic centres from this clay mineral [17]. With these
acid treatments, variable amounts of structural Mg2+ ions are removed from the sepiolite structure,
whereas the tetrahedral sheets are released forming an amorphous silica gel. The presence of this
phase of amorphous silica increases the surface area [18,19]. Several studies have shown the ability for
adsorption on acid activated sepiolite [20–22].

Actually, many chemical processes use microwave techniques for heating [32–37]. They offer
advantages over conventional methods including a higher heating rate and provide homogeneous
heating, notably reducing the treatment time required to reach high surface area values [38–40].
The aim of this work was to compare the effect of microwave-assisted acid treatment on three special
clays composed of 2:1 clay minerals. For this study, representative samples of bentonites, sepiolites
and kerolitic clays were chosen.

2. Materials and Methods

2.1. Starting Materials

Six special clays (bentonites, kerolitic clays and sepiolites) were tested in this study. The Bentonites
were comprised of samples of Bm, composed of montmorillonite (SWy-1, from Crook County, OR,
USA), and Bs, composed of saponite (SapCa-2, from Ballarat, CA, USA), both supplied by the Clay
Minerals Repository.

The kerolitic clays (samples K1 and K2) were collected from the Esquivias deposit (Madrid Basin,
Spain). These “bleaching earths” occur in quarries and outcrops near the Esquivias village, 40 km
south of Madrid. In this zone, the Magnesian Unit [6] is about 15 m thick, including up to four beds
of kerolite-stevensite mixed layers. The thickness of the single Mg–clay lutite beds ranges from 1 to
4 m (average: 1.5 m) depending on the location in the deposit. The lutites are characterized by their
pinkish to pale brown colour and granular to massive lithofacies. Earlier mineralogical research [5,41]
showed that they are composed mostly of mixed layered kerolite-stevensite, although the presence of
sepiolite and saponite was also reported [6,8,42,43].

Two samples of sepiolite from the Vicálvaro (Sp1) and Batallones (Sp2) deposits, both in the
Madrid Basin, were selected. These materials are well known and have been the subject of many
studies in recent years [43,44].

2.2. Microwave-Assisted Acid Treatment (MAT)

Five grams of each starting sample were treated with 50 mL of 0.2 N HNO3 for 4, 8, 12 and
16 min under 800 W of microwave radiation, in an open glass cylinder reactor [39,40]. A commercially
available microwave system EMS20100OX (Electrolux, Stockholm, Sweden) operating at 800 W and
2.45 GHz was used for the treatments. The microwave irradiation was applied in a discontinuous
form [38,39] to avoid exceeding 100 ◦C in the system. After 1 min of microwave irradiation,
the suspensions were cooled for 5 min at room temperature. Thus, the treatment time is that of
irradiation plus the cooling time after every minute of irradiation. After the microwave-assisted acid
treatment, the samples were centrifuged and washed with deionized water until the NO3

− ions were
completely eliminated (confirmed by a Griess test), and finally, the samples were air-dried. The acid
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for the experiments was selected according to Franco et al. [39]. These authors proved that the effect of
nitric acid in the structure of several sepiolites was stronger than that of hydrochloric acid.

2.3. Analytical Methodology

Powder patterns were collected on an X’Pert Pro MPD automated diffractometer (PANalytical B.V.,
Almelo, The Netherlands) equipped with a Ge(111) primary monochromator (strictly monochromatic
CuKα1 radiation) and an X’Celerator detector. The overall measurement time was 33 min per pattern
in order to obtain very good statistics over the 2θ range of 2–65◦ with 0.017◦ step size. Clay fraction
samples (<2 µm) of starting samples were prepared from suspensions oriented on glass slides. The clay
fraction minerals were identified on oriented air-dried samples, with ethylene glycol solvation, and also
after heating at 550 ◦C.

The percentage of expandable layers in the kerolite/Mg-smectite mixed layers was calculated
using the NEWMOD program [5]. The parameters used to model kerolite/Mg-smectite mixed layers
were d(001) Mg–Sm = 17.1 Å, d(001), Ke = 9.65 Å, defect free distance = 2, “high N” = 3–7 and reichweite
R = 0 (random interstratification).

DRIFT spectra were collected on a Varian 3100 FT-IR spectrophotometer (Varian, Hiroshima,
Japan) with a Harrick HVC-DRP cell. We used 200 scans to obtain the interferograms using the
spectrum of KBr to calculate the background. About 30 mg of finely ground clay-based materials were
placed in the sample holder.

X-ray fluorescence analysis (XRF) (major elements) of untreated and activated samples was
performed using the MagiX X-ray fluorescence spectrometer of PANanytical (PANalytical B.V., Almelo,
The Netherlands). Sodium was determined with an atomic absorption (AA) spectrophotometer (Varian
220-FS QU-106). Loss on ignition (LOI) was calculated after heating to 950 ◦C.

