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Abstract: The relationship between textural parameters (specific superficial area (SBET) and porosity
(Vp)) of lamellar products obtained from HNO3-activated vermiculites and their iron and water
content has been established. Two commercial vermiculites, one thermoexfoliated commercial
vermiculite, and one pure vermiculite were nitric-acid-treated at 4 and 8 M concentrations for 1,
3, and 7 days. Untreated and treated samples were characterized with X-ray diffraction (XRD),
scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),
and N2 physisorption analysis. The untreated vermiculites showed a direct relationship between their
iron content and the values of SBET, Vp, and pore size; an inverse relationship was observed in the
case of the treated samples. The iron content may prevent further leaching of cations but not water
loss, therefore forming lamellar products with lower SBET and Vp values. The SBET and Vp values
of the studied thermoexfoliated sample were higher than those of the starting sample. The SBET

and Vp values of the activated thermoexfoliated sample were lower than those of the activated
non-thermoexfoliated sample.

Keywords: vermiculite; thermoexfoliated vermiculite; nitric acid treatment; specific surface area;
porosity

1. Introduction

Vermiculite in the strict sense is a layered silicate mineral with 2:1 crystalline structure composed
of two T-O-T layers joined by an interlayer. The T-O-T layer is composed of an octahedral (O) sheet of
Mg2+, located between two tetrahedral sheets (T) of Si4+. The interlayer is formed by an octahedral
sheet of Mg2+ bound to oxygens or OH– groups, and it contains water. Vermiculite shows a broad
diversity in charged layers associated with numerous isomorphic substitutions, disorder effects,
dehydration–rehydration ability, and swelling processes. The different hydration states were described
by [1]. Commercial or industrial vermiculite consists of interstratified, diverse types of mica,
mica/vermiculite [2], and interstratifications of vermiculite with different hydration states [3].

Vermiculites can be modified by changes in temperature and pressure, chemical treatments,
and irradiation [3–14], causing physical and structural changes in the mineral that are very important
for industrial and technological applications.
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Acidic treatment is reported as a low-cost method to obtain materials possessing high porosity,
a large number of acidic sites, and high specific surface area [15]. A large number of studies have
been performed on the acidic activation of vermiculites using HCl and H2SO4 [15–25], and less studies
have applied nitric acid as a leaching agent [15,24,26–30]. These studies have shown that the resulting
products have high specific surface area and porosity [27,29] and are useful in various applications.
They can be used as selective adsorbents for specific contaminants from wastewater [24,29–31],
support for luminescent complexes [32], and selective catalysts for NO reduction [27].

In the present study, nitric acid treatment at 4 and 8 M was used at room temperature and for
different treatment times on one pure vermiculite sample, two commercial vermiculites, and one
thermoexfoliated commercial vermiculite. The objective was to establish the relationship between
textural parameters, specific superficial area, and porosity of lamellar products obtained from those
treated vermiculites and their iron and water content.

2. Materials and Methods

Vermiculites from Santa Olalla (Huelva, Spain), Goiás (Brazil), and China (provided by Vermiculita
y Derivados S.A. company, Gijón, Spain), coded as V1, V2, and V3, respectively, were previously
described and classified [3] as pure (V1) and commercial vermiculites (V2 and V3). The average
diameter of the particles was: V1 ≤ 2 mm, V2 ≈ 1–2 mm and V3 ≈ 2 mm. The composition and
water content [3] are in Table 1. The vermiculites were used as received, although other minerals
(such as quartz and iron oxides) visible by the naked eye were removed before nitric acid treatment.
In particular, V2 was dispersed in 400 mL of distilled water to remove iron oxides covering the particles.
After several washes, V2 was filtered and dried at room temperature (25 ◦C).

Table 1. Chemical analyses (wt%) and water content of the starting vermiculites and thermoexfoliated
vermiculites [3].