N2 adsorption-desorption isotherms of the starting and treated samples were measured at −196 ◦C
using a Micromeritic ASAP 2020 apparatus (static volumetric technique) (Micromeritic, Norcross, GA,
USA). The total specific surface areas (SBET) were determined through the Brunauer-Emmett-Teller
(BET) equation [45]. The total specific surface areas (SBET) were determined through the BET
equation [46]. The external specific surfaces areas (Stext) and micropore areas (Stmicro) were estimated
using the t-plot method [45]. One aliquot (0.15 g) of each sample was outgassed for 16 h at 200 ◦C
under vacuum. Nevertheless, taking into account that the thermal treatment affects the sepiolite
structure and consequently its SBET, for sepiolite samples two aliquots of each were degassed for 16 h
at 120 and 200 ◦C, respectively. With this methodology we can determine the influence of the thermal
treatment on the modification of the real SBET values of starting sepiolites.

Gold-sputtered (10 nm thick) samples were studied by scanning electron microscopy (SEM) using
a JEOL SM-6490 LV (Peabody, MA, USA) combined with X-ray energy dispersive spectroscope (EDX).

3. Results and Discussion

3.1. X-Ray Diffraction of the Starting Minerals

3.1.1. Bentonite

The XRD powder patterns of the starting saponite (Bs) and montmorillonite (Bm) are shown in
Figure 1a,b. The 001 reflection of the Bs sample shows two components that may be related to the
great variability in the hydration degree of the interlayer space. Moreover, the intensity of this doublet
is notably higher than the 001 peak of the Bm sample, suggesting a higher ordering along the c* axis
in the Bs sample [47]. The position of 060 reflection agree with the trioctahedral character (d(060) =
1.52 Å) of the 2:1 layers of the Bs sample and the dioctahedral character (d(060) = 1.49 Å) of the Bm
sample [47]. On the other hand, the Bm sample has a minor amount of quartz, and the Bs sample
has minor amounts of quartz, feldspars and tremolite (Figure 1).
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Figure 1. X-ray diffractograms of Bs (a), Bm (b), K1 (c), K2 (d), Sp1 (e) and Sp2 (f). Qtz: Quartz;
Fds: Feldspars; Tr: Tremolite; Cal: Calcite.

3.1.2. Kerolitic Clay

Figure 1c,d shows the XRD powder patterns of the starting kerolitic clays (K1 and K2). The XRD
profiles show a diffraction profile similar to those previously reported for kerolite-stevensite mixed
layers [5]. The starting kerolitic samples show a broad 001 basal reflection towards low angles, as well
as symmetrical third-order basal reflections at 3.19 Å. 02,11 and 06,33 reflections at 4.54 and 1.525 Å,
respectively, are sharp and strong, whereas 13,20, and 15,24,31 at 2.56 and 1.72 Å, respectively, are very
broad. The line broadening effect is consistent with a very small particle size and the turbostatic nature
of the layer stacking [8]. Moreover, the b parameter (9.15 Å) taken from a 06 diffraction reflection
indicates a trioctahedral structure. Comparison of the XRD patterns of kerolitic clay samples (K1 and
K2) with that of saponite (Bs) shows weaker and wider reflections corroborating their higher structural
disorder. Following the procedures used by de Vidales et al. and Pozo et al. [5,6], it was identified that
K1 has similar proportions of kerolite and stevensite (50%) (type II), while sample K2 has 80% kerolite
in the mixed layer (type I).
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3.1.3. Sepiolite

The XRD powder patterns of the two starting sepiolites (Sp1 and Sp2) are displayed in Figure 1e,f.
Sample Sp1 is almost a pure sepiolite, whereas an almost negligible amount of calcite was found in Sp2.
Some differences in the profiles suggest differences in crystallinity and chemical compositions [44].
Small differences in the d-spacing of 110 reflections have been related to slight differences in the
crystalline cell, since isomorphic substitution can produce compositional variations [48]. Therefore,
the slightly higher d-spacing values of the 110 reflection of Sp2 suggest that this sepiolite sample could
have small compositional differences from Sp1.

Reflections at 5.02, 3.00, 2.82, 2.67, 2.61, 2.58, 2.56, and 2.40 Å in both Sp1 and Sp2 are well
defined. This suggests that both starting samples are well ordered sepiolites (HCS) [49]. Nevertheless,
the lowest FWHM of the 110 reflection corresponding to Sp1 indicates that it has a slightly higher
“crystallinity” than Sp2.

3.2. X-Ray Diffraction of the Microwave-Assisted Acid-Treated Samples

3.2.1. Bentonite

Figure 2a,b show the XRD diffraction patterns of the natural smectites (Bs and Bm) and the treated
samples in order to identify the structural transformations occurring during the microwave-assisted
acid treatment. Two different trends in the behaviour of smectite samples are observed.

The trioctahedral smectite (Bs) (Figure 2a) shows intense changes in the diffraction profile
throughout the treatment. These modifications can be detected from the first minutes of the experiment,
indicating that saponite has a great reactivity to the conditions in which the acid treatment is
performed [40].

The major modifications are observed in the reflections located between 19–22 and 61–63◦ 2θ
(Figure 2a). Reflections located between 19 and 22◦ 2θ of this trioctahedral smectite decrease in
intensity at the same time that they are replaced by a broad band between 19 and 30◦ 2θ. In addition,
reflection 060 widens considerably and decreases until it almost completely disappears after the first
12 min of treatment.

The loss of the ordering along the c* axis can be observed with the 001 reflection (Figure 3) [47].
The starting Bs sample displays two 001 reflections at 14.8 and 12.6 Å corresponding to the same
layered mineral with two different hydration degrees in the interlayer space. After 4 min of MAT
treatment, the hydration degree, at least in the interlayer space, is homogenous showing a unique
basal spacing at 14.8 Å. Figure 3 shows a dramatic loss of the 001 reflection after 8 min of treatment
and the almost complete disappearance after 16 min of treatment. This result seems to indicate that
two processes are occurring simultaneously: (1) A progressive loss of the original lamellar structure
and (2) a gradual reduction of particle size, as indicated by the decrease of the 060 reflection [29,40].
The appearance of a broad band between 19 and 30◦ 2θ suggests the precipitation of a solid residue of
amorphous silica [41,50].

On the other hand, the X-ray diffraction patterns of the treated dioctahedral smectite (Bm)
(Figure 2b) shows that the reflections located between 19–22◦ 2θ appear almost unchanged even after
16 min of treatment compared with that of the untreated sample. Figure 3 shows that at least 12 min
of treatment are necessary to slightly decrease the 001 diffraction peak of Bm (12.4 Å). This result
suggests that the structure of the Bm sample shows a great resistance to the MAT treatment, at least in
the conditions made for this work [40]. The 001 reflection of Bm increases in the first 4 min of MAT
treatment. This suggests an increase of the ordering along the c* axis, possibly caused by a greater
homogeneous hydration of the interlayer space of the sample [47] that occurs when it is submerged in
the acid solution.
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Figure 3. X-ray diffraction patterns of Bs, Bm, K1, K2, Sp1, Sp2 and acid-treated samples.

3.2.2. Kerolitic Clay

Figure 2c,d shows the XRD patterns of kerolite/stevensite mixed layer samples (K1 and K2)
and the obtained materials after 4, 8, 12 and 16 min of microwave-assisted acid treatments. In the
K1 sample, the acid treatments cause a general decrease of the diffraction reflections, especially the
basal one (near 15 Å), a small reflection remaining at 10 Å (Figure 3). On the other hand, the K2
sample (Figure 2d), mainly formed by kerolite (80% in the mixed layer) [5] presents a resistance to acid
treatments notably higher than those observed in the K1 sample. In this case, it was observed that in
general, most of the diffraction reflections maintain their intensity in the first 12 min of treatment but a
slight decrease at 16 min is observed. These results suggest that MAT treatment causes the loss of the
stevensite layers (15 Å) [40] in the stacking sequence of the mixed layers, whereas the kerolite layers
remain unchanged [5].

3.2.3. Sepiolite

Different behaviour may also be observed in the case of the sepiolite samples Sp1 and Sp2
(Figure 2e,f). The comparison of the X-ray diffraction profiles of the Sp1 sample and the acid-activated
materials shows that the microwave-assisted acid treatment causes a progressive decrease of the
original diffraction reflections, which is more evident after 8 min of treatment. From this time of
treatment, the 110 reflection of Sp1 decreases considerably, remaining a negligible shoulder at 16 min.
Figure 2e also shows that reflections located between 20 and 40◦ 2θ broaden and decrease in intensity
with the treatment time, while a broad band appears instead between 20 and 30◦ 2θ. This result
suggests the appearance of an amorphous phase whose proportion increases with the progressive
disappearance of sepiolite [39].

On the contrary, in the case of the Sp2 sample, 110 reflection intensity retains almost 50% of its
initial intensity even after 16 min of treatment, suggesting that the Sp2 sample appears to be more
resistant than Sp1 (Figure 2f) [39]. Considering that both starting sepiolites have similar structural
ordering and similar chemical compositions, other factors, such as differences in length and thickness
of the fibres can be responsible for this different resistance.
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3.3. Fourier Transform Infrared Spectroscopy Study of the Starting Samples and the Microwave-Assisted
Acid-Treated Samples

3.3.1. Bentonite

Figure 4a,b shows the FTIR spectra of the starting smectite samples (Bs and Bm) and the material
obtained after 16 min of MAT. The OH stretching region (between 3800 and 2800 cm−1) of the Bs
sample displays an intense peak at 3676 cm−1 accompanied by a weak shoulder at 3716 cm−1, and a
broad band centred at 3616 cm−1. The band at 3676 cm−1 is related to the OH stretching mode
of structural Mg(OH)2 groups in the octahedral sheet of saponite and stevensite structure [50,51].
The band at 3716 cm−1 is assigned to the νOH of isolated Si–OH groups located on the external surface
of laminar particles [52], whereas the band at 3616 cm−1 is related to the OH stretching modes of
Al(OH)Si groups formed by isomorphic substitutions of Si(IV) by Al(III) in the tetrahedral sheet of
saponite [53,54].

In the case of the Bm sample (dioctahedral smectite), Figure 4b shows that the OH stretching band
appears at lower wavenumbers compared to those of the Bs sample (trioctahedral smectites). The OH
region of the FTIR spectrum (3800–2800 cm−1) is dominated by an intense band at 3646 cm−1 assigned
to the Al(OH)Al-stretching vibrations [55]. A small shoulder can be observed at 3695 cm−1, related
to the presence of pyrophyllite-like local structural fragments [55] or to a small amount of Mg in the
octahedral sheet of montmorillonite [40].