Oxides V1 V2 V3 V2E V3E

SiO2 35.93 40.67 35.65 40.60 36.34
Al2O3 15.78 11.51 11.00 10.15 11.26
MgO 24.13 18.05 21.81 5.50 21.54
FeO 3.27 9.58 4.63 10.59 4.70
TiO2 0.33 0.79 1.16 1.30 1.35

Cr2O3 0.03 0.01 0.39 0.04 0.32
K2O 0.03 1.07 5.61 0.00 4.73
CaO 0.29 0.03 0.92 0.50 1.11

Na2O 0.12 0.12 3.55 0.00 1.15
MnO 0.14 0.08 0.04 0.05 0.03
NiO 0.00 0.01 0.06 0.00 0.10

Water content 25.6 13.6 12.3 5.6 7.0

The nitric acid used in this study was of analytical grade (AnalaR NORMAPUR, 65% and
ρ = 1.45 g/mL). The cleaned commercial vermiculites V2 and V3 were heated in an oven at 1000 ◦C,
previously stabilized, for 1 min to exfoliate them. The vermiculite with the highest exfoliation coefficient
was selected for subsequent nitric acid treatment.

One-gram samples of V1, V2, V3, and exfoliated V3 (V3E) were immersed in 25 mL of HNO3

at two concentrations (4 and 8 mol/L) for 1, 3, and 7 days at room temperature. The solutions were
periodically stirred manually. Afterwards, the samples were filtered and washed with distilled water
multiple times to remove the acid. Finally, the resultant samples were dried at room temperature
(25 ◦C).

Nitric acid treatment and physisorption experiments were continued with the exfoliated V3
sample because, as will be seen below, its exfoliation coefficient was the highest of the three samples.
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The codes used for the samples treated in this study are given in the form VN-NM-ND, where the
N associated with V is a number referring to the vermiculites V1, V2, and V3; the N associated with
M is a number referring to the HNO3 molarity used, either 4 or 8 M; and the N associated with D is
a number referring to the days of treatment, either 1, 3, or 7.

One milliliter of each sample was weighed pre- and postacidic treatment, and the volume
post-treatment was measured to quantify potential loss of mass or water and obtain the exfoliation
coefficient (k = density of the raw sample/density of the treated sample [33] or determine the degree
of delamination.

To identify any structural changes, X-ray diffraction patterns were recorded with a PANalytical
X’pertPro diffractometer (Malvern Instruments, Malvern, UK) using 40 mA and 45 kV (Cu-Kα radiation;
λ = 1.5418Å), 2θ scans 5◦–35◦, 2θ step scans of 0.007◦, and a counting time of 1 s per step. The standard
reference material used was 660a NIST LaB6 with full width at half maximum (FWHM) of 0.06◦ for
2θ = 21.36◦. An aluminum sample holder was used for the powdered sample (0.5 g). For the phase
identification, the PANalytical software (Version 4.8, X’Pert Plus, Worcestershire, UK) was used.

Elemental analyses of untreated and treated samples were obtained using a JEOL 6610LV
scanning electron microscope (JEOL, Tokyo, Japan) with a scattered X-ray energy microanalyzer EDX
(INCA Energy 2000, Oxford Instruments, Abingdon, UK) with an acceleration voltage of 20 kV with
probe current intensity fitting for 25% void time on spectrum calibration with Cu. Samples were
glued to an aluminum support with a double-sided carbon adhesive and coated with a gold layer
(100 Å thickness) to make it conductive. To obtain the highest precision and best statistics of the results,
the analyses were carried out by zones no smaller than 0.1 mm2 on very flat surfaces.

A 200 keV field emission gun, JEOL JEM-2100F TEM high-resolution microscope with a resolution
of 1.9 Å between points and 1.0 Å between lines was used to obtain TEM and selected area
electron diffraction (SAED) micrographs with its accompanying CCD camera (Gatan). The associated
microanalyzer EDX (X-max, Oxford instruments) was used together with bright field detector
(EM24541SIOD, JEOL) in STEM mode to obtain elemental mapping of several projections of the
samples, for which INCA software was used.

Textural parameters of the powdered samples were determined with the ASAP 2020 equipment
under the following conditions: nitrogen adsorption at −195.8 K, with σm (N2) of 0.162 nm2;
unrestricted evacuation of 30.0 mm Hg; vacuum pressure of 10 µm Hg; evacuation time of 1 h;
and temperature of sample evacuation prior to N2 adsorption measurements of 22 ◦C. The data were
recorded with equilibration times (p/p0 between 0.001 and 1.000) between 50 and 25 s and a minimum
equilibrium delay of 600 s at p/p0 ≥ 0.995. Specific surface area and pore size data have been determined
by using a mathematical description of the adsorption isotherms with the software of the equipment.