Figure 4a,b also shows the Si–O stretching region of the FTIR spectra of the Bs and Bm samples.
In both cases, the wide bands centred at 1268 (for the Bs sample) and 1275 cm−1 (for the Bm sample)
are related to the Si–O stretching band [56] and the band at 1627 cm−1 (for both samples) are related to
the water bending mode [57]. The FTIR profile of Bm sample suggest the existence of a negative band
centred at 1070 cm−1. This anomalous feature is related to the absorption and specular reflectance
that currently give the DRIFT technique [58]. This can be minimized by a mechanical treatment of
the sample.

The OH stretching region (3800–2800 cm−1) of Figure 4a shows that, in the case of saponite,
the 3676 cm−1 band disappears completely within the MAT treatment and is replaced by a band
at 3739 cm−1.This is commonly observed in the FTIR spectra of the acid activated smectites and is
usually related to the OH stretching mode of Si–OH groups [25] while bands at 3633 cm−1 broaden
progressively and shift to 3680 cm−1. After the acid treatment, three changes in the FTIR spectra are
observed: (1) The water bending band of the Bs sample shifts from 1627 to 1653 cm−1, suggesting a
change in the local environment of the adsorbed water molecules or the presence of acid water (H3O+)
whose bending band appears near 1700 cm−1, (2) A decrease in intensity of the wide band at 1268 cm−1

(3) The appearance of a new set of bands in the range 1516–1300 cm−1, which are classically related to
the Si–O–Si stretching bands of low “crystallinity” phases, mainly amorphous silica, originated in the
treatment [59,60].

On the contrary, no significant changes could be observed in the FTIR spectra of the Bm
samples after the microwave-assisted acid treatment (Figure 4b) corroborating that the structural
transformations observed in saponite do not take place in montmorillonite.

Although the best technique to study the OH group of these clay minerals is through the
deuteration of these species, it is very important to highlight the complementarity of the actual
FTIR spectra and XRD profile of the minerals and the obtained materials. There is a direct
relationship between the modifications observed in the X-ray diffraction patterns and the FTIR
spectra. This complementarity suggests the loss of the layered structure of the Bs and Bm samples
simultaneously with the dissolution of the OH groups of the octahedral layers and the consequent
formation of an amorphous silica phase [40].
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3.3.2. Kerolitic Clay

Figure 4c,d represent the FTIR spectra of starting kerolitic clay samples. The 3800–2800 cm−1

region of the starting samples shows a narrow band centred at 3677 cm−1 and a small shoulder at
3618 cm−1. They are classically ascribed to the OH stretching bands of Mg(OH)2 groups located in the
octahedral sheet of talc structure [50,51], whereas the small shoulder centred at 3618 cm−1 is related to
the presence of a small proportion of Al in the octahedral sheets [55]. Two wider bands, related to the
OH-stretching modes of water molecules [58] located in the interlayer space of the stevensite phase
and at the outer surface of the particles, are centred at 3438 and 3244 cm−1.

Figure 4c,d also show, between 1800 and 800 cm−1, the Si–O stretching region of the FTIR spectra
of the starting samples. In this region the more intense band appears centred at 1015 cm−1. This is
ascribed to the Si–O stretching modes of trioctahedral phyllosilicates [57].

A comparison of the FTIR spectra of starting K1 and K2 with the 16-min treated samples shows
that the acid treatments cause a progressive decrease of the band centred at 3672 cm−1, assigned to
stretching modes of Mg–OH groups, as well as a generalized decrease of the stretching modes of the
water molecules (3438 and 3244 cm−1 bands). These can be related to the loss of the OH groups during
the dissolution of the Mg2+ cations of the octahedral sheets but also to the loss of water molecules [40].
Moreover, simultaneously to the loss of OH groups within the octahedral sheet, a strong decrease
in the intensity of the Si–O stretching band (1018 cm−1) is observed. The occurrence of a new band
between 1304 and 1082 cm−1, is related to amorphous silica segregation [60,61].

3.3.3. Sepiolite

The FTIR spectra of the starting sepiolite samples are shown in Figure 4e,f. According to Frost [61],
between 3800 and 2800 cm−1, sepiolite shows two bands at 3685, and 3625 cm−1 associated with the
stretching vibration of the Mg–OH groups and a band at 3561 cm−1 assigned to the stretching modes
of water molecules coordinated with magnesium. Moreover, two bands at 3355 and 3233 cm−1 are
attributed to zeolitic and coordinated water [62].

Previous studies show that several types of water are present in sepiolite [50]. The best
spectroscopic method for studying water is to examine the H–O–H bending mode band centred
at 1650 cm−1 since this band does not overlap other bands of sepiolite. In this region of the FTIR
spectra, two major bands are observed at 1660 and 1629 cm−1 in the starting sepiolites. According to
Farmer [60], these bands can be attributed to the zeolitic and adsorbed water, respectively, whereas
bands between 1225 and 1000 cm−1 are assigned to Si–O stretching modes [61]. A band at 1470 cm−1

in the FTIR spectrum of Sp2 (Figure 4f) is attributed to the (CO3)2− antisymmetric and symmetric
stretching modes, which indicates the presence of carbonate.

Figure 4e,f also shows the FTIR spectra of the 16 min treated sepiolite samples. These FTIR spectra
reveal the almost disappearance of the OH stretching bands at 3685, 3625 and 3561 cm−1 in Sp1,
whereas in Sp2 the FTIR spectra show that these bands decrease in intensity but remain clearly visible
in the profile. This suggests the complete loss of the OH groups along the MAT treatment of Sp1 while
this loss is only partial in the case of Sp2. The FTIR spectra of acid-treated sepiolite also show the
appearance of a small band at 3733 cm−1, which is commonly observed in acid-treated minerals and is
related to the Si–OH groups [25].

Figure 4e,f also shows that the band of the zeolitic water (1660 cm−1) decreases in intensity along
the MAT treatment while the band related to adsorbed water (1629 cm−1) increases, suggesting the
evolution of water molecules from sepiolite channels that are lost in the structural changes caused by
the dissolution of octahedral sheets.

Figure 4e,f shows strong changes in the bands related to the bands of the Si–O stretching modes.
These bands are partially replaced with wider bands located between 1319 and 1085 cm−1. These new
bands are classically related to amorphous silica [59,60].



Minerals 2018, 8, 376 11 of 24

Moreover, the FTIR of Sp2 at 2 min of MAT treatments (not shown in Figure 4), shows the complete
disappearance of the band at 1470 cm−1, suggesting that the dissolution of carbonates occurs at the
beginning of the treatment.

3.4. Evolution of the Chemical Composition

3.4.1. Bentonite

Table 1 shows the chemical analysis of starting samples and obtained materials after 16 min of
MAT, whereas the variation of MgO/SiO2, Al2O3/SiO2 and Fe2O3/SiO2 weight ratios of chemical
composition of the materials obtained through the microwave-assisted acid treatment are shown in
Figure 5. This graph corroborates the different behaviour of smectites with the microwave-assisted
acid treatment according to the composition of the octahedral sheet. An intense dissolution of Mg2+

ions of the octahedral sheet in the trioctahedral smectite (Bs) is observed. In this case, the dissolution
of 32% of Mg2+ of octahedral sheet occurs in the first 8 min of treatment and an additional 45.2% is lost
at 16 min of treatment. In the case of dioctahedral smectite (Bm), the amount of this element in the
octahedral sheet is notably smaller compared with that of the Bs sample (Figure 5a), and the loss of
Mg2+ is notably smaller; 12% in the first 8 min and an additional 2% at 16 min.

Table 1. Chemical analysis of starting samples and obtained materials after 16 min of MAT.

Sample % SiO2 % Al2O3 % MgO % Fe2O3 % Na2O % K2O % CaO % MnO % P2O5 % TiO2

Bs 53.73 4.82 30.08 1.03 2.76 0.55 5.34 0.03 0.11 0.53
Bs-16 min 77.11 2.51 16.49 0.98 0.00 0.71 5.59 0.02 0.03 0.83

Bm 65.75 22.61 3.21 3.96 1.67 0.60 1.65 0.02 0.09 0.15
Bm-16 min 68.52 23.30 2.85 3.97 0.30 0.47 0.20 0.01 0.04 0.15

K1 53.94 2.66 25.26 0.77 0.09 0.59 0.32 0.01 0.05 0.15
K1-16 min 67.75 2.22 16.24 0.88 0.07 0.64 0.12 0.02 0.04 0.19

K2 55.00 0.70 27.70 0.20 0.03 0.15 0.20 0.01 0.04 0.10
K2-16 min 66.49 0.45 17.84 0.23 0.03 0.13 0.23 0.01 0.03 0.09

Sp1 56.89 0.69 23.97 0.02 0.01 0.20 0.59 0.05 0.04 0.03
Sp1-16 min 81.77 0.59 2.40 0.03 0.02 0.23 0.60 0.04 0.04 0.08

Sp2 56.41 1.56 22.39 0.44 0.03 0.22 0.82 0.05 0.04 0.22
Sp2-16 min 70.48 1.18 11.57 0.36 0.04 0.21 0.06 0.05 0.04 0.07
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Figure 5. Variation of MgO/SiO2 (a), Al2O3/SiO2 (b), and Fe2O3/SiO2 (c) along the experiments:
Bm (black triangle), Bs (black square), K1 (red square), K1 (red triangle), Sp1 (blue square),
Sp2 (blue triangle).

The Al3+ cations of the octahedral sheet of Bs and Bm appear to be more resistant to the dissolution
with the microwave-assisted acid treatment. The amount of Al3+ in the Bs sample represents 26% of
the Al content in the Bm sample. In this case, the proportion of Al3+ in Bm remains almost unchanged
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along the entire treatment, whereas in Bs, the dissolution of 24% of Al3+ of the octahedral sheet occurs
in the first 8 min and an additional loss of 47.93% at 16 min of treatment possibly due to the crumbling
of the octahedral sheets of 2:1 layers in saponite. On the contrary, the Fe3+ amounts remain almost
unchanged along the treatment in both di- and trioctahedral smectite samples.