Photos of post-treatment samples were taken with a Leica stereo microscope coupled with Leica
IC 3D camera.

3. Results

Vermiculites treated with acid suffered a slight delamination. These vermiculites also suffered
a loss of color and weight (Table 2), which is due to the loss of mass and water. Samples V1-4M-1D,
V1-4M-7D, V1-8M-1D, and V1-8M-7D (with low cation, e.g., iron, concentrations) were practically
colorless (Figure 1a). This was also the case for V3-4M-7D and V3-8M-7D. Sample V2-4M-1D maintained
its coppery color, and its particle size decreased. Sample V2-4M-7D possessed a lighter color (Figure 1b)
and showed rounded iron oxide particles adhered between the layers of vermiculite (Figure 1c).
V3-4M-1D and V3-8M-1D turned to golden-green, became more transparent, and showed a reduction
in particle size.
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Table 2. Weight loss (%) in the treated samples.

Samples Weight Loss (%)

V1-4M-1D 70
V1-8M-1D 75
V1-4M-7D 72
V1-8M-7D 70
V2-4M-1D 12
V2-8M-1D 14
V2-4M-7D 47
V2-8M-7D 47
V3-4M-1D 22
V3-8M-1D 27
V3-4M-7D 53
V3-8M-7D 52
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and 8 M HNO3, along with the percentages of the phases present in each treated sample. Vermiculites 
treated with acid suffered structural transformation that resulted in the formation of lamellar 
products with low crystallinity and order. 

Figure 1. Micrographs of treated vermiculites: (a) V1-4M-7D; (b) V2-4M-7D; (c) iron oxide particles in
V2-4M-7D; (d) V3-4M-7D.

The exfoliation coefficients for V2 and V3 after heating treatment were 7.4 and 6.1, respectively.
These values are much higher than those of V1. The exfoliation coefficients for V1 were between 1.70
and 2.09 and are considered very pure [33].

Figure 2 shows the XRD patterns of V1, V2, V3, V3E pre- and post lixiviation for 7 days with 4 and
8 M HNO3, along with the percentages of the phases present in each treated sample. Vermiculites treated
with acid suffered structural transformation that resulted in the formation of lamellar products with
low crystallinity and order.
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the interlayer (2-WLHS) (JCPDS card 16-613). V2 consisted of vermiculite 2-WLHS (JCPDS card 16-
613); hydrobiotite (JCPDS card 13-465); two interstratified phases (one of them at 8.24 Å, attributed 
to a biotite/vermiculite layer with regular interstratifications [34], and the other at 3.5 Å, attributed to 

Figure 2. X-ray diffraction patterns of V1 (a), V2 (b), V3 (c), and V3E (d) pre- and post treatment.



Minerals 2020, 10, 661 6 of 12

The XRD analysis confirmed the purity of V1, composed of vermiculite with two water layers
in the interlayer (2-WLHS) (JCPDS card 16-613). V2 consisted of vermiculite 2-WLHS (JCPDS card
16-613); hydrobiotite (JCPDS card 13-465); two interstratified phases (one of them at 8.24 Å, attributed to
a biotite/vermiculite layer with regular interstratifications [34], and the other at 3.5 Å, attributed to
a mixed-layer phase of vermiculite/chlorite); and goethite (JCPDS card 29-713) in a very low proportion.
In the V3 sample, hydrobiotite and vermiculite 2-WLHS and 1-WLHS coexisted with a mixed-layer
phase of vermiculite/chlorite at 3.5 Å and phlogopite (JCPDS 16-334).

The lamellar products consisted of amorphous silica and other phases shown in Figure 2,
which varied depending on the vermiculite type. Therefore, XRD patterns reflected the loss of the
leaching cations, which occurred according to the following order: V1 > V3 > V2.

The elemental analyses provided by EDX combined with scanning electron microscopy of the
untreated and treated samples are shown in Table 3.