3.4.2. Kerolitic Clay

The chemical composition of the kerolitic clay samples indicates that starting samples are
formed mostly by trioctahedral clay minerals with Mg as predominant cation in the octahedral
layer (MgO, 25–28 wt %). The detection of a small amount of Al, Fe and K should be mostly related
to detrital minerals (feldspar, illite-mica) identified in the mineralogical characterization as well as
to minor discrete saponite commonly associated with kerolite-stevensite mixed-layer deposits. The low
content of detrital minerals or other Mg-smectites, other than stevensite in the mixed layer, explains
the low content of Al, Fe and K in the kerolite-rich sample (K2).

In the case of kerolitic clay samples, a large decrease in the Mg content relative to silica is shown.
This can be explained by the dissolution of part of the Mg2+ located in the octahedral sheet of the
kerolitic clay. This process is simultaneous accompanied by the formation of an amorphous silica
phase. The samples show a similar Mg2+ loss rate up to 8 min of treatment but show a slightly different
behaviour above this time of treatment (Figure 5). In the first 8 min, K1 sample lost 28% of the initial
amount of Mg2+ and K2 sample lost 29% of this cation. From 8 to 16 min K1 sample lost 21% of its
Mg2+ cations whereas K2 sample lost 19%. On the contrary, Al3+ and the scarce amounts of Fe3+ are
released at lower rates (Figure 5). Mg2+ loss rates are significantly lower than those observed in the
case of saponite. This result suggests that the presence of kerolite layers in the mixed layers decreases
the reactivity of these materials against the acid treatments. In these samples the small amounts of
Al3+ and Fe3+ remain almost constant along the entire treatment.

3.4.3. Sepiolite

The variation of the octahedral cation percentages in sepiolite samples are also shown in Figure 5.
This figure reveals that MAT causes the release of Mg2+ ions of the octahedral sheet, whereas the
amount of Si remains in the solid. Mg2+ ion dissolution rates are similar in the two sepiolites in the
first 8 min of treatment (31% for Sp1 and 26% for Sp2), whereas it is higher in Sp1 (62%) than Sp2
(33%) between 8 and 12 min. In the Sp1 sample, Mg2+ cations disappear almost completely after
16 min of treatment. According to the observed decrease of the 110 reflection in these sepiolite samples
(Figure 1c), this result suggests a direct relation between the dissolution of Mg2+ cations and the loss of
the sepiolite structure. Similar to that observed in kerolitic samples, the small amounts of Al3+ and
Fe3+ observed in sepiolite remains almost constant along the entire treatment.

3.5. SEM Examination

SEM micrographs of starting clays and the obtained materials after 16 min of microwave-assisted
acid treatment are shown in Figures 6–11.

3.5.1. Bentonite

The individual particles of starting montmorillonite (Bm) display laminar morphologies with
particle sizes smaller than 5 µm, which appears to be associated in soft aggregates of irregular
morphologies (Figure 6a). After 16 min of microwave-assisted acid treatment the individual particles
show no significant modification in the shape and distribution of sizes compared to those of the natural
montmorillonite (Figure 6b).
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The Bs sample shows aggregates similar dimensions than those of the Bm sample.
These aggregates are formed by extremely thin lamellar particles with larger dimensions along the
(001) faces and with very jagged contours (Figure 7a). Contrary to that observed in Bm sample,
the microwave-assisted acid treatment of Bs sample (Figure 7b) strongly affects the morphological
features of the saponite particles and its aggregates. This treatment causes the size of the aggregates
and their individual particles to decrease.
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3.5.2. Kerolitic Clay

Regarding kerolitic clays, the individual particles of the starting K1 sample exhibit extremely
thin lamellar morphologies that appear to be, in general, smaller than those observed in the saponite
sample (S) (Figure 8a). The sizes of the higher proportion of the individual particles are smaller than
10 µm. These individual particles form highly porous aggregates with sizes ranging between 20 and
50 µm. Similar observations can be made in the SEM micrograph of K2 particles shown in Figure 9a.
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Figure 9. SEM images of the kerolite K2 (a) and kerolite K2 after 16 min of microwave-assisted acid
treatment (b).

Figures 8 and 9 also show SEM micrographs of the 16-min acid-activated K1 and K2 samples.
A detailed comparison of Figure 8a,b suggests that no significant decrease in the size of the porous
aggregates occurs after 16 min of MAT. However, some textural changes in the external surface of
aggregates suggest changes in their porosity. On the contrary, the comparison of Figure 9a,b suggests
a slight decrease in the size of the porous aggregates of K2 sample. Nevertheless, the proportion of
clay-sized particles (<2 µm) appears to be unchanged during the treatment in both K1 and K2 samples.
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treatment (b).

3.5.3. Sepiolite

The starting sepiolites (Sp1 and Sp2) show their typical fibrous habit (Figures 10a and 11a). In the
Sp1 sample the individual fibres are commonly longer than 6 µm (Figure 10a), whereas in Sp2, the main
population consists of fibres shorter than 2 µm (Figure 11a). Moreover, the diameter of the fibres
seems remarkably wider in Sp2. These fibres commonly form bundles consisting of parallel or tangled
fibres [59]. The two starting sepiolites also differ regarding size and morphology of their aggregates.
In general, the largest aggregates are found in the Sp1 sample (Figure 10a) and the smallest in Sp2
(Figure 11a).
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Figure 11. SEM images of the sepiolite Sp2 (a) and sepiolite Sp2 after 16 min of microwave-assisted
acid treatment (b).