Table 3. Elemental analyses (at %) for V1, V2, and V3 pre- and post-treatment with 4 and 8 M nitric
acid for 7 days.

Sample O Si Mg Al Fe Ti Cr Ca Na K

V1 69.4
(2.8)

11.4
(1.1)

12.1
(0.4)

5.7
(0.3)

1.3
(0.9)

0.1
(0.0)

0.1
(0.1)

V1-4M-7D 73.7
(0.6)

26.3
(0.6)

V1-8M-7D 70.0
(2.8)

30.0
(2.8)

V2 67.6
(1.5)

12.7
(0.8)

9.8
(1.0)

4.4
(0.3)

2.8
(0.8)

0.8
(0.1)

2.3
(0.4)

V2-4M-7D 67.8
(1.8)

28.8
(3.9)

2.1
(2.3)

1.0
(0.3)

0.4
(0.2)

V2-8M-7D 66.6
(3.3)

31.2
(3.5)

0.5
(0.6)

1.1
(0.2)

0.5
(0.1)

V3 66.2
(1.6)

13.0
(0.7)

11.8
(0.3)

4.5
(0.2)

1.2
(0.2)

0.3
(0.1)

0.1
(0.0)

0.4
(0.1)

1.0
(0.2)

1.7
(0.3)

V3-4M-7D 75.1
(4.4)

24.7
(4.7)

V3-8M-7D 77.0
(2.5)

19.9
(5.5)

HRTEM was useful for monitoring particles after the nitric acid treatment, such as hematite
in V1-8M-7D (Figure 3) or hematite and geothite with atomic composition of 27.85% Fe, 63.07% O,
4.35% Al, 1.69% Si, 2.82% Ti, and 0.21% Cr in V2-4M-7D (Figure 4a–f).

The nitrogen adsorption–desorption isotherms of the untreated vermiculites and the vermiculites
treated with nitric acid are shown in Figure 5. The isotherms of the treated vermiculites could be of
type IV, showing characteristics of mesoporous solids [35]. The slight hysteresis H3 shown by V2 and
V3 samples is a characteristic of plate-like particles of vermiculites [35].
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Figure 4. HRTEM micrographs of V2-4M-7D: (a) well-layered structures; (b) small, rounded iron
particles; (c) SAED of polycrystalline goethite shown in (d); (e) magnified view of (d) showing dhkl

corresponding to goethite (α-FeO(OH)); (f) the spectrum of V2-4M-7D.

The specific surface area (SBET), adsorption capacity (Qm), total pore volume (Vp), pore size (nm),
BET constant (C), and correlation coefficient (R2) values obtained from the adsorption–desorption tests
are shown in Table 4. The BET constant (C) values of the investigated untreated and treated samples
confirmed that microspores are not present, indicating the validity of the BET method.
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Table 4. Specific surface area (SBET), adsorption capacity (Qm), pore volume (Vp), BET constant (C),
and correlation coefficient (R2) results from adsorption–desorption nitrogen measurements for V1, V2,
V3, and their treated counterparts.

Sample SBET
(m2/g)

Qm
(cm3/g STP)

Vp
(cm3/g STP)

Pore Size
(nm) C R2

V1 3 ± 0 0.7 0.01 2.38 61 0.99528
V1-4M-3D 138 ± 0 32 0.09 1.69 194 0.99992
V1-8M-3D 598 ± 6 137 0.54 1.69 286 0.99942
V1-4M-7D 537 ± 6 123 0.48 1.72 401 0.99950
V1-8M-7D 586 ± 4 135 0.56 2.53 218 0.99970

V2 36 ± 0 9 0.09 2.65 136 0.99963
V2-4M-3D 411 ± 4 94 0.08 2.56 525 0.99952
V2-8M-3D 465 ± 4 107 0.08 2.57 437 0.99971
V2-4M-7D 513 ± 9 118 0.27 2.52 712 0.99869
V2-8M-7D 389 ± 4 89 0.28 1.80 324 0.99972