The SEM images of the acid activated sepiolites show a slight disaggregation of the blocky
aggregates (bundles) in the first minutes (not shown), followed by a sharp decrease in the length of
aggregates as well as in the length of the individual fibres. Finally, after 16 min of MAT, the fibres show
a very poorly defined morphology (Figures 10b and 11b). In the Sp1 sample, 16 min of MAT causes the
almost disappearance of fibrous particles (Figure 10b), whereas some small fibres, smaller than 1 µm,
remain in Sp2, coexisting with the new irregular particles (Figure 11b).

3.6. Textural Properties Evolution

The textural properties of the starting clays and the obtained materials after 16 min of
microwave-assisted acid treatment were determined by N2 adsorption-desorption at −196 ◦C.
The variation of the specific surface area (SSA), determined by the BET equation [45] of the samples
throughout the treatment time is shown in Figure 12. The SSA values of the bentonites are notably
lower than those of kerolitic clay and sepiolite samples, suggesting that the initial SSA values are
closely related to the observed particle sizes in the untreated samples.

3.6.1. Bentonite

Saponite (Bs) and montmorillonite (Bm) samples have SSA values of 128 and 49 m2/g, respectively
(Table 2). In the Bm sample the SSA values increase very little (∆SBET = 13 m2/g; %∆SBET = 27) during
the treatment time. Nevertheless, the Bs samples show a noticeable increase in their SSA values
compared to montmorillonite, at 8 min reaching an SSA value of 324 m2/g, while from the treatment
time the SSA appears to be invariable, suggesting that it has achieved the maximum activation (∆SBET

= 198 m2/g; %∆SBET = 155). Contrary to that observed in Bm sample, the great particle size reductions
observed during microwave-assisted acid treatment of saponite and an increase in the porosity produce
a noticeable increase in their SSA values.
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Table 2. Specific surface areas obtained after outgassing at 200 ◦C or 120 ◦C of starting 2:1 clay minerals
and obtained materials after acid treatment.

SBET Stext Stmicro SBET Stext Stmicro

Sample (m2·g−1) (m2·g−1) (m2·g−1) Sample (m2·g−1) (m2·g−1) (m2·g−1)

Degasification
Temperature 200 ◦C Degasification

Temperature 200 ◦C

M 49 25 24 K1 265 101 163
M-4 min 49 22 27 K1-4 min 337 139 198
M-8 min 56 28 28 K1-8 min 363 155 209
M12 min 61 32 29 K1-12 min 393 159 234
M-16 min 62 33 29 K1-16 min 426 195 230

S 128 76 52 K2 279 167 112
S-4 min 257 128 129 K2-4 min 339 236 104
S-8 min 324 138 186 K2-8 min 367 241 126

S-12 min 331 114 217 K2-12 min 369 248 121
S-16 min 326 106 221 K2-16 min 435 266 170

SBET Stext Stmicro SBET Stext Stmicro

Best SBET
(m2·g−1)

Sample (m2·g−1) (m2·g−1) (m2·g−1) (m2·g−1) (m2·g−1) (m2·g−1)

Degasification
Temperature 200 ◦C 120 ◦C

Sp1 117 102 15 288 117 171 288
Sp1-2 min 175 132 43 327 161 166 327
Sp1-4 min 244 150 94 358 173 185 358
Sp1-8 min 378 191 187 406 222 184 406

Sp1-16 min 519 437 82 437 348 89 519
Sp2 133 111 22 320 127 193 320

Sp2-2 min 154 133 21 328 170 158 328
Sp2-4 min 323 187 136 280 174 106 323
Sp2-8 min 371 174 197 371 176 141 371

Sp2-16 min 438 197 241 396 205 191 438
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3.6.2. Kerolitic Clay

The SSA values of the starting kerolitic clays are significantly higher than other magnesian
clay minerals such as saponite or sepiolite [39,40]. The SSA values of the starting kerolitic clays (K1
and K2) are very similar (265, and 279 m2/g, respectively) values in agreement with those reported by
other authors [5]. Both samples have a similar trend during the entire treatment showing the higher
SSA values in the K2 sample. According to Table 2 the greatest contribution to the SSA comes from the
micropores in the K1 sample, but from the external surface of the particles in K2. This result agrees
with the observed modifications in the SEM images (Figures 8 and 9). In both cases, the MAT treatment
causes similar increments of SSA. In the case of K1, SSA increases from 265 to 426 m2/g (∆SBET =
161 m2/g; %∆SBET = 61), and in the case of K2 from 279 to 435 m2/g (∆SBET = 156 m2/g; %∆SBET = 56).

3.6.3. Sepiolite

In order to obtain SSA values close to reality, samples must be properly degassed without affect
the structure of sepiolite [59]. For this reason, to find the appropriate conditions for the analysis of
the samples, starting and treated sepiolite samples were kept for 16 h at two different temperatures
(120 and 200 ◦C). Table 2 shows that SSA values are notably influenced by the temperature used
to degas the sample. When samples are degassed at 200 ◦C, the two starting sepiolites exhibit a
similar external surface area (Stext), a similar and very small microporous area (Stmicro), and, therefore,
a similar BET surface area (SBET). Thus, SBET values are notably smaller than those reported in the
literature [49,51]. Nevertheless, the obtained Stmicro and SBET values of natural sepiolites are notably
higher when samples are degassed at 120 ◦C. These results suggest that the surface area from samples
degassed at 200 ◦C is influenced by some textural or structural modifications [60], which strongly
affect the microporous surface area (Table 2).

On the contrary, in the 8- and 16-min-treated sepiolite samples, in general the Stmicro and SBET

values are notably higher when these samples are degassed at 200 ◦C. This result suggests that
the SSA values of these treated sepiolite samples are not affected by any structural transformation.
In acid-treated sepiolite, a higher temperature allows the complete degassing of the sample and
therefore the obtaining of SSA values closer to reality [39].

On the other hand, the evolution of Stmicro and Stext of bentonite and kerolite samples after the
MAT does not show erratic behaviour. For this reason, we only analysed the samples after degas at
the same temperature (200 ◦C). These values can be slightly enhanced by a thermal activation but the
low SSA value observed in the starting and treated-Bm samples shows that the thermal activation at
200 ◦C has a very small influence in the SSA values.

The starting sepiolite samples (Sp1 and Sp2) show different SSA values (288 and 320 m2/g,
respectively). In the first 8 min, the SSA value in Sp1 increases by 41% (from 288 to 406 m2/g),
increasing an additional 39.6% at 16 min of treatment (from 406 to 519 m2/g). Regarding the Sp2
sample, an increase of only 16% is observed in the first 8 min of treatment (from 320 to 371 m2/g)
followed by an additional increase of 21% at 16 min (from 371 to 438 m2/g). In the case of Sp1, SSA
increases from 288 to 519 m2/g (∆SBET = 231 m2/g; %∆SBET = 80), and in the case of K2 from 320 to
438 m2/g (∆SBET = 118 m2/g; %∆SBET = 37). The larger increase in SSA in the Sp1 sample appears to
be related to the higher textural modifications shown in the SEM micrographs (Figures 10 and 11).
In both cases, with the assistance of microwaves during the acid treatment, it is possible to obtain,
after 16 min of treatment, materials with an SSA value equivalent to those obtained after 48 h with
conventional heating methods [17,29].

For an appropriate comparison, Table 3 summarizes the main modifications obtained with the
different clay mineral studied after 16 min of microwave-assisted acid treatment. This table shows
the increments of SSA (∆SBET; %∆SBET) as the difference between the SBET of the 16 min acid-treated
sample and the corresponding starting clay. This table shows that higher increments are obtained
with Sp1 and Bs samples that also display a higher loss of octahedral cations. It is interesting to note
that both kerolitic clay materials have a similar loss of octahedral cations and similar SBET increments.
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This result is not consistent with the different structural modification observed by XRD. This result
suggests that, contrary to what was observed with saponite and stevensite, the layered structure of
kerolite is roughly maintained despite the loss of about 36% of the octahedral cations.

Table 3. Principal modifications obtained after 16 min of microwave-assisted acid treatment (MAT).

Type of
Clay Sample Main

Characteristic XRD Modification
FTIR

Amorphous
Si–O Bands

% Octahedral
Cations Loss

∆SBET
(m2/g) %∆SBET

Bentonite
Bs trioctahedral

smectite
020 and 060 reflections
disappears YES 71 198 155

Bm dioctahedral
smectite

020 and 060 reflections
appears to be unaffected NO 3 13 27

Kerolitic
clay

K1 stevensite >
kerolite

020 and 060 reflections
strongly decreased YES 49 161 61

K2 stevensite <
kerolite

020 and 060 reflections
slightly decreased YES 47 156 56

Sepiolite
Sp1 fibres: thinner,

longer

reflections between 18 and
32◦ 2θ disappear and
replaced with a broad band

YES 93 231 80

Sp2 fibres: wider,
shorter

reflections between 18 and
32◦ 2θ slightly decrease YES 60 118 37

4. Conclusions

This study shows the effectiveness of microwave-assisted acid treatment in several 2:1 clay
minerals. With these treatments, extremely high specific surface area (SSA) increases are achieved in
just 16 min. The highest SSA increments were obtained with a sepiolite (up to 231 m2/g in 16 min).
Nevertheless, notably higher SSA increments were obtained with Mg–smectites (up to 198 m2/g
in 16 min) and kerolitic clays (up to 161 m2/g). This is a significant breakthrough compared to
conventional acid treatments that reached smaller increments after 48 h of treatment. The increase
in the specific surface area obtained with the microwave-assisted acid treatment can be used as an
indicator of the extension of the activation process or the reactivity of the 2:1 clay minerals to this
type of treatment. This reactivity appears to depend on several factors including octahedral sheet
compositions and the structure of the specific 2:1 clay minerals.
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