V3 7 ± 0 1.6 0.03 2.52 28 0.99965
V3-4M-3D 419 ± 6 96 0.09 2.58 592 0.99949
V3-8M-3D 505 ± 4 116 0.13 2.54 237 0.99971
V3-4M-7D 510 ± 6 117 0.27 2.79 361 0.99924
V3-8M-7D 510 ± 6 117 0.33 2.48 602 0.99891

V3E 11 ± 0 2.5 0.07 3.08 135 0.99998
V3E-4M-3D 148 ± 0 34 0.07 3.09 213 0.99998
V3E-8M-3D 284 ± 0 65 0.29 3.08 165 0.99999
V3E-4M-7D 358 ± 1 82 0.44 3.11 222 0.99997
V3E-8M-7D 331 ± 1 77 0.26 3.08 222 0.99999
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The SBET, Vp, and pore size values of the starting samples follow the relationship V2 > V3 > V1,
and this same relationship is observed for the iron content. Meanwhile, SBET and Vp values of the
nitric-acid-treated samples follow the inverse relationship, with the pore size values of treated samples
being more variable. The SBET and Vp values of the V3E sample were higher than those of the
V3 sample, but the SBET values of the treated samples were lower than the SBET value of the starting
sample. In terms of porosity, some of the treated thermoexfoliated samples, such as V3E-4M-7D,
reached a higher value than that of the treated samples without exfoliation. Regarding the pore size,
there was no difference between the untreated thermoexfoliated sample and the treated exfoliated
ones, and their values were the highest of the samples investigated.

4. Discussion

The loss of crystallinity and order experienced by the treated vermiculites is probably due not
only to the loss of mass but also to the loss of structural water, as observed with other treatments such
as temperature increase [10], vacuum [36], microwave irradiation [11], and alcohol [37,38].

Hematite and goethite were detected and analyzed with HRTEM in V1-8M-7D but were not
detectable with XRD, probably due to their lower proportion and nanometric size. The partial leaching
of cations from the octahedral sheets of the studied vermiculites as a result of the acidic treatment
probably occurred so that iron could be transferred from those octahedral sheets to clusters deposited
on vermiculite layers [17,25,39,40].

The high porosity and specific surface area of the lamellar products obtained from the
nitric-acid-treated V1 samples are due to the fact that these samples suffered greater leaching of
cations and water loss than the nitric-acid-treated V2 and V3 samples, whose high iron content may
have prevented further leaching of other cations, producing less porosity and specific surface area.
This fact also explains the difference in weight loss between the investigated vermiculites. In addition,
said treatment depends on the particle size. As seen in other chemical and thermal treatments, a larger
particle size is responsible for a slower dissolution [3,11,14]. In any case, the resulting products of
the vermiculites treated with nitric acid, namely silica and other phases that varied depending on
vermiculite type, were formed as a consequence of the structural water loss, in addition to the loss of
cations due to leaching.

The decrease of the SBET values at a higher acid concentration in the V2 vermiculite was also
observed in other vermiculites [18,29,41,42]; this could be because it reached its maximum leaching
with 4 M HNO3 and then decreased with the increase in acid concentration, although the porosity did
not decrease. The SBET value of the V3E sample was higher than that of the V3 sample, probably due to
lower water content in the former. The nitric-acid-treated V3E samples, composed of mica muscovite,
exhibited higher resistance to dissolution than the activated non-thermoexfoliated sample in which
several phases coexisted [19,43]. Thermoexfoliated vermiculites like the sample from China can be
very suitable for removing heavy metals from aqueous solutions because its SBET is twice that of its
counterpart that was not thermoexfoliated. The opposite occurred for the activated thermoexfoliated
sample, as it exhibited lower resistance to dissolution than the activated non-thermoexfoliated sample.

The differences in the SBET and Vp values of the untreated and treated vermiculites are due to the
differences in the iron content of the starting vermiculites. The higher the iron content of the initial
sample, the higher the SBET, Vp, and pore size values of the starting sample. In the acid-activated
samples, the opposite relationship is observed. In the samples with high iron content, this element may
have prevented further leaching of cations but not water loss, therefore granting the lamellar products
formed with lower specific surface area and porosity. These relationships could be very important
when selecting vermiculite to obtain a product with a high specific surface area and porosity after
acidic treatment.
